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Chapter 1

Introduction

The topic of the thesis is focused on charge injection barriers (Schottky barriers) between
metal electrodes and organic materials for use in electronic devices based on organic semi-
conductors. The thesis encompasses a computational and theoretical study of metal-organic
interfaces using electronic structure calculations. In this chapter, some background of the
computational method is briefly presented, namely density functional theory using the pseu-
dopotential and plane waves approach. The importance of injection barriers at metal organic
interfaces is demonstrated by describing the functionality of an organic light-emitting device,
where efficient charge injection is of paramount importance in the device stability and perfor-
mance.

1.1 Electronic structure of solids

Any solid of macroscopic dimensions contains a large number of atomic nuclei and
electrons. The behavior of electrons determine most of the properties of solids. Thus,
an important goal of condensed matter theory is the calculation of the electronic
properties in solids. It is not only helpful in interpreting experiments, but also to
design new molecules and materials and to predict their properties before actually
synthesizing them. Moreover, a computational simulation can also provide data on
atomic scale properties that are inaccessible experimentally.

The behavior of a system of N electrons in a solid can be predicted by solving the
many-body Schrédinger equation:

Hy = By, (1.1)

where 9(rq, s, ...,ryn) is the many-body electron wave function. It is anti-symmetric
in order to satisfy the Fermi statistics of electrons. The Hamiltonian is given by the
equation:
. h2 2
He S Vel ) + Y (12)
i i

‘ |r; — ;|
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where the first term in the Hamiltonian describes the kinetic energy of the system, V.4
describes the Coulomb interaction between the electrons and a given configuration of
nuclei and the last term gives the electron-electron Coulomb interaction. Analytic
solution of the Schrédinger equation is possible only for few simple systems, whereas
numerically exact solutions can be found for a small number of atoms and molecules.

A straightforward separation of the many-body wave function would make the
solution of the problem simple computationally, but it neglects the complicated effects
of the interactions between the electrons. Such scheme was introduced by Hartree [I]
who approximated the many-electron wave function by a product of single particle
wave functions:

Y(r1,r2, ., vN) = P1(r1) - Pa(r2) - Yn(ry), (1.3)

where each of the single electron wave functions is satisfying a one-electron Schrédinger
equation

2 )
=g ¥ Vet VI Y1) = a0 ), (1.4

where Vg ) is the Hartree potential of the i-th electron and is given by the expression:

; @ (e ydBr’
v = 2/7p 1.5
H € |I‘/ _ I‘| ’ ( )

and the density p is given by:

N
pD(r) =" [0, (1.6)

j=1

1#]
with the sum over the N lowest one-electron energy states. The Hartree approximation
describes the electron as interacting only with the field obtained by averaging over
the position of the remaining electrons. The Hartree potential replaces the electron-
electron interaction and the many-electron wave function is given by the product
of the one-electron wave functions, eq. . One has to solve these equations by
iteration until self-consistency is reached, since the Hartree potential determines the
one-electron wave functions through eq. (1.4) and the charge distribution is given by
the same wave functions through eq. In practice, one starts by guessing the
electron density p and then constructing the Hartree potential V}(; ) for each electron
through eq. . Once the Hartree potential is known, the Schrodinger equation can
be solved for each of the electrons using eq. and the one-electron wave functions
determined. Using eq. the electron density is reevaluated. The procedure
continues until further iterations do not change the electronic density. In practice
a convergence parameter is introduced. The iteration stops if the difference in total
energies between two successive cycles drops below the value of this parameter. The
parameter determines the accuracy of the calculation. The procedure described above
is rather general, and is known as the self consistent field procedure (SCF). It applies
also to the Hartree-Fock approximation or density functional theory described below.



1.2. Density Functional Theory (DFT) 3

Fock [2] showed that the Hartree approximation neglects an important contribu-
tion arising from the anti-symmetry of the many-electron wave functions which is
called exchange. The wave function must be anti-symmetric under the exchange of
any 2 electrons because the electrons are fermions. This is called Hartree-Fock approx-
imation (HFA) and leads to an additional, non-local exchange term in the Schrodinger
equation equation, replacing the product wave function by a single determinantal wave
function:

P%ﬁ”%wwﬁmm+/nmwwwﬁemwm (17)
and .
1/1(1'1,1‘2, ey rN) = ﬁdet[wl(rl) . 1)[}2(1'2) e 'l/)N(rN)]y (18)

which is an anti-symmetrized product of the one-electron wave functions. More-
over, the electron-electron interactions cause additional energy terms besides those
described by the HFA, called correlation energy. As an electron moves, the other
electrons "feel” its Coulomb potential, experience a force field and move in response.
Hence the motion of the electrons is correlated.

With the use of modern computers, the Hartree-Fock equations can be solved for
systems consisting of tens of atoms. The computational efficiency can be increased by
using density functional theory, which enables calculations on systems that are larger
by at least an order of magnitude.

1.2 Density Functional Theory (DFT)

Density functional theory was formulated by Hohenberg and Kohn [3]. They
introduced the concept of electronic density p(r) as a basic variable and proved that
the total energy of an electron gas, including exchange and correlation, is a unique
functional of the electron density:

Blp(x)) = Flp(e)) + [ Veur(wp(r)ar, (1.9)

where F[p(r)] is a universal functional. The universal functional can be expressed
in terms of kinetic energy T', Hartree energy Ep due to Coulomb electron-electron
interaction and FEx¢, which comes from non-classical electron-electron interaction
and represents the exchange-correlation energy:

Flp(r)] = T[p(r)] + Enlp(r)] + Exc(p(r)]- (1.10)

The minimum of the functional with respect to p(r) gives the ground state energy
of the system. In this form DFT is of little practical use since the functional is
not known. Later Kohn and Sham [4] supposed that there exists a non-interacting
reference system with the Hamiltonian described by:

N
) B2
Hg = Z[*%Vf + Ve (ra)], (1.11)

=1
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where the effective potential V. is given by:

Verp(ri) = Vege(rs) + Vi (r:) + Vxeo(ry), (1.12)

for which the ground state density is exactly p(r) of the true interacting system. For
this system there will be an exact determinantal ground-state wave function

1

o(r1,ra, ..., TN) Ve

where ¢; are the lowest eigenstates of the one electron Hamiltonian Hg satisfying

det[¢1(r1) - P2(r2) - - - o (rn)]; (1.13)

Hsoi = €i¢i, (1.14)

and the ground state electron density given by:

N
o) = 3 ou(o)l? (1.15)

The Kohn-Sham equations represent a mapping of the interacting many-electron
system onto a system of non interacting electrons moving in an effective potential due
to the other electrons. The Kinetic energy

N
Ts=-)_ L ¢ V2 d°r (1.16)
S = v m i 4 .

is not equal to the true electronic kinetic energy of the system, but it is of similar
magnitude and it can be computed exactly. The Hartree energy is given by expression:

)
b= [[ 2 oy o

Until now, the terms in the total energy have been defined to be exact. An ex-
act expression for the exchange and correlation energy Fx ¢, which accounts for the
difference between Ts + Ey and the true functional F, is unknown however and
here approximations have to be made. The operator Hg defined by eq. and
eq. (1.12) is called the Kohn-Sham Hamiltonian and its eigenvalues ¢; and eigenstates
¢; do not represent the elementary excitations and single-electron wave functions re-
spectively. They are auxiliary quantities used to determine the ground state energy
of the system. The eigenvalues contribute to the ground state energy through the
following expression:

al 2 r)p(r /
E= ;&‘— %// p|(r)_pi,|)d3rd3r _/VXC(I")P(I')d?’I'—&—EXC(r)’ (1.18)

with SE
Vxe(r) = 5;((01‘%'0] (1.19)
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As described above, the only approximation in the Kohn-Sham equations refer to the
exchange and correlation energy functional. An improvement to Ex¢ will lead to a
better prediction of p and the ground-state energy E. In solid state calculations, the
most common approximation to Ex¢ is the local density approximation (LDA) [4]
given by:

LDA
VSV = [exoloe)pits (1.20
where exc(p(r)) is the exchange-correlation energy per electron of a uniform electron

gas of density p. 5;%%4 is usually split in two parts, the exchange part and the

correlation part ekP24 = kP4 4 cLPA The exchange energy density of the uniform

electron gas is an exact quantity, given by equation:

3 (97 /4)1/3
sg(DA(rs):fai( {ﬁ) , (1.21)

where r; = (Z—ﬁ)l/ 3. An analytical expression of the correlation energy density is now
known. Ceperley and Alder [5] performed accurate quantum Monte Carlo calculations
on the electron gas. The results were fitted to a parametrized expression by Perdew
and Zunger, for instance [6]. Although LDA is expected to be valid for systems in
which the charge density is slowly varying, experience has shown that LDA gives good
results for a large variety of systems. Other examples of exchange and correlation
functionals widely used today are the generalized gradient approximation (GGA) [1]
which takes into account the gradient of the density at the same coordinate

ESEA(p / F(p(x), Y (p(x))) plr)dPr. (1.22)

Hybrid functionals, which are a linear combination of the Hartree-Fock exchange
(EHT) and LDA/GGA functionals, are commonly used by the chemistry community.
An example is the B3LYP functional [8] 9]

EBSLYP E)L(gA +a (E)I-(I ELDA) (EGGA ELDA) (EGGA ELDA)
(1.23)
where ag = 0.20, a; = 0.72 and a. = 0.81 are the three empirical parameters.

DFT as summarized above is strictly a ground state formalism. In particular,
the DFT eigenvalues ¢; formally do not represent electronic excitations. If they are
nevertheless interpreted as such, one finds for instance that LDA or GGA calculations
severely underestimate the band gaps of semiconductors and insulators. The eigen-
value spectrum can be calculated properly using Green function techniques and the
GW approximation to the electronic self-energy [10].

The work done in the last decades proved that DFT describes well the ground state
properties of the systems. The results obtained using these functionals are sufficiently
accurate for most of many systems, but there is no systematic way of improving them.
The current DFT approach does not estimate the error of the calculations without
comparing the results to other methods or experiment. It is then important to have
a direct comparison with experimental studies.
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1.3 Pseudopotential and plane waves approach

In this section a short description of the pseudopotential and plane waves formalism
is presented, for use in electronic properties calculations of solids. We make use of
the simplest pseudopotentials, Troullier-Martins norm-conserving pseudopotentials,
to explain the principles behind the pseudopotential approach.

Bloch’s theorem states that whatever the complicated form of the effective po-
tential is, eq. , if the crystal is perfectly periodic, the potential has a lattice
periodicity U(r) = U(r+R) and the eigenstates of the one electron Hamiltonian can
be chosen to have the form:

Yie(r) = e™ui(r), (1.24)

for all R, where R is a lattice vector and uj(r) is a function which has periodicity of
the lattice: ujl(r) = up(r+R). The wave function ¢} then has the property:

Ui (r+R) = ey (r), (1.25)

with wave vector k real. The index n that appears in Bloch’s theorem stands for
the band index, because for each of the k vectors there are many solutions to the
Schrédinger equation. Making use of the form of the eigenstates given by eq.
in eq. a new set of equations for uj(r) is found for each of the wave vectors
k. Thus the problem of studying, for instance, a system of an infinite number of
electronic wave functions is mapped onto solving a finite number of bands at an
infinite number of k points. However, the electronic wave functions at k points that
are very close together are almost identical, thus many integrals are approximated by
a finite number of k points.

In order to solve the Kohn-Sham equations numerically, one needs to repre-
sent the wave functions ¢; on some basis set. In principle all basis sets give the same
accuracy if they are complete. The main basis sets used in calculations are: localized
atomic orbitals and plane waves. Mathematically and numerically a plane wave basis
set formalism is one of the easiest to implement for a crystal. However, expanding
the oscillatory core wave functions (see Fig. into plane waves needs a very large
number (i.e. thousands) of plane waves. For this reason, a plane wave basis set is
used only in combination with pseudopotentials, which reduces the number of plane
waves required to represent the wave function substantially, to about ~ 100 per bulk
atom. This number is roughly 10 times larger than that used to represent the wave
function using localized atomic orbitals.

The electrons in atoms are divided into two types: core and valence electrons.
It is well known that most properties of a solid depend on the valence electrons,
the core electron wave functions remaining unchanged when placed into a different
chemical environment. The atomic orbitals are more used for systems describing
nearly localized core electrons whereas the plane waves and pseudopotential method
is more appropriate to nearly free valence electrons.

A major contribution to the pseudopotentials and plane wave method was given
by Troullier and Martins in 1991 by generating smooth norm-conserving pseudopo-
tentials [IT]. In the pseudopotential approach only the valence electrons are treated
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Figure 1.1: Schematic representation of the pseudopotential and the pseudo-wave
function (dashed lines) as compared to all-electron potential and wave function (solid
lines). Indicated is the r. cutoff radius beyond which the pseudo and all electron
potentials and wave functions coincide.

explicitly, the core electrons are included with the nucleus. The norm-conserving
pseudopotentials are constructed such that they satisfy four general conditions:

a) The valence pseudo wave functions generated from the pseudopotentials are
altered within a chosen cutoff radius r. to remove all the nodes (see Fig. . The
smaller the radius size the greater the transferability of the pseudopotential to different
chemical environments. Nevertheless, this affects the smoothness of the pseudopoten-
tial. A typical value of the cutoff radius ranges from one to two core radius distances
of the atom. Moreover one has to keep in mind that the cutoff radius of neighboring
atoms in the crystal must not overlap.

b) The radial pseudo wave functions (PP) and all electron wave functions (AE)
must coincide beyond the chosen cutoff r. (see Fig. [L.1)).

RPP(r) = RPE | for v >r.. (1.26)

¢) The charge enclosed within the radius r. for the two wave functions must be
equal:

/ |REP (r)|?r2dr = / |RME ()2 r2dr. (1.27)
0 0
d) The valence all-electron and pseudopotential eigenvalues must be equal:

PP = AE, 1.28
l l

In practice, the pseudopotential is constructed as follows:
e An all electron DFT calculation using a given form of the exchange and correlation
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density functional is performed solving the radial Schrodinger equation for an isolated
atom. This provides the all electron valence wave functions and eigenvalues.

Ld® I(l+1)

2 dr? 2r2

+ Vip;r]| rRu(r) = emirRui(r), (1.29)
where R,,; are the radial wave functions.

e The radial pseudo wave function is constructed inside the cutoff radius so that
it satisfies condition (a).

Troullier and Martins proposed the following expression of the pseudo wave func-
tion:

)

RAE r>r
PP _ 1 I = Tec
R (r) = { rlexplp(r)] ,r <.

with the polynomial p(r) having the following form:
p(r) = co + cor? + car? + cor® + cgr® + 1070 + 1072, (1.30)

with 7 coeflicients determined from 7 conditions regarding norm-conservation of
charge within the core radius and the continuity of the pseudo wave function and its
first four derivatives at core radius r..

o Next, the radial Schrodinger is inverted to determine the screened pseudopoten-
tial:

VAE

TZ2T.e
VPPI(T') = { ¢ " e
scr, I+1p (1) (r)+[p ()]
e+ J7r P . + %

, < Te

The screening from the valence electrons depends on the environment in which
they are placed. The index [ is used because the pseudopotential must reproduce
the right phase shift when scattering at the core region. An ionic pseudopotential
can be defined from the screened pseudopotential by subtracting the Hartree and the
exchange-correlation potentials calculated from the valence pseudo wave functions:

Vigna(r) = Ve (r) = VT (r) = VEE(r) (1.31)

ion,l scr,l

Each angular momentum component of the wave function will see a different potential
so the pseudopotential is nonlocal with different projectors for each of the angular
momentum components. The ionic pseudopotential operator is then given by:

Vz‘ff(r) = V;Zf:local (r) + Z Vnonlocal,l(r)pb (1.32)
l

PP . . _ y/PP PP .
where Y/'iomlocal(r) is the local potential and Vioniocar,i(1) = Vient — X/iomlocal(r) is

the nonlocal potential for angular momentum [/ and B projects out the I-th angular
momentum component from the wave function.
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e The parameterized form of the pseudopotential is then adjusted so that the cal-
culated pseudo wave functions and pseudo eigenvalues using the same exchange-
correlation functional will coincide to the all-electron valence wave functions and
valence eigenvalues outside the cutoff radius r. (see (b) and (d)).

o The pseudopotential obtained in this way will be used for the atom placed in any
environment.

The Kohn-Sham eigenstates are given by an expansion of plane waves at each k
point:
p(r) =) (G +er, (1.33)
G

where the sum is over the reciprocal lattice vectors G and ¢, are the coefficients
of the plane wave Fourier expansion. In practice, the basis set is truncated. The
coefficients of the plane waves with small kinetic energy are more important than
those with a larger kinetic energy. For this reason a cutoff energy is defined as:
Eor = ﬁ% and only the G vectors that have energy smaller than E.,; are
used in calculations. Nevertheless, test calculations regarding the convergence of the
calculations with respect to the cutoff energy need to be performed to validate the
basis set.

The Schrodinger equation for a crystal using pseudopotentials and a plane wave
basis set is written in reciprocal space as:

3 Hoe (k) (G') = =i (G), (1.34)
-

with the Hamiltonian matrix for the point k in the Brillouin zone having the form:

1
HGG’ (k) - §5GG’ ‘G + k‘Q + ‘/local(G - G/) + Z Vnonlocal,l(G + k; GI + k)a (135)
l

where the first term is the kinetic operator and Viocq; and Vioniocar,i are the local
and nonlocal potential Fourier-transformed in reciprocal space.

Here we have described briefly general ideas behind the pseudopotential and plane
waves method. Other known examples of pseudopotentials provided with modern
DFT codes are: ultra-soft Vanderbilt (US-PP) [12] or projector-augmented wave
(PAW) pseudopotentials [I3] 14]. Generation of such pseudopotentials to suit each
problem at hand is a complicated task. Moreover, it is preferable for large commu-
nities to make use of the same set of pseudopotentials to different problems because
ill-behaved pseudopotentials can then be spotted and improved. In our calculations we
use the PAW pseudopotentials provided with the Vienna ab-initio simulation package
(VASP) code. Such pseudopotentials allow a considerable reduction of the number
of plane waves per atom, generally 50 to 100 plane waves are required for a good
description of bulk materials.
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a) b) [BEleLEY  Emissive Conducting Anode |Glass
ﬁlight polymer polymer (ITO)
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Glass substrate conduction band
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Figure 1.2: The OLED device; (a) the structure; (b) the energy diagram. In-
dicated are the work functions of the cathode and the anode and the valence and
conduction bands of the polymers.

1.4 Schottky barrier heights at metal-organic inter-
faces

Recent developments in molecular electronics, where organic semiconductors consti-
tute active layers in various electronic devices such as thin-film transistors [I5} [16],
solar cells [I7], photovoltaic devices [I8] or light-emitting diodes (LEDs) [19, 20] for
use in flat panel applications are presently receiving great interest.

To highlight the importance of Schottky barriers or dipole formation at metal-
organic interfaces, the functionality of a light emitting device is briefly presented.
The active layers in such LEDs that are used in display applications can be made
from organic molecules or polymers. They are called organic light emitting diodes
(OLEDs) or polymer light emitting devices (polyLEDs). Figure (a) shows the
main parts of a polyLED. The following description also holds for OLEDs based on
molecules, if one substitutes “polymer” by “molecule”.

A polyLED consists from a low work function cathode like Ba or Ca, a light emit-
ting polymer, a hole transporting layer (PEDOT:PPS), a transparent anode (indium-
tin oxide) and a glass substrate. Applying a small voltage across the device results in
charge carriers that drift through the light-emitting polymer under the influence of the
applied field. In the emissive polymer layer, charge carriers can recombine producing
photons that are emitted through the transparent anode. The process occurs very
many times per second and gives the device brightness. The type of the light-emitting
polymer gives the color of the emitted light. Tailoring the material properties of the
polymer through chemistry, light can be emitted in all colors of the spectrum. An
alternative method can be used by adding a suitable dye to the polymer, or using
multilayers of different light-emitting materials. In this way the light is emitted only
from the dye and the color of the device can be tuned. Full color displays can be made
from an array of such polyLEDs and the LED pixels can be accessed individually.

One of the critical points in the device performance is the interface between the
metal contacts and the organic materials, whose properties determine the balance of
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Figure 1.3: Schematic representation of an isolated metal and organic semicon-
ductor. The electrostatic Coulomb energy potential of the metal and semiconductor
VAT and V& are aligned to a common vacuum level. The figure shows the n-type
interface Schottky barrier E3 given by the Schottky-Mott rule.

electrons and holes injected into the device. Figure (b) shows the energy level
diagram of a polyLED device. For good charge injection at metal-organic interfaces,
Ohmic behavior at these contacts is preferable. In practice energy barriers at in-
terfaces are formed which influence the charge flow from metallic contacts into the
organic materials. Thus, the energy level alignment of the semiconductor with respect
to the metal Fermi level is of paramount importance. The n-type Schottky barrier
of a metal organic interface is defined as the minimum energy required to extract an
electron from the Fermi level of the metal and place it across the interface at the
bottom of the conduction band of the semiconductor.

Figure shows schematically the Coulomb electrostatic energy and the energy
levels of a metal and a semiconductor far apart from each other.

Relevant quantities indicated in the figure are:

- the bulk reference energy of the metal Vs that we define as:

Var = Ep + V1, (1.36)

—M
where Er is the Fermi energy of the metal and V'; is the long range average potential
energy in the metal.
- the bulk reference energy of the semiconductor Vg that we define as:

—S
Vs =Eyvp+V,, (1.37)

. =S . .
where By p is the energy of the top of the valence band and V ; is the average potential
energy in the semiconductor.
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vacuum level

organic
semiconductor

Figure 1.4: Schematic representation of a metal-organic interface. At the interface,
charge redistribution takes place which creates an interface dipole layer that shifts
the molecular levels with respect to the Fermi level of the metal, implicitly affecting
the charge injection barrier.

- the metal surface work function W defined as the minimum energy to extract an
electron from the metal far away into the vacuum.

- the electron affinity EA and ionization potential IP defined as the difference
between the bottom of the conduction band, respectively the top of the valence band,
with respect to the energy in the vacuum.

It was generally assumed that electronic properties at a metal-organic interface
follow the simple rule of vacuum alignment, known as the Schottky-Mott rule:

E} =W — EA, (1.38)

or calculated with respect to the isolated bulk reference energy of the metal and
the semiconductor:

By = (Vs + Ey) — Vi + Arsos (1.39)

with E, the band gap energy of the semiconductor and A;go the difference be-

. . . =M
tween the average electrostatic energy in bulk metal and organic crystal, V. and

Vfl respectively, with the two materials far apart from each other. Basically the rule
states that when the materials are placed into contact no charge rearrangement is
taking place. This idea was initially accepted for organic molecules since they are
closed-shell molecules supposed not to undergo major modifications when interacting
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with a metal surface. Experimentally, the work done on a variety of metal-organic
interfaces in the last years proves the invalidity of the model [2TH23].

At metal-organic interfaces the wave functions of the two parts interact with each
other and new wave functions are produced at the interface region. This is shown
schematically in Fig. |L.4l The electrostatic Coulomb potential at the interface is
continuous and it satisfy the Poisson equation:

V2® = 4me?p(r). (1.40)

Due to the overlap of the metal and semiconductor wave functions, charge reorder-
ing takes place at the interface which produces an interface dipole layer that shifts
the molecular energy levels with respect to the Fermi level of the metal.

Metal-organic interfaces are different from interfaces between metals and conven-
tional semiconductors (such as Si) in the sense that band bending effects are rarely
observed, at least on the thickness scale relevant to thin film devices (< 100 nm) and
in nominally undoped layers [22]. Metal-organic interface dipoles are produced mainly
between the top metal layer and the first organic monolayer [22] 24] 25]. Away from
the interface specific region into the bulk, the long range average energy potential

- =S
converges rapidly to the metal or semiconductor internal values VZ[ and V; .
The n-type Schottky barrier is expressed by adding the effect of the interface dipole
layer to the Schottky Mott expression in eq. (|1.38)), leading to:

E} =W —EA—Vip, (1.41)

where Vip represent the energy potential energy drop at the interface. Expressed
in terms of internal reference energies of the metal and semiconductor, the Schottky
barrier becomes:

Eg = (VS + Eg) — Vv +Arso —Vip = (VS + Eg) —Vum + Aypor, (1.42)

where Ajpso5 is the difference between the long-range averaged internal energy of the
metal and semiconductor after the contact is made.

In expression , besides the Vip term, the other two quantities refer only to
the isolated materials. Therefore in order to evaluate energy barriers at metal-organic
interfaces, one has to evaluate the energy drop that takes place upon the deposition
of the organic materials on top of metal surfaces. Since in many cases the interface
dipole is localized at the metal-organic interface one can calculate the potential drop
by monitoring the shift in the metal work function produced upon adsorption of a
single molecular layer.

The thesis aims at understanding and modeling dipole formation and charge trans-
fer at metal-organic interfaces.
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1.5 Thesis outline

The thesis is organized into two main parts.

In Part I we focus on interfaces formed by strongly interacting systems, namely
chemisorbed self-assembled monolayers (SAMs) on metal surfaces. We study short
chain alkylthiolate molecules CH3S, CoH5S and partially fluorinated thiolate molecules
CF3S and CH2CF3S on (111) noble surfaces of Ag, Au and Pt. Since such metals
have the same crystal structure, namely face centered cubic (FCC) with similar sur-
face lattice parameters, one would expect that such metal surfaces form SAMs that
have similar structures. A good staring point is the (v/3 x v/3)R30° structure used in
Chapter By varying the relative electronegativity of the surface and molecules,
one can introduce electron transfer and create an interface dipole without rearranging
the interface structure. The sign of the dipole moments of fluorinated alkylthiolate
molecules is opposite to those of nonfluorinated ones. Therefore, modifying the molec-
ular tails allows one to vary the size of the work function. The spread in the work
functions of these SAMs on metal surfaces can be as large as 2 eV. A model based on
bond and individual molecular dipoles is presented and can be used for the estimation
of SAMs on metal surfaces work functions. Chapters [3| and [4] focuses on SAMs on
Au(111) and Ag(111) respectively, by investigating several structures with different
packing densities.

Motivated by the use of m-conjugated organic thin molecular layers in electronic
devices, Part II is focused on interfaces formed by monolayers of PTCDA (C33HgOg),
perylene (CgoHjz2) and benzene (CgHg) adsorbed on close-packed metal surfaces of
Ca, Mg, Al, Ag and Au. The choice of these metal surfaces gives a substantially large
spread in the work functions. Correlated to the different energy level position of the
lowest unoccupied molecular orbital, which increases from benzene to PTCDA, they
make up suitable systems to analyze dipole formation at interfaces. Such molecules
are closed-shell molecules and moreover since they do not exhibit a permanent dipole
moment, it is interesting to see that upon molecular adsorption, the work functions
can be substantially altered. A qualitative model based on charge transfer is discussed
in Chapter [5| and, in more detail, in Chapter [6] We find that the size and the sign
of the interface dipole produced upon molecular adsorption to be the result of two
competing effects. In the presence of the molecular layer near the metal surface,
Pauli repulsion between molecular and surface electrons leads to a compression of
the electronic tale that spills from the metal surface into the vacuum. Electrons are
pushed from the molecular region into the metal, implicitly creating an interface dipole
which decreases the metal work function. The work functions can be also increased
for interfaces where donation of electrons from the metal surface to the molecular
levels occurs. Chapter [5] and [6] treats interfaces formed by PTCDA and perylene
monolayers on metal surfaces. In the last chapter, we evaluate the influence of packing
density on the metal work function and we compare the work function results using
LDA and GGA exchange and correlation functionals. The calculations are extended
and compared to benzene monolayers adsorbed on metal surfaces.
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Part 1

Interfaces formed by
Self-assembled monolayers on
noble metal surfaces
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Chapter 2

Work functions of
self-assembled monolayers on
metal surfaces

Using first-principles calculations we show that the work function of noble metals can be de-
creased or increased by up to 2 eV upon the adsorption of self-assembled monolayers of
organic molecules. We identify the contributions to these changes for several (fluorinated)
thiolate molecules adsorbed on Ag(111), Au(111) and Pt(111) surfaces. The work function of
the clean metal surfaces increases in this order, but adsorption of the monolayers reverses
the order completely. Bonds between the thiolate molecules and the metal surfaces generate
an interface dipole, whose size is a function of the metal, but it is relatively independent of the
molecules. The molecular and bond dipoles can then be added to determine the overall work
function.

Recent advances in molecular electronics, where organic molecules constitute ac-
tive materials in electronic devices, have created a large interest in metal organic
interfaces [I]. Transport of charge carriers across the interfaces between metal elec-
trodes and the organic material often determines the performance of a device [2].
Organic semiconductors differ from inorganic ones as they are composed of molecules
and intermolecular forces are relatively weak. In a bulk material this increases the im-
portance of electron-phonon and electron-electron interactions [3]. At a metal organic
interface the energy barrier for charge carrier injection into the organic material is of-
ten determined by the formation of an interface dipole localized at the first molecular
layer. The interface dipole can be extracted by monitoring the change in the metal
surface work function after deposition of an organic layer [11 [4].

Atoms and molecules that are physisorbed on a metal surface usually decrease
the work function, as the Pauli repulsion between the molecular and surface elec-
trons decreases the surface dipole [5], [6]. Chemisorption can give an increase or
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a decrease of the work function, and can even lead to counterintuitive results [7]
8. Self-assembled monolayers (SAMs) are exemplary systems to study the effect
of chemisorbed organic molecules upon metal work functions [9]. More specifically,
alkylthiolate (C,Hap4+1S) SAMs on the gold (111) surface are among the most ex-
tensively studied systems [L0HI4]. The sulphur atoms of the thiolate molecules form
stable bonds to the gold surface and their alkyl tails are close packed, which results in
a well ordered monolayer. SAMs with similar structures are formed by alkylthiolates
on a range of other (noble) metal surfaces [10] 14} [15].

Often the change in work function upon adsorption of a SAM is interpreted mainly
in terms of the dipole moments of the individual thiolate molecules, whereas only a
minor role is attributed to the change induced by chemisorption [9] 11 [12] [T6]. This
assumption turns out to be reasonable for adsorption of methyl thiolate (CH3S) on
Au(111) [13], but for CH3S on Cu(111) it is not [14]. In this chapter we apply first-
principles calculations to study the interface dipoles and the work function change
induced by adsorption of thiolate SAMs.

In particular, we analyze the contributions of chemisorption and of the molecular
dipoles to uncover the effects of charge reordering at the interface. The chemical
bonds between the thiolate molecules and the metal surfaces generate an interface
dipole. We find that this dipole strongly depends upon the metal, but it is nearly
independent of the electronegativity of the molecules. The size and direction of the
interface dipole are such that it overcompensates for the difference between the clean
metal work functions. This results in the SAM adsorbed on the highest work function
metal having the lowest work function and vice versa. Modifying the molecular tails
allows one to vary the absolute size of the work function over a range of more than 2
eV.

Since alkylthiolate molecules form SAMs with a similar structure on (111) surfaces
of several noble metals, they are ideal model systems for studying metal organic
interfaces. By varying the relative electronegativity of surface and molecules one can
induce electron transfer and create an interface dipole, without completely rearranging
the interface structure. The electronegativity of a metal substrate is given by its work
function. We consider the (111) surfaces of three metals that have a substantially
different work function, but the same crystal structure and a similar lattice parameter:
Ag (4.5 eV, 2.89A ), Au (5.3 eV, 2.88A ) and Pt (6.1 eV, 2.77A ).

One would also like to vary the molecule’s electronegativity without changing the
structure of the SAM. This can be achieved by fluorinating the alkyl tails of thiolate
molecules, which increases their electronegativity [I0]. However, fluorinating the alkyl
tails also reverses the polarity of the thiolate molecules and one has to separate this
electrostatic effect from the charge reordering caused by chemisorption. In this chapter
we study the short chain thiolates CH3S, CoH5S, CF3S, and CF3CH,S.

Density functional theory (DFT) calculations are carried out using the projec-
tor augmented wave (PAW) method [I7, [18], a plane wave basis set and the PW91
generalized gradient approximation (GGA) functional, as implemented in the VASP
program [19, 20]. We use supercells containing a slab of at least five layers of metal
atoms with a SAM adsorbed on one side of the slab and a vacuum region of ~ 12 A.
The Brillouin zone of the (\/g X \/§)R300 surface unit cell is sampled by a 11 x 11
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k-point grid. The plane wave kinetic energy cutoff is 450 eV. To avoid interactions
between periodic images of the slab we apply a dipole correction [2I]. The geome-
try of the SAM is optimized, as well as the positions of the top two layers of metal
atoms. The atoms in the remaining metal layers are fixed at their bulk positions.
The optimized bulk lattice parameters are 2.93, 2.94 and 2.79 A for Ag, Au and Pt,
respectively.

The work function is given by W = V(o0) — EF, where V(o0) is the asymptotic
electrostatic potential in vacuum, and Ep is the Fermi energy of the bulk metal.
V/(00) is extracted from the plane averaged potential V(z) = A~ [[, V(z,y, z)dzdy,
with A the area of the surface unit cell. In practice, V(2) reaches an asymptotic value
within a distance of 5 A from the surface. Accurate values of the Fermi energy are
obtained following the procedure outlined in Ref. [22]. By varying the computational
parameters discussed above we estimate that the work functions are converged to
within 0.05 eV. Typically DFT calculations give work functions that are within ~ 0.1—
0.2 eV of the experimental values, although occasionally somewhat larger deviations
are found.

The (v/3xv/3)R30° structure of CH3S on Au(111) has been studied in several first-
principles calculations [I3] 14} 23H25]. We find basically the same optimized geometry
as obtained in those calculations. Several structures exist that have a slightly different
geometry, but are very close in energy, such as a ¢(4 x 2) superstructure [24]. We find
that the work functions of these structures are within 0.1 eV of that of the simpler
structure, so we will not discuss these superstructures here.

The (v/3 x v/3)R30° structure is also a good starting point for studying other
systems. Thiolates with longer alkyl tails on Au(111) adopt this structure, as does
CH3S on Pt(111), as well as alkylthiolates on Au(111) whose end groups are fluori-
nated [I0, [I5]. Thiolates with long alkyl tails on Ag(111) form a somewhat denser
packing, whereas long fluorinated alkylthiolates form a somewhat less dense packing
[10]. To analyze the work function we use optimized (v/3 x v/3)R30° structures for all
our SAMs. We find that varying the packing density only introduces a scaling factor
to the work function change [13].

Table B.1] lists the calculated work functions. The work functions of the clean
Au and Ag surfaces agree with the experimental values [26] 27], but that of Pt is
~ 0.3 eV too low [28]. The latter can be attributed to the GGA functional. Using
the local density approximation (LDA) the calculated work function of Pt(111) is
6.14 eV, which agrees with experiment. In other cases the difference between the
work functions calculated with GGA and LDA functionals is much smaller. For

clean CHgS CQH5S CFgS CFchQS
Ag 4.50 3.95 4.13 6.14 6.30
Au 5.25 3.81 3.93 5.97 6.27
Pt 5.84 (6.14 %)  3.45 3.47 5.68 5.87

Table 2.1: Calculated work functions W (eV) of clean (111) surfaces and of surfaces
covered by SAMs in a (\/?: X \/g)RSO" structure. * LDA value.
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Figure 2.1: Difference electron density An = ntot — Ngurt — NSAM for CF3S on
Ag(111), (a) as function of z, averaged over the zy plane, in units of A™%; (b) as an
isodensity surface; (c), (d) the same for CH3S on Ag(111).

instance, the GGA and LDA work functions of the SAMs on Pt are within 0.02 eV
of one another. We will use the GGA values throughout this chapter. The trend
in the work functions of the SAM covered surfaces agrees well with experimental
observations [9, [IT], 12]. The experimental work function shifts with respect to the
clean surface are sometimes somewhat smaller than the calculated ones [29].

The first observation one can make by comparing the numbers in Table 2.I] within
columns is that on SAM covered surfaces the work function decreases in the order Ag,
Au, Pt. This is striking, since the work function of the clean metal surfaces clearly
increases in this order. Secondly, comparing the numbers within rows one finds that
the work functions of the fluorinated alkylthiolate covered surfaces are 2 — 2.5 eV
higher than of the non-fluorinated ones. We will argue that the first observation can
be ascribed to the interface dipole formed upon chemisorption. This interface dipole
is independent of the molecular tails. The second observation will be interpreted in
terms of the individual molecular dipoles.

In order to visualize the charge reordering at the surface upon adsorption of the
SAM, we calculate the difference electron density An. It is obtained by subtracting
from the total electron density nio; of the SAM on the surface, the electron density
nsurf Of the clean surface and that of the free standing SAM ngan. Nsurt and ngam
are obtained in two separate calculations of a clean surface and a free standing SAM,
respectively, with their structures frozen in the adsorbed geometry. As an example,
Fig. 2.1 shows An for SAMs of CF3S and CH3S on Ag(111).

Fig. illustrates that An is localized mainly at the metal-SAM interface, i.e.
near the sulphur atoms and the metal atoms in the first surface layers. In case of
adsorption on Ag, electrons are transferred from the metal to the molecule, which
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substrate CH3S CoH5S CF3S CF3CHsS
Ap —0.32 —0.22 0.97 1.07
Ag HUSAM —0.88 —0.79 0.44 0.50
Hchem 0.56 0.57 0.53 0.57
Ap —0.86 —0.79 0.43 0.61
Au HSAM —0.88 —0.81 0.44 0.53
fiebem  0.02 002  —001  0.08
Ap —1.28 —1.27 —0.08 0.02
Pt HSAM —0.86 —0.80 0.37 0.47
Hchem —0.42 —0.47 —0.45 —0.45

Table 2.2: Dipole per molecule Ay, from the change in work function upon ad-
sorption. The (perpendicular) molecular dipole moment pganm in a free standing
SAM. The chemisorption dipole moment is fichem = Ap — psam. All values are in
D.

results in an increase of the electron density on the sulphur atoms and a decrease
on the surface metal atoms. The charge transfer does not depend strongly on the
molecule, compare Figs. (a,b) to (c,d). This is somewhat surprising since the
electronegativity of CF3S is much higher than that of CH3S.

Very often a charge transfer between two systems is interpreted in terms of their
relative electronegativity. For a metal surface the latter is simply the work function
Welean. For a molecule the Mulliken electronegativity x s is defined as the average of
the ionization potential and the electron affinity and considered to be the molecular
equivalent of a chemical potential [30]. We find xp; = 5.4 eV for the CH3S and
CH3CH,S molecules. Since xas is close to Wejean for Au(111), this would explain
the lack of electron transfer upon adsorption of these molecules [I3| [14]. However,
the calculated xj; for CF3S and CF3CHsS are much higher, i.e. 6.9 eV and 6.1 eV,
respectively. Yet this does not result in a markedly increased electron transfer to
these molecules, as Fig. indicates. It means that xas is not a generally suitable
parameter to predict the amount of charge transfer between surface and molecules.
xm reflects the relative stability of charged molecular states. In particular, for the
thiolates xas reflects the ability of the (fluorinated) alkyl chains to stabilize or screen
charge that resides on the sulphur atom. We suggest that this is not important in
case of adsorbed molecules, as the metal surface takes over this role.

Meanwhile, Fig. [2.1] suggests the following analysis. From the change in the work
function upon adsorption of the SAM, AW = W — Wjean, see Table 2.1] one can
obtain the change of the surface dipole upon adsorption, Ay = ¢gAAW /e (with
€o the permittivity of vacuum and A the area of the surface unit cell). Since the
unit cell contains one molecule, Ay is the change in the surface dipole per adsorbed
molecule. The results are shown in Table Ap contains contributions from the
charge reordering at the interface due to chemisorption, as well as from the dipole
moments of the individual molecules.

The latter can be accounted for by calculating the dipole moment pusam per



24 Work functions of self-assembled monolayers on metal surfaces

6.5F CF,CH,S J6s
6k CFsS _K_é
;5.5— Wi tom ——— ‘\ 5.5
2 st ——— 5
3 4.5k Wclean 4.5
C,H,S 1
- 2 5 -
4 CH,S 1t
3.5k A A 3.5
3k g u Pt 15

Figure 2.2: Work functions Wejean of the clean surfaces, Wepem of the surfaces
including the chemisorption dipole, and of the SAM covered surfaces.

molecule of free standing SAMs, i.e. without the presence of a metal surface. We
focus upon the component of the dipole that is perpendicular to the surface, since the
other components do not contribute to the work function. As the calculation uses a
full monolayer of molecules, it incorporates the effect on each molecule of the depo-
larizing field caused by the dipoles of all surrounding molecules. The calculated pugam
are given in Table The structure of a SAM is fixed in its adsorption geometry,
which is similar for the three metal surfaces. Therefore the pugan values for adsorption
on Ag, Au, and Pt in Table differ only slightly. Of course pugay depends upon
the molecule. In CH3S and CH3CHsS the dipole points from the sulphur atom to
the alkyl group. The large electronegativity of fluor causes a reversal of the dipole in
CFgS and CFgCHgS

We define the contribution to the interface dipole resulting from chemisorption
as fichem = Ap — psam. The results shown in Table 2.2] clearly demonstrate that
lchem 1S nearly independent of the molecule and strongly dependent on the metal
substrate. As an independent check we have also calculated the dipole on the basis of
the electron density redistribution, see Fig. 2.1, pan = —e [[[ , 2An(r)dzdydz. We
find that paAn & fichem, Which indicates the consistency of this analysis.

The results obtained allow for a simple qualitative picture. The chemisorption
dipole fichem is very small for all SAMs on Au(111), indicating that the charge transfer
between the Au surfaces and the molecules is small. This generalizes previous results
obtained for methyl thiolate SAMs on Au(111) [I3} [I4]. Since the work function of
Ag(111) is substantially lower than that of Au(111), a significant electron transfer
takes place from the surface to the molecules for SAMs on Ag. This is confirmed
by the values of pichem for Ag in Table Fig. shows that the electrons are
transferred mainly to the sulphur atoms. Integrating the positive peak of An on the
sulphur atom gives a charge of (0.11 £ 0.01)e. The sign of the charge transfer is such
that pichem increases the work function with respect to clean Ag(111). By a similar
argument, since the work function of Pt(111) is much higher than that of Au(111),
an electron transfer takes place from the molecules to the surface for adsorption on
Pt. The values of pichem for Pt in Table confirm this. In this case the net charge
on the sulphur atom is positive and picpem decreases the work function with respect
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to clean Pt(111).

The size of the charge transfer is remarkable. Chemisorption creates an interface
dipole pichem that overcompensates for the difference between the metal work func-
tions. We define a work function that includes the contribution from the chemisorption
dipoles as Wepem = Welean + €fichem/ (€0A4). The results shown in Fig. demonstrate
that Wepem decreases in the order Ag, Au and Pt, whereas Wejean increases in that
order. The work function of the SAM covered surfaces can then be expressed as
W = Wehem + ettsanm/ (€0 A). From the polarity of the molecules discussed above, it is
clear that SAMs of CH3S and CH3CHsS decrease the work function, whereas SAMs
of CF3S and CF3CHsS increase it.
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Chapter 3

Surface dipoles and work
functions of alkylthiolates and

fluorinated alkylthiolates on
Au(111)

We study the dipole formation at the surface formed by -CHs and -CF3 terminated short-chain
alkylthiolate monolayers on Au(111). In particular, we monitor the change in work function
upon chemisorption using density functional theory calculations. We separate the surface
dipole into two contributions, resulting from the gold-adsorbate interaction and the intrinsic
dipole of the adsorbate layer, respectively. The two contributions turn out to be approximately
additive. Adsorbate dipoles are defined by calculating dipole densities of free-standing molec-
ular monolayers. The gold-adsorbate interaction is to a good degree determined by the Au-S
bond only. This bond is nearly apolar and its contribution to the surface dipole is relatively
small. The surface dipole of the self-assembled monolayer is then dominated by the intrinsic
dipole of the thiolate molecules. Alkylthiolates increase the work function of Au(111), whereas
fluorinated alkylthiolates decrease it.

3.1 Introduction

Self-assembled monolayers (SAMs) of organo-thiolate molecules on gold are studied for
a wide range of applications, such as supramolecular assembly, biosensors, molecular
electronics and microelectronic devices [IH4]. Using organic semiconducting materials
as the active components of opto-electronic devices, often the energy barriers for
charge injection from metal electrodes into the organic material form a limiting factor
for the device performance [B], [6]. It has been shown that chemisorption of a SAM
on the surface of the metal electrode can alter its work function substantially. By
tailoring the SAM’s chemical structure this effect can be used advantageously to lower

27
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the energy barrier for charge injection and increase the device performance [7H9].

The work function change of the surface is directly proportional to the change in
the surface electric dipole caused by adsorption of the SAM. Therefore, in order to
understand the relation between the work function change and the SAM’s chemical
structure one has to focus on the dipoles formed in the SAM-metal interface region.
One obvious contribution to the surface dipole stems from the permanent dipoles
of the molecules within the SAM. It has been demonstrated experimentally that a
strong correlation exists between the molecular dipole moments and the work function
changes induced by SAMs on gold and silver surfaces [{HI0]. The dense packing of
molecular dipoles in a SAM, however, causes a sizable depolarizing electric field, which
polarizes the molecules such as to effectively reduce their dipole. This effect is often
modeled empirically by using an effective dielectric constant for the molecular layer.

A second major contribution to the surface dipole results from the charge reorder-
ing associated with the formation of the chemical bonds between the metal surface
and the adsorbate molecules. This contribution is foremost determined by the na-
ture of the chemical bonds, but can also be modified by the packing density of the
molecules. Thiolate molecules on gold surfaces are among the best studied systems,
but it is still debated whether there is a sizable charge transfer between the surface
and the molecules upon chemisorption.

In this chapter we want to elucidate the role played by the different contributions
to the surface dipole of a SAM on gold and study the interplay between them. We
calculate the dipole contributions and the work function change from first principles
using density functional theory (DFT). In particular, we study alkylthiolates on the
Au(111) surface, since these are among the best characterized systems, experimentally
as well as theoretically [T, TTH21]. The common functionals used within DFT are very
well suited to describe chemisorption, but lack an accurate description of the van der
Waals interactions between the alkyl chains that determine the structure of long-chain
alkylthiolate SAMs. This inter-chain interaction is relatively unimportant in short-
chain alkylthiolates and, since we are mainly interested in surface dipole formation,
we study the short-chain alkylthiolates CH3S and CH3CH,S.

The basic building block of the structure of an alkylthiolate SAM on Au(111) is
well-known. It consists of one thiolate molecule per (\/3 X \/g)R?)O" surface unit cell
[1, IT]. Superstructures of this basic pattern have been reported that contain up to
four molecules in the same overall packing density. Experimentally, the positions of
the adsorption sites of the thiolate molecules on the surface and the exact structure
of the thiolate layers are still hotly debated. Theoretically, the energy differences
between several of these structures are very small and are within the error bar of
DFT calculations (using common functionals). We examine these structures such as
to elucidate as to what extent structural variations lead to a difference in surface
dipole.

The sign of the dipole moment of a fluorinated alkylthiolate molecule is opposite
to that of a non-fluorinated one. Therefore, SAMs of molecules with fluorinated alkyl
tails give work function changes that are opposite to those that consist of molecules
with normal alkyl tails [7HI0]. We analyze the surface dipoles of SAMs containing
molecules with -CF3 end groups, in particular CF3S and CF3CH,S. The structure
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of such SAMs is much less well characterized than that of their alkyl counterparts.
Long-chain alkylthiolates having only -CF3 end groups are believed to have basically
the same structure and packing as those with -CHs end groups, although the -CF3
end groups lead to a larger degree of surface disorder [22]. If long alkyl chains are
largely fluorinated, then alkylthiolates form a less densely packed SAM [23| 24]. A
priori it is not clear what SAM structure the molecules CF3S and CF3CHsS would
form. Therefore we discuss a couple of possible structures and packings.

3.2 Theoretical section

DFT calculations are performed with the VASP (Vienna ab initio simulation package)
program [25] 26] using the PW91 functional for electronic exchange and correlation
[27]. The projector augmented wave (PAW) method is used to represent the electron
wave functions [28] [29]. For gold atoms, 6s and 5d electrons are treated as valence
electrons, for carbon and fluor 2s and 2p, and for sulfur 3s and 3p, respectively. The
valence wave functions are expanded in a basis set consisting of plane waves. All plane
waves up to a kinetic energy cutoff of 450 eV have been included.

The Au(111) surface is modeled in a supercell containing a slab of typically five
or six layers of gold atoms. The SAM is adsorbed on one side of the slab. A vacuum
region of about 13 A s used, and periodic boundary conditions are applied in all
three dimensions. The surface unit cell depends upon the monolayer structure and
coverage. Our reference point is a (\/3 X \/§)R30° surface unit cell, which contains
three gold atoms in the surface layer.

The electronic structure is calculated using a uniform k-point sampling grid in the
surface Brillouin zone (SBZ) and a Methfessel-Paxton broadening of 0.2 eV [30]. A
typical k-point grid consists of a 8 x 8 division of the SBZ of the (v/3 x v/3)R30°
cell. SBZ samplings of other surface cells are chosen such that they have a similar
density of grid points. Periodic boundary conditions can lead to spurious interactions
between the dipoles of repeated slabs. To avoid such interactions the Neugebauer-
Scheffler dipole correction is applied [3I]. The electronic structure and the geometry
are optimized self-consistently, where typically the positions of the atoms in the SAM
and those in the first two layers of the gold slab are allowed to vary. The cell parameter
of the Au(111) 1 x 1 surface unit cell is fixed at the bulk optimized value of 2.94 A.

The surface work function W is defined as the minimum energy required to move
an electron from the bulk to the vacuum outside the surface and it is given by the
expression:

W =V (o) — Er, (3.1)

where V(00) is the electrostatic potential in the vacuum, at a distance where the
microscopic potential has reached its asymtotic value; Er is the Fermi energy of the
bulk metal. A self-consistent electronic structure calculation using a plane wave basis
set produces the electrostatic potential V(z,y, z) on a grid in real space. Assuming
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Figure 3.1: Plane averaged electrostatic potential V(z) of a slab comprising six
layers of gold atoms and one layer of methylthiolate CH3S. The z-axis is along the
111 direction. Indicated are the Fermi energy Er, the work function Wsans of the
SAM and of the clean metal Wi,etqr. In this chaper we use the colors yellow for Au
atoms, green for S, dark grey for C, light grey for H, and light blue for F.

that the surface normal is along the z-axis, one can define a plane averaged potential
— 1
Viz) = 1 // V(z,y,x)dzdy, (3.2)
cell

where A is the area of the surface unit cell. Plotting V(z) as function of z is
then a convenient way of extracting the value of V(0o). In practice, V(z) reaches
its asymtotic value already within a distance of 5 A from the surface. An example
resulting from a calculation of a SAM of methylthiolate CH3S on Au(111) is shown
in Fig. 3]

In order to calculate surface work functions according to eq. one needs an
accurate value of the Fermi energy inside the metal. Whereas the value obtained from
a slab calculation is quite reasonable, provided a slab of sufficient thickness is used, a
better value can be obtained from a separate bulk calculation, following the procedure
outlined by Fall et al [32]. Typically DFT calculations give work functions that are
within 0.1 —0.2 eV of the experimental values, although occasionally somewhat larger
deviations are found [33H35].

In order to estimate the convergence of the numbers given in this chapter, we
perform test calculations in which we vary the k-point sampling grid and broadening
parameter, the thickness of the slab and of the vacuum region, and the number of
layers in which the gold atoms are allowed to relax their positions. From these tests
we estimate that the energy differences quoted in this chapter are converged to within
1 kJ/mol and the work functions to within 0.05 eV.
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3.3 Results

3.3.1 Structures

In this section we discuss the possible structures of alkylthiolate SAMs on Au(111).
Our main goal is to study the link between the structure and the work function,
which we will discuss in the next section. The earliest experimental (He) diffraction
studies established a (v/3 x v/3)R30° structure for alkylthiolate SAMs on Au(111)
with one molecule per surface unit cell [36, [37], see Fig. Somewhat later a c(4 x
2) superstructure was found, which contains four thiolate molecules per surface unit
cell in the same packing density as the simpler (v/3 x v/3)R30° structure [38], see
Fig. From infrared data it was concluded that there are two different orientations
in the alkyl chains [39] and from grazing incidence X-ray diffraction data, a model was
proposed for the superstructure based upon thiolate dimers [40]. Evidence against
the dimer model was presented by scanning tunneling microscopy [41] and by elec-
tron spectroscopy experiments [42]; in the latter, thiolate dimers were found only at
temperatures above 375 K. In recent He and X-ray diffraction experiments it was con-
cluded that in the c(4 x 2) superstructure alkylthiolate molecules adsorb as monomers
on the Au(111) surface [43, @4]. Experimentally the c(4 x 2) and (v/3 x v/3)R30°
structures seem to be close in energy; in scanning tunneling microscopy experiments,
domains of both structures have been shown to coexist [22]. Moreover, larger and
more complex superstructures such as (3 x 4) could also be close in energy [45].

Regarding the exact binding sites of thiolate molecules, diffraction and time of
flight scattering studies emphasize the hollow sites on the Au(111) surface, where
the sulfur atoms are threefold coordinated by Au atoms of the substrate [44] [40].
From recent photoelectron diffraction data and X-ray standing wave analysis it was
concluded, however, that thiolate molecules favor the on-top adsorption sites, where
a sulfur atom is positioned on top of a single Au atom of the substrate [47, [48].

The adsorption of Methylthiolate CH3S on Au(111) has been studied intensively
by first-principles calculations in recent years. Most of these calculations consider the
basic (v/3 x v/3)R30° structure [I2-I8], and a number of them have addressed the
c(4 x 2) superstructure [14H20]. Earlier calculations give the threefold hollow sites on
the Au(111) surface as the most stable sites for adsorption of the thiolate molecules
[12, 13}, 18], but more accurate recent calculations distinctly prefer the twofold bridge
sites [I4HI7, 20]. The S-atom of the adsorbate molecule is bonded to two Au atoms
of the surface, see Fig [3:2l The on-top adsorption site is clearly unfavorable; in
most calculations it not even represents a metastable structure, but a maximum on
the energy surface. To achieve converged computational results it has become evident
from these calculations that the number of Au layers representing the substrate has to
be sufficiently large, and that relaxation of the surface atoms is significant. Moreover,
it is important to have a sufficiently dense Brillouin zone sampling.

Different density functionals give somewhat different values for the adsorption en-
ergy of alkylthiolates on Au(111), but they favor the same order in preferential binding
sites, i.e. the bridge site is much more stable than the hollow site, which is more stable
than the on-top site. In addition, calculations on small clusters indicate that DFT
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Figure 3.2: The (v/3 x v/3)R30° structure of the CH3S SAM on Au(111) with
the molecules adsorbed at bridge sites; (a), (b) top and side view of the bridge (s,

symmetric) structure;

(c), (d) top and side view of the bridge (bs, broken symmetry)
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structure of the CH3S SAM on Au(111),

Figure 3.3: Top view of the c(4 x2)

which contains 4 molecules per surface unit cell [14].
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and Hartree-Fock (plus many-body perturbation or coupled cluster corrections) give
essentially the same stable structures [49]. Calculations on the ¢(4 x 2) superstruc-
ture clearly favor adsorption of thiolate molecules as monomers instead of dimers, in
agreement with recent experimental results. Because of the strong preference for the
bridge adsorption site, most c(4 x 2) superstructures that have been proposed from
calculations are based upon molecules adsorbed at different bridge sites [14, [16], 17],
see Fig. However, the calculated total energy differences between such c(4 x 2)
and (v/3 x v/3)R30° structures are < 5 kJ/mol. Such energy differences are too small
to be reproduced accurately by common density functionals.

In view of these computational and experimental results we consider only struc-
tures in which the alkylthiolates are adsorbed as monomers on the Au(111) surface.
First we focus upon CH3S on Au(111) in the (v/3 x v/3)R30° structure as shown in
Fig. (a),(b). As in previous calculations we find that the bridge site is more stable
than the hollow site and that the on-top position is unstable. The relative energies as-
sociated with these adsorption sites are given in Table in the columns marked by
"bridge(s)”, “fcc hollow”, and "on-top”. Table also presents some structural data.
Energies and structures are in fair agreement with the results obtained in previous
calculations [14,16,17]. The spread in the results obtained in different calculations re-
flect the use of different density functionals, as well as slightly different computational
parameters.

The (v/3 x v/3)R30° structure of CH3S adsorbed at the bridge site on Au(111) as
shown in Fig. (a),(b), has mirror and glide plane symmetry (this structure has
the two-dimensional space group Cm). Rotating the CHs-group around the CS bond
breaks the mirror and glide plane symmetry. Breaking the symmetry and optimizing
the geometry results in a structure shown in Fig. [3.2] (c),(d). The structural data of
CH3S at the bridge site in this "broken symmetry’ structure, bridge(bs), are also given
in Table This structure is quite similar to the symmetric bridge(s) structure. The
most significant change in the bridge(bs) structure, besides the CH3 rotation already
mentioned, are that the two Au—S bonds have become slightly inequivalent; moreover,
the azimuthal angle ¢ of the CS bond has changed. The calculated total energies of
the bridge(s) and bridge(bs) structures are very close, the latter being actually 1.7
kJ/mol lower in energy. However, this is within the error bar associated with the
PWO1 functional we used.

Since the bridge site is much more stable than other adsorption sites, it is rea-
sonable to base a ¢(4 x 2) superstructure entirely upon molecules adsorbed at bridge
sites. Fig. shows the c(4 x 2) superstructure proposed by Vargas et al. [14],
which contains four molecules per cell. The inequivalent molecules have a similar
tilt angle of the CS bond with respect to the surface normal, but differ by ~ 60°
in the azimuthal angle ¢ of that bond. We optimized this structure using the same
computational parameters as for the (\/g X \/g)RBOO unit cell calculations (in par-
ticular the k-point grid for the Brillouin zone integration). The results are listed in
Table The local geometries of all molecules in the c(4 X 2) structure are quite
similar, so we only give the average geometric parameters. The structural parameters
are actually similar to those of the bridge(s) structure. The largest difference is in
the C—S—normal angle, where the molecules in the (\/g X \/§)R30° structure are tilted
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(v/3 x V/3)R30° c(4d x 2)
bridge(s)  bridge(bs) fce hollow on-top

Energy (kJ/mol) 0.0 —17 25.3 34.9 1.0
Au-S (A) 250 /2.50 2.52 /249  2.63/2.60 /2.50  2.39  2.52 /2.50
S-C (A) 1.84 1.84 1.85 1.82 1.83
Au-S-Au (°) 77.0 76.5 74.6/76.7 /76.3 - 73.2
C—S—normal (°) 45.3 46.3 14.4 64.6 57.2
6 (°) 30.0 38.4 - - 31.8
W (eV) 3.81 3.85 3.39 4.73 4.04

Table 3.1: Total energies, bond lengths, bond angles, and work functions of SAMs
of CH3S on Au(111). The columns indicate the possible adsorption sites in the
(V3 x v/3)R30° or c(4 x 2) structures. For geometries in the c(4 x 2) structure
only averages over the four molecules are given.

bridge(s) bridge(bs) bridge(s) bridge(bs)
Energy (kJ/mol) 0.0 -1.0 Au-S-Au (°) 74.5 76.8
Au-S (A) 2.54 2.52/2.48 C-S—normal (°) 54.6 52.4
S-C (A) 1.85 1.85 ¢ (°) 30.0 26.2
C-C (A) 1.53 1.52 W (eV) 3.93 3.83

Table 3.2: Total energies, bond lengths, bond angles, and work functions of SAMs
of CH3CH2S on Au(111) in the (v/3x+/3)R30° structure. The columns bridge(s) and
bridge(bs) indicate the ’symmetric’ and 'broken symmetry’ bridge sites, respectively.

somewhat more upright. The total energy of the ¢(4 x 2) structure is only 1.0 kJ/mol
per molecule higher than that of the (v/3 x v/3)R30° bridge(s) structure, so again it is
hardly possible to distinguish between these two structures energetically on the DFT
level.

In conclusion, from a computational point of view there are several structures of a
CH3S SAM on Au(111) that are very close in energy and are based upon adsorption
of CH3S molecules on bridge sites. They differ in the azimuthal angle ¢ of the CS
bond and the rotation angle of the CHs-group around the CS bond. The spread in the
tilt angle C—S—Au of the CS bond with respect to the surface is smaller. The possible
structures of an ethylthiolate (CH3CH3S) SAM on Au(111) very much resemble those
of a methylthiolate SAM. Table [3:2] gives the energy and geometry of CH3CH,S in
the (\/g X \/?:)R?)O" structure with the molecule adsorbed on a bridge site in the
symmetric (bridge(s)), as well as in the broken symmetry (bridge(bs)) structure. A
comparison to the data shown in Table shows that indeed the geometries of the
adsorbed alkylthiolates are very similar.

The structure of (partially) fluorinated alkylthiolates on gold is much less well-
established than that of their alkyl counterparts, both experimentally and theoret-
ically. SAMs of long-chain alkylthiolates with fluorinated (-CF3) end groups show
a large degree of surface disorder, although their basic structure remains similar to
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CF3S CF3CH2S

bridge(s) bridge(bs) p(2 X 2) bridge(s) bridge(bs) p(2 X 2)
Au-S (A) 2.50 2.51/2.47 2.52/2.53 2.52 2.54/2.50 2.52/2.50
S-C (A) 1.85 1.86 1.85 1.85 1.84 1.85
C-F (A) 1.36 1.36 1.36 1.37 1.36 1.37
Au-S-Au (°) 77.0 78.4 73.4 76.4 75.6 74.6
C-S-normal (°) 45.7 37.8 49.8 43.3 52.0 50.6
¢ (°) 30.0 21.1 29.6 30.0 24.2 29.5
W (eV) 5.97 5.98 6.00 6.27 6.35 6.21

Table 3.3: Bond lengths, bond angles, and work functions of SAMs of CF3S and
CF3CH2S on Au(111) in the (v/3 x v/3)R30° and p(2 x 2) structures. The columns
bridge(s) and bridge(bs) indicate the ’symmetric’ and ’broken symmetry’ bridge
sites in the structure, respectively.

that of SAMs of alkylthiolates with -CHjz end groups [22]. Our calculations on trifluo-
romethylthiolate (CF3S) on Au(111) show that within a v/3 x v/3 packing of molecules
similar variations in structure are possible as for CH3S on Au(111), with similar small
energy differences between these structures.

Thiolates with a longer fluorinated alkyl chain form SAMs with a less denser
packing, because of the bulkier fluorinated alkyl tails. Whereas in a v/3 x v/3 packing
the nearest neighbor distance between the sulfur atoms on the surface is 5.0 A, see
Fig. in fluorinated alkylthiolates this distance is 5.8 A, leading to a 30% less
dense surface packing [I11, 23 24]. This distance is twice the nearest neighbor distance
between the gold atoms in the surface and a p(2 x 2) structure has been proposed for
fluorinated alkylthiolate SAMs on Au(111) [23]. More complex superstructures, such
as a c¢(7 x 7), or even an incommensurate structure have also been proposed [24] [50].
For the short-chain fluorinated molecules we are considering, i.e. CF3S and CF3CHsS,
it is not a priori clear whether the dense v/3 x v/3 or the less dense p(2 x 2) packing
is favored. Therefore we have also optimized the geometries of these molecules in a
p(2 X 2) unit cell. An example of an optimized structure is shown in Fig. Also
in this structure the (displaced) bridge site is the most favorable site for adsorption.
The local geometry of the adsorbed molecules is in fact quite similar to that in the
V'3 x /3 packing, as is demonstrated by Table We will consider both possible
packings in discussing the work functions.

3.3.2 Work functions and surface dipoles

We now focus upon the distribution of dipole moments at the SAM-gold surface. A
sensitive technique for characterizing a surface dipole, experimentally or theoretically,
is to determine the work function of the surface. For the clean Au(111) surface we cal-
culate a work function of 5.25 V. Reported experimental values are 5.26 ¢V [51] and
5.35 €V [21] and previously reported calculated values are 5.23 eV [562], 5.27 eV [53],
5.31 eV [B4] and 5.35 eV [2I]. All these values are within the experimental and
computational error bars.

The calculated work functions of the SAM-Au(111) surfaces in the different ge-
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Figure 3.4: Top view of the p(2 x 2) structure of the CF3S SAM on Au(111).

ometries are given in Tables It can be observed that structures whose total
energies are close, also have similar work functions. For instance, the total energies
of the bridge(s) and the bridge(bs) (v/3 x v/3)R30° structures of CHsS on Au(111),
as well as that of the c¢(4 x 2) structure, are within 2 kJ/mol of one another, see
Table The work functions of the bridge(s) and bridge(bs) structures differ by
0.04 eV, which is close to the (convergence) error bar of the DFT calculations. The
work function of the c(4 x 2) structure is ~0.2 eV higher. As compared to the clean
Au(111) surface, the work function is shifted to a substantially lower value for these
three structures.

The latter involve a similar bonding of molecules at bridge sites and also the local
geometry of the adsorbed CH3S molecules is very similar. Comparing the geometries
of the bridge and the c¢(4 x 2) structures in Table one observes that the bond
lengths are similar, as well as the Au—S—Au bond angle. The C-S—normal tilt angle
in the c(4 x 2) structure is 11 — 12° higher than in the (v/3 x v/3)R30° structures,
which means that in the latter the thiolate molecules are standing somewhat more
upright. As a result the component of the molecular dipole moment along the surface
normal is somewhat larger in the (\/§ X \/§)R30° structures. The work function shift,
i.e. the difference between the work functions of the SAM covered surface and that of
the clean Au(111) surface, is sensitive to this normal component; see also the analysis
below. The fact that the work function shift of both (\/3 X \/§)R30" structures is
~0.2 eV larger that of the ¢(4 x 2) structure can be attributed to a larger normal
component of the molecular dipoles.

The azimuthal angle ¢ and the rotation angle around the CS bond are substantially
different in the three structures, see Figs. [3.2] and [3.3] However, these angles do not
affect the normal molecular dipole component and hence they do not affect the work
function. The same geometrical arguments also hold for the other molecules. As
can be observed from Tables [3.1] to [3.3] one obtains similar work functions in the
bridge(s) and bridge(bs) (v/3 x v/3)R30° structures for all molecules. In conclusion,
for the SAMs we have studied, the structures that have nearly the same total energy
also have a very similar local geometry and hence a very similar work function.

Comparing in Table the work functions of (/3 x \/§)R30° structures that
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correspond to adsorption of CH3S at different sites, one observes that the fcc hollow
site leads to a work function that is ~0.4 eV lower than that of the bridge site,
whereas that of the on-top site is ~0.9 eV higher. Following the arguments presented
above, this can be partly understood from the difference in the C-S—normal tilt angle
between these structures. A small (large) tilt angle gives a large (small) normal
molecular dipole component and a large (small) shift in work function with respect
to the clean Au(111) surface. In addition, the bonding between the molecules and
the surface, which is different for the different adsorption sites, contributes to the
work function shift. We suggest that work function measurements might contribute
to settle the issue of the adsorption site of CH3S on Au(111) from an experimental
point of view.

From Table one can also observe that the work functions of the fluorinated
alkylthiolate SAMs on Au(111) do not depend strongly upon the packing density of
the molecules. Both the (v/3 x v/3)R30° and the p(2 x 2) structures, whose packing
density differs by 33 %, have a similar work function. This is slightly surprising since
one expects the shift in the work function upon adsorption of the SAM to depend
upon the packing density of the molecules. One the one hand, one would expect a
higher packing density to result in a larger work function shift because of a higher
density of molecular dipoles. On the other hand, increasing the packing density of
the molecular dipoles also enlarges the depolarizing field in the SAM, which acts to
decrease the dipoles and therefore the work function shift. Apparently in the range
of packing densities that are relevant to the (v/3 x v/3)R30° and p(2 x 2) structures,
these two effects tend to cancel one another.

3.4 Analysis

We will use the bridge(s) (v/3 x v/3)R30° structure to analyze the work functions and
begin by noticing that the latter fall into two groups. Adsorption of the two alkylth-
iolates CH3S and CH3CH,S gives one work function, compare Tables [3.1] and
whereas adsorption of fluorinated CF3S and CF3CH>S molecules gives another value
for the work function, see Table It makes sense to use the work function of
the clean Au(111) surface, 5.25 €V, as a reference point and analyze changes of
the work functions upon adsorption of the molecules. We define the change in
work function caused by the SAM with respect to the clean Au(111) surface as
AW = Weam — Winetar- The results are collected in Table which shows that
SAMs of CH3S and CH3CH,S lower the work function by 1.3—1.4 eV, whereas SAMs
of CF3S and CF3CHsS increase the work function by 0.7 — 1.0 eV.

These work function changes AW can be interpreted in terms of changes in the
surface dipole Ay due to adsorption of the SAM. Simple electrostatics gives the rela-
tion [55]
eAp
EoA ’

where A is the surface area taken up by one molecule and Ay is the change in
surface dipole that occurs upon adsorption of the SAM, normalized per molecule. Note

AW = (3.3)
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molecule W AW Ap USAM  Mchem
CH3S 3.81 —1.44 —0.86 —0.88 0.02
CH3CH,S 3.93 —1.32 —0.79 —0.81 0.02
CF3S 5.97 0.72 0.43 0.44 —0.01
CF3CH;3S 6.27 1.02 0.61 0.53 0.08

Table 3.4: Work functions of SAMs on Au(111) in eV in the bridge(s) v/3 x v/3
structure; absolute values (W) and relative to clean Au(111) (AW). The surface
dipole moment (Au) relative to that of clean Au(111), the dipole moment of a free-
standing SAM (usanm) and that of the adsorbate-surface bonds (tchem = Ap —
psan); all in D.

that Apu corresponds to the component of the dipole moment directed along the surface
normal, since it is only this component that affects the work function. The values of
Ay calculated according to eq. are also given in Table The sign of Ap is
such that for CH3S and CH3CH3S the dipoles point from the surface into the gold
crystal, whereas for CF3S and CF3CHsS they point from the surface into the vacuum.
Intuitively one would like to interpret Ap in terms of molecular dipole moments and
indeed the size of Ay is of the order of a molecular dipole moment [7HI0]. One should
bear in mind however that upon adsorption on a metal surface, even molecules that
have a zero dipole moment can alter the surface dipole considerably [56, 57].

Therefore we divide Ay into a part that results from the molecules only and a
part that results from the formation of chemical bonds between the molecules and
the surface:

A/J’ = USAM + Hchem.- (34)

We define pusapns as the dipole moment along the surface normal of a molecule
embedded in a free-standing SAM, i.e. without the presence of the metal substrate.
This definition takes care of the geometry of the molecule in the SAM. In addition,
this definition automatically incorporates the effect of the depolarizing electric field
that is caused by the molecular dipoles surrounding each molecule in the SAM. The
effect of this depolarizing field is sometimes introduced phenomenologically as an
effective dielectric constant in the molecular layer [7HIO]. Using a computational
technique in which periodic boundary conditions are applied, there is no need for a
phenomenological dielectric constant, since the calculation is done automatically on
a full monolayer.

One places the molecule in a unit cell in the correct SAM geometry and performs a
self-consistent DFT calculation while keeping the geometry fixed. Electrostatics then
relates pgan to the step in the electrostatic potential as [55]

EUSAM
EoA

where Vgapr(00), Veanr(—o0) are the asymtotic electrostatic potentials on both
sides of the SAM. These are easily obtained from the calculation, since the potential

Vsan(00) = Vsan(—o0) = (3.5)



3.4. Analysis 39

vacuum SCHS vacuum

-

VieV)
Mo e S = b W s th O -]
T

1
= B IR R ¥ = |

1
'
b2

0 5 1015 20 25 30
z(A)

Figure 3.5: Plane averaged electrostatic potential V(z) of a free-standing mono-
layer of methylthiolate CH3S. Indicated are the asymtotic electrostatic potentials
V(00), V(—0o0) on both sides of the layer.

reaches its asymtotic values within a distance of few A from the molecular layer, as
is illustrated in Fig. [3:5] The calculated psans are listed in Table [3:4]

Having calculated Ap and psapn from egs. (3.3) and , respectively, we then
define pichem by eq. and interpret it as the change in the surface dipole due to
chemisorption of the molecule on the metal surface. It reflects the charge reordering
in the molecule and in the metal surface that takes place upon formation of a chemical
bond. The calculated pichen are given in Table 3.4 for the four molecules. Two main
conclusions can be drawn from these numbers. First, picpen shows relatively little
variation within this range of molecules. Apparently the charge reordering is mainly
confined to the chemical bond formed at the surface, which for all four molecules is
the gold-sulfur bond, and it does not depend much on the (fluorinated) alkyl tail
of the molecules. Second, the absolute value of pcpern is very small as compared to
the absolute value of pugsaps. This means that the charge reordering in the gold-
sulfur bond is such that it does not give rise to a substantial dipole moment. In other
words, the gold—sulfur bond is nearly apolar. This result agrees with that obtained in a
previous calculation on CH3S on Au(111) [21]. Similar results on SAMs of conjugated
thiols on Au(111) would indicate that this conclusion is quite general [58].

Kelvin probe measurements of the work functions of SAMs of the long chain
thiolates C16H33S and CgF17CoH4S on Au(111) have been reported by de Boer et
al. [9]. Work function changes upon SAM adsorption on Au(111) have been deduced
from photoemission measurements by De Renzi et al. [21] for CH3S, and by Alloway
et al. [I0] for alkylthiolates ranging from C3H7S to CisHs7S and for fluorinated
alkylthiolates ranging from CF3Ci5Ho4S to CF3C15H30S, and from CF3Ci5H30S to
C1oF21CgH12S. The trends in these measurements are clear; alkylthiolates lead to a
substantial lowering of the work function relative to the clean gold surface, whereas
(partially) fluorinated alkylthiolates give an increase of the work function. For alkylth-
iolates photoemission gives a AW of -1.2 eV for CH3S [2I], and a AW ranging from
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-1.0 eV for C3H7S to -1.4 eV for C14Hs3S [I0]. The Kelvin probe gives a AW of -0.8
eV for 016H33S [9]

Our calculated value for CH3S is in good agreement with the experimental value,
see Table Also the value we find for CH3CHsS is within the range determined
by the photoemission experiments. The work function shows only little variation for
alkylthiolates because both pugan and pepem only weakly depend upon the length of
the alkyl tail. The dipole picpem resulting from chemisorption of the alkylthiolate is
mainly determined by the gold—sulfur bond. Both the dipole moment of an alkylthi-
olate molecule and the orientation of the molecule in the SAM do not vary strongly
with the size of the alkyl tail. Therefore, ugap only weakly depends upon the size
of the alkyl group. The Kelvin probe measurement gives a somewhat lower value for
AW than the photoemission experiments. This could be due to a number of reasons.
The experiments are not performed in UHV, which might introduce impurities. Under
ambient conditions the work function of a clean gold surface becomes 4.9 eV instead
of the 5.3 eV obtained under UHV conditions [9]. Incorporating this difference would
give a AW of -1.2 eV, which would bring it close to the photoemission and to the
calculated results.

A direct comparison to the experimental results on fluorinated alkylthiolates is
more difficult. The dipoles pugaas of fluorinated alkylthiolates vary more widely than
those of unsubstituted alkylthiolates. The molecular dipoles depend on which and how
many of the hydrogens on the alkyl tail are substituted by fluor. The substitution
also affects the structure of the SAM, and hence the depolarizing field. Moreover,
SAMs of fluorinated alkylthiolates tend to show more intrinsic disorder than their
unsubstituted counterparts. Photoemission gives a maximum AW of +0.5 eV for
C10F21CsH12S and the Kelvin probe gives +0.6 eV for CgF17Co2HyS. The calcula-
tions on short-chain fluorinated alkylthiolates give somewhat larger AW’s as can be
observed from Table [3.4

3.5 Conclusions

We have studied the surface dipoles and work functions of SAMs of self-assembled
monolayers of CH3S, CH3CH,S, CF3S and CF3CH,S on the Au(111) by means of
density functional theory calculations. Several structures exist that have almost the
same total energy, but also give very similar work functions. By performing separate
calculations on the free-standing SAMs we can calculate the dipole moments of the
molecules as they are embedded in the SAMs. This allows us to define dipole moments
that result from chemisorption of the molecules on the Au(111) surface. The latter
are almost independent of the molecule, indicating that they mainly result from the
gold—sulfur bond. Moreover, the gold—sulfur bond turns out to be apolar and give only
a small contribution to the surface dipoles. The main contributions to the latter stems
from the molecular dipole moments. The direction of these is such that adsorption
of CH3S and CH35CH,S lowers the work function as compared to the clean Au(111)
surface, whereas adsorption of CF3S and CF3CHsS increases the work function.
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Chapter 4

Dipole Formation at
Interfaces of Alkylthiolate
Self-assembled Monolayers
and Ag(111)

The formation of interface dipoles in self-assembled monolayers (SAMs) of —CHs and —CF3
terminated short-chain alkylthiolates on Ag(111) is studied by means of density functional
theory calculations. The interface dipoles are characterized by monitoring the change in
the surface work function upon adsorption of the SAM. We compare results obtained for
SAMs in structures with a different packing density of molecules, i.e. (v/7 x v/T)R19.1°,
(V3 x V/3)R30°, and p(2x2). The work function of alkylthiolate SAMs on silver depends
weakly on the packing density; that of fluorinated alkylthiolates shows a stronger dependance.
The results are analyzed in terms of two nearly independent contributions to the interface
dipole. These originate respectively from the molecular dipoles and from a charge trans-
fer between the metal surface and the molecules. The charge transfer is determined by the
silver—sulfur bond and it is independent of the electronegativity of the molecules.

4.1 Introduction

Self-assembled monolayers (SAMs) of organothiolates on metal surfaces are studied for
a wide range of technological applications running from catalysis, biosensors to micro-
electronic devices [IH3]. In organic light-emitting diodes, the interfaces between the
metal contacts and the organic material are critical in the device performance, since
they control the injection of electrons and holes into the device [4]. Chemisorption
of a SAM on a metal surface can alter its work function substantially. Depending on
the SAM, the work function can be manipulated advantageously to lower the energy
barrier for electron and hole injection [5H7].
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Self-assembled monolayers have also become attractive for fundamental studies in
metal-organic interfaces and molecular electronics. They represent stable and ordered
structures, which can be prepared experimentally in air, in solution, or in vacuum
[8,@]. SAMs of alkylthiolates, C,Ha,41S, on Au(111) are among the most extensively
studied systems. Alkylthiolate SAMs on Au(111) adopt a (v/3 x v/3)R30° structure
or superstructures thereof [I0, {1]. Alkylthiolates form SAMs on a wide range of
(noble) metal surfaces, which have a similar structure as on Au(111). Variations on
the packing density are possible, however, and on Ag(111) a somewhat denser packed
(V7 x v/T)R19.1° structure has been reported [9].

The change in work function of the surface upon adsorption of the SAM is directly
proportional to the dipole moment density generated at the SAM-metal interface.
For SAMs on Au(111) it has been shown that this dipole moment density is mainly
determined by the permanent dipoles in the thiolate molecular layer. The sulfur—
gold bonds that are formed upon adsorption, are nearly apolar and give a very small
contribution to the interface dipole [I2HI5]. However, a small sulfur-metal bond
dipole is typical of gold and the existence of a much larger bond dipole is indicated by
experiments of alkylthiolate SAMs on silver [7]. In a previous computational study
on model structures we have shown that large bond dipoles can be formed in the
adsorption of SAMs on Ag and Pt surfaces, see Chapter

In this chapter we study the interface dipole formation resulting from adsorption
of SAMs on Ag(111) by first-principles density functional theory (DFT) calculations.
In particular we examine the influence of the structure and the packing density of the
molecules in the SAM. The (v/7 x v/7)R19.1° packing, which is observed experimen-
tally for alkylthiolate SAMs on Ag(111) [9], is our starting point. We consider several
low energy structures [16} [I7]. The results are compared to the (v/3 x v/3)R30° struc-
ture, where the surface area per adsorbed molecule is 29% larger, which is the most
common structure of alkylthiolate SAMs on other noble metal (111) surfaces. We also
consider the less densely packed p(2x2) structure, which has a 71% higher surface
area per molecule. Fluorinated alkylthiolate SAMs on Au(111) can be observed in
this structure [9], and it might be possible that this structure is also formed by such
molecules adsorbed on Ag(111). We show that although the interface dipole density is
smaller for less densily packed structures, it is not simply proportional to the packing
density due to dielectric screening in the molecular layer.

The commonly used DFT functionals describe the formation of chemical bonds
and the resulting charge distribution very well, but they fail to capture the van der
Waals interactions between the alkyl chains. Van der Waals interactions are rela-
tively unimportant in short chain alkylthiolates, which is why we focus on the short
chain thiolates CH3S and C3Hs5S. To elucidate the influence of the polarity of the
molecules on the SAM—metal interface dipole, we also study the fluorinated thiolates
CF3S and CF3CHs,S. Since the directions of the dipole moment of fluorinated and
of nonfluorinated thiolates are roughly opposite, this leads to an obvious difference
in the interface dipole between SAMs of the two types of molecules. In addition,
fluorinated thiolates have a much higher electronegativity. One would expect that by
varying the relative electronegativity of the surface and the molecules, one can modify
the electron transfer between surface and molecules, which would give an additional
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contribution to the interface dipole.

In this chapter we will show that increasing the electronegativity by fluorinating
the alkyl tails does however not lead to a change in charge transfer. We will arrive at
this conclusion by analyzing the interface dipole and separating it into a contribution
from the molecular dipoles and from the charge reordering at the metal—SAM inter-
face. By comparing these results to those obtained for SAMs on Au(111) and Pt(111)
interfaces, it can be concluded that the charge transfer depends on the metal surface
and the nature of the sulfur-metal bond, but not on the molecular tails.

The chapter is organized as follows. In the next section we describe the techniques
we use for calculating and analyzing the interface dipoles and give details on the
parameters used in the calculations. Subsequently the results on the SAM—Ag(111)
interfaces are discussed. First we discuss the possible structures and then we analyze
the interface dipoles. The last section contains a short summary and the conclusions.

4.2 Theoretical section

4.2.1 Total energy calculations

The Ag(111) metal surface is represented by a slab of layers of metal atoms stacked
according to an fcc ABC sequence. A typical slab consists of four layers. The SAM
is adsorbed on one side of the slab. The surface unit cell depends upon the mono-
layer structure and coverage. The cells used in our calculations are (\ﬁ x V7 JR19.1°,
(v/3 x v/3)R30°, and p(2x2), which contain 7, 3 and 4 metal atoms per layer, respec-
tively. Periodic boundary conditions are applied in all three directions. This means
that not only are the cells repeated along the surface (the zy-plane), but also the
slabs are repeated in the z-direction. The atoms in neighboring cells are separated
along the z-direction by a vacuum region of ~ 12 A. To cancel the artificial interaction
between the dipoles of the repeated slabs, the Neugebauer-Scheffler dipole correction
is applied [I8].

The electronic structure is treated within density functional theory (DFT) [19]
using the PW91 functional [20] to describe the electronic exchange and correlation.
The calculations are performed with the program VASP (Vienna ab initio simulation
package) |21} 22] using the projector augmented wave (PAW) method [23] 24]. For
noble metal atoms the outer shell s and d electrons are treated as valence electrons,
and for first and second row elements the outer shell s and p electrons. The valence
pseudo wave functions are expanded in a basis set consisting of plane waves. All plane
waves up to a kinetic energy cutoff of 500 eV are included.

The geometries are optimized by allowing the atoms in the top two metal layers and
the atoms in the SAMs to relax. The (1 x 1) surface unit cell parameter is fixed at its
optimized bulk value of 2.93 A. The calculations use a k-point sampling mesh of 7 x 7
for the v/7 x /7 structure, 11 x 11 for the v/3 x /3 and 9 x 9 for the p(2 x 2) structures,
according to the Monkhorst-Pack scheme. For geometry optimization a Methfessel-
Paxton smearing is used with a broadening parameter of 0.2 eV [25]. The energies of
the optimized geometries are recalculated using the tetrahedron scheme [26]. Tests
regarding the slab thickness, vacuum thickness, k-point sampling grid, and plane
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wave kinetic energy cutoff are performed, from which we estimate that total energy
differences are converged to within ~ 0.05 eV.

The adsorption energy of the SAM is calculated by comparing the total energy
of the slab (with the adsorbed SAM), with that of the clean slab (with the top sur-
face in its relaxed Ag(111) structure), and the free alkylthiolate (radical) molecules. If
SAM adsorption results in a reconstruction of the surface that involves metal adatoms
[I'7, 27], we assume that these adatoms are supplied by the bulk metal. The adsorp-
tion energy per molecule F,4s associated with a surface structure that contains M
molecules, Ny metal atoms per layer and N,q adatoms is then given by

Eads = % [Eslab - NsEclean - NadEbulk] - Emola (41)
where Ejgap, is the total energy of the slab, Fiean is the total energy of the clean
slab per surface atom (top surface in optimized Ag(111) structure), Epyy is the total
energy of bulk Ag per atom, and FE\, is the total energy of an alkylthiolate molecule.
Note that E,qs is negative if the adsorption is exothermic.

To analyze the results we have also calculated several properties of isolated thiolate
molecules: dipole moments, ionization potentials, electron affinities and electroneg-
ativities. For these calculations we use the GAMESS program [28], and treat the
electronic structure within DFT using the B3LYP functional [29, B0]. We use the
aug-cc-pVTZ basis set. Calculations with the smaller 6-311G** basis set give dipole
moments that are up to ~ 0.15 D smaller, and ionization potentials, electron affinities
that differ by ~ 0.1 eV.

4.2.2 Work functions and interface dipoles

Interface dipoles can be extracted from the change in the surface work function upon
adsorption of a SAM on a metal surface, as will be described below. Surface work
functions are evaluated from the expression:

W = V(o) — Ep, (4.2)

where V(00) is the electrostatic potential in vacuum and Ef is the Fermi energy of
the bulk metal. V(00) is extracted by calculating the average electrostatic potential
in the zy-planes of the slab:

V(z) = %//Ce” V(z,y,z)dzdy, (4.3)

where C' is the area of the surface unit cell and V(z,y, 2) is the total electrostatic
potential. The latter is generated on an equidistant real space grid and the integral
is obtained by straighforward numerical integration. In practice V(z) reaches an
asymtotic value V(co) within a distance of ~ 5A from the surface into the vacuum.
An example of V(z) is shown in Fig. for CF3S on the Ag(111) surface. Wietal is
the work function of the clean Ag surface and Wsanm—ag is the work function of surface
covered by the SAM. Slab calculations produce a reasonable value for the bulk Fermi
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Figure 4.1: Plane averaged electrostatic potential V(z) of a slab consisting of four
layers of silver atoms and one layer of CF3S molecules on top. The z axis is normal
to the (111) surface.

energy Er, but a more accurate value is obtained from a separate bulk calculation. We
follow the procedure described by Fall et al. [3I]. From the convergence tests discussed
in the previous section we estimate that calculated work functions are converged to
within ~ 0.05 eV. Typically, DFT/PW91 calculations give work functions that are
within 0.1 —0.2 eV of the experimental values, although occasionally larger deviations
of ~ 0.3 eV can be found [32] B3].

Upon adsorption of a SAM the work function of a metal surface usually changes
considerably. The work function change AW can be interpreted in terms of a change
in the surface dipole Apu:

eAp

AW = WSAM—mctal - Wmctal = T 1>
EoA

(4.4)

where A is the surface area per adsorbed molecule [34]. Note that Ay corresponds
to the component of the dipole moment directed along the surface normal, since only
this component affects the work function. Ay is the result of the interface formation
between the SAM and the metal surface, and we call it the interface dipole in the
following.

We split the interface dipole into a contribution pugan from the molecular dipoles
in the SAM, and a contribution picpen from the charge transfer between the metal
surface and the molecule, which occurs upon chemisorption of the SAM. The latter
contribution is then defined by:

Hchem = A,U, — HSAM- (45)

isam is obtained from a separate calculation on a free-standing SAM without the
presence of a metal slab, but with the molecules frozen in their adsorbed geometry.
In the following we will show that fichem is nearly independent of the (fluorinated)
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alkyl tail of the thiolate molecule. This means that pchem is mainly determined by
the sulfur-metal bond and the charge transfer associated with this bond.

Note that the calculation of ugan is done for a full monolayer. In practice pugam
is obtained from the expression:

egAAV
fisam = — R (4.6)

where AV = V(00) — V(—00) is the potential drop over the SAM, and V(o0), V(—o0)
are the asymptotic electrostatic potentials on both sides of the SAM. These are easily
obtained, since the potential reaches its asymptotic values within a distance of few A
of the SAM.

This calculation incorporates the effect of the depolarizing electric field within the
SAM that is generated by the close-packed molecular dipoles. Often this effect is
modeled phenomenologically by introducing an effective dielectric constant ¢ for the
SAM:

HsAM = %7 (4.7)

where p, is the z-component of the permanent dipole of the isolated molecule. By ob-
taining p, from a separate calculation we will extract the effective dielectric constant
as a function of the packing density of the molecules in the SAM.

4.3 Influence of packing density

We will first discuss the possible structures of thiolate SAMs on the Ag(111) surface
and then study the influence of the packing density on the work function.

4.3.1 Structures

From early scanning tunneling microscopy (STM) experiments it was concluded that
SAMs of alkylthiolates on the Ag(111) surface form a commensurate (v/7 x v/7)R10.9°
structure [35] [36]. Normal incident X-ray standing wave (NIXSW) experiments have
confirmed the /7 x /7 structure, but have corrected the registry of the SAM on the
underlying substrate to (v/7 x v/7)R19.1° [16]. The proposed model of this struc-
ture has the molecules in the SAM arranged in a hexagonal lattice with a nearest
neighbor distance between the sulfur atoms of 4.41 /D&, see Fig. (a). Long chain
alkylthiolates adopt an expanded incommensurate (\ﬁ x v/T)R19.1° structure with a
nearest neighbor distance of 4.6 — 4.8 A [37, B8], whereas short chain alkylthiolates
keep the commensurate structure [16]. Recently a new model has been proposed for
the (v/7 x V/7)R19.1° structure of CHzS SAMs on Ag(111) on the basis of NIXSW
and medium energy ion scattering (MEIS) experiments [I7, [39] [40]. It involves a sur-
face reconstruction consisting of a 3/7 monolayer of Ag adatoms, which are bonded
to the the methylthiolate molecules, Fig. (c).

The (\ﬁ x T )R19.1° structure proposed first consists of three molecules per sur-
face unit cell with two of the molecules adsorbed on hollow sites and one on a top site
[16]. Starting from this structure we have relaxed the geometry of CH3S on Ag(111)
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and the result is shown in Fig. (a) and (b). The molecules labeled 1 and 3 change
their position only slightly and remain adsorbed in a hollow site. The molecule la-
beled 2 moves away from the top site towards a bridge site. The angle between the
surface normal and the C—-S bond is 42°, whereas that angle for molecules 1 and 3 is
only 9 — 10°. The latter molecules are almost standing upright, as can be observed
in Fig. (b). We call this structure the “1,3 hollow” structure in the following. The
most important bond distances and angles of this structure are given in Table
The adsorption energy (averaged, per molecule) according to eq. is —1.97 eV.

In our previous calculations for alkylthiolate SAMs on Au(111) the molecules show
a strong preference for adsorption on bridge sites, instead of on hollow or top sites
[15]. Starting with CH3S molecules 1 and 3 on bridge positions we obtain the opti-
mized geometry that is shown in Figs. (e) and (f). In this structure the CH3S
molecule 2 also moves closer to the bridge position, as compared to the 1,3 hollow
structure, see Table [I.I] The new structure, which we call the “bridge” structure, is
0.10 eV /molecule lower in energy than the 1,3 hollow structure. The bridge struc-
ture is energetically favored over the 1,3 hollow structure. The calculated adsorption
energy in the bridge structure is —2.07 eV/molecule. The geometries of the three
molecules in the bridge structure are more similar than in the 1,3 hollow structure.
For instance, the angle between the surface normal and the C-S bond is in the range
43 — 51° for all three molecules, see Table [£.I] The work functions of the 1,3 hollow
and the bridge structures are substantially different as will be discussed below.

We have also optimized the geometry in the (v/7 x v/7)R19.1° reconstructed struc-
ture [I7, 40]. The reconstruction involves a commensurate layer of Ag adatoms at
a 3/7 monolayer coverage. The sulfur atoms of the adsorbed thiolate molecules are
threefold coordinated by adatoms. The optimized geometry is shown in Figs. [1.2]
(c¢) and (d) and bond distances and angles of this structure are given in Table
The resulting structure has the CH3S molecules standing upright with the C-S bond
pointing along the surface normal in agreement with previous calculations [27, 4T].
The distance of the S atoms of the different molecules to the surface is the same within
~ 0.1 A, which represents a very small “rumpling” in agreement with the latest exper-
imental results [40]. The work function of the reconstructed structure is substantially
different from that of the unreconstructed structures as will be discussed below. The
calculated adsorption energy in the reconstructed structure is —2.07 eV/molecule.
This number is very close to the adsorption energy in the (unreconstructed) bridge
structure. Within the intrinsic error bar of DFT calculations the two structures are
degenerate in energy. It has recently been suggested that the two structures, i.e.
reconstructed and unreconstructed, might coexist on the surface [41].

The optimized unreconstructed (\ﬁ X \ﬁ)R19.1° structure of a CH3CHyS SAM
also has the molecules adsorbed on or near bridge sites, as shown in Fig. 4.2|(g). The
three molecules in the unit cell have a similar geometry. For instance, the C—-S—normal
angle is 42 — 45°, see Table [£:2] which is similar to the experimental value reported
for CH3(CHz)7S on Ag(111) [16]. The chain angles are in the range 12 — 17°, which
is similar to experimental results for long-chain alkylthiolates [42].

We have also studied (v/3 x v/3)R30° and p(2x2) structures, where the surface
area per adsorbed molecule is 29% and 71% larger, respectively, see Fig. 4.3] Experi-



52 Dipole Formation at Interfaces of Alkylthiolate SAMs and Ag(111)

Figure 4.2: Possible (v/7 x v/7)R19.1° structures of CH3S SAMs on Ag(111);
(a), (b) top and side view of the 1,3 hollow structure; (c), (d) of the reconstructed
structure; (e), (f) of the bridge structure; (g) of a CH3CH2S SAM in the bridge
structure. “1, 2, 3” label the molecules, “a” labels the Ag adatoms.

mentally it is not likely that alkylthiolates on Ag(111) form these structures, but they
enable us to model the influence of the packing density of the molecules in the SAM
on the work function and the interface dipoles. In both these structure the bridge
site is the favored adsorption site and the local geometry of the molecules is similar
to that in the (v/7 x v/7)R19.1° bridge structure.

The structure of (partially) fluorinated alkylthiolates is much less established than
that of their nonfluorinated counterparts. On Au(111) thiolates with long fluorinated
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molecule 1 2 3
1,3 hollow
C-H (A) 1.10 1.10 1.10
S-C (A) 1.83 1.84 1.84
Ag-S (A) 2.52/2.50/2.50  2.47/3.01  2.63/2.54/2.54
C—-S—normal (°) 9.0 42.0 9.7
Ag-S-Ag (°) 78.7/77.5/77.4 - 76.2/71.3/72.5
bridge
C-H (A) 1.10 1.10 1.10
S-C (A) 1.83 1.84 1.83
Ag-S (A) 2.56,/2.49 2.46/2.82 2.58,/2.48
C-S-normal (°) 51.4 43.0 46.6
Ag-S-Ag (°) 72.3 - 72.5
reconstructed
C-H (A) 1.10 1.10 1.10
S-C (A) 1.84 1.84 1.84
Ag-S (A) 2.65 2.66 2.64
C-S-—normal (°) 0 0 0
Ag-S-Ag (°) 114.9 115.3 115.9
d. (A) 2.47 2.56 2.47

Table 4.1: Bond lengths and bond angles of the (v/7 x v/7)R19.1° 1,3 hollow,
bridge and reconstructed structures of CHsS SAMs on Ag(111). The columns indi-
cate the three molecules in the supercell, see Fig. [£.2] d. is the distance along the
surface normal between a Ag adatom and the top Ag layer.

molecule 1 2 3
C-H (A) 1.10 1.10 1.10
C-C (A 1.52 1.53 1.52
S-C (A) 1.85 1.85 1.84
Ag-S (A) 2.57/2.50  2.47/2.90 2.58/2.49
C-C-normal (°) 25.5 26.3 26.8
C—S-normal (°) 44.2 41.9 45.0
chain (°) 14.7 12.0 17.1
Ag-S-Ag (°) 72.1 — 72.5

Table 4.2: Bond lengths and bond angles of the (v/7 x v/7)R19.1° bridge structure
of CH3CH2S SAMs on Ag(111). The chain angle represents the angle made by the
line connecting the top C and S atoms with the surface normal.
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alkyl tails have a less dense packing because of their relatively bulky tails [9] 43].
For such SAMs a p(2x2) structure has been proposed, where the spacing between the
adsorbate molecules is 5.87 A [44]. SAMs of long-chain alkylthiolates with fluorinated
end groups on Au(111) have a (v/3 x v/3)R30° structure [45]. The spacing between
the adsorbate molecules is then 5.08 A.

We did not find reports on the structural details of fluorinated alkylthiolate SAMs
on silver in the literature. We optimized the structure of CF3S and CF3CH,S SAMs
on Ag(111) in three different packing densities, i.e., V7 x /7, V3 x v/3 and p(2x2).
For the (\ﬁ X ﬁ)R19.1° structure of a CF3S SAM, which represents the most dense
packing, we used the 1,3 hollow and the bridge structures of CH3S as starting points
and optimized the geometry. The bridge structure of CF3S is more stable than the
1,3 hollow structure, albeit by less than 0.02 eV/molecule. However, even in the
bridge structure only molecules 1 and 3 are actually adsorbed on bridge sites, whereas
molecule 2 is adsorbed on a hollow site. This results in a distorted hexagonal packing
of the CF3S molecules.

For the (v/3 x v/3)R30° and p(2x2) structures of fluorinated alkylthiolate SAMs
on Au(111) we have found a preference for the molecules to adsorb on bridge sites

VT x V7 V3x V3 p(2x2)

CF3S
C-F (A) 1.35/1.36/1.35 1.36 1.36
S-C (A) 1.85/1.83/1.87 1.84 1.84
Ag-S (A) 2.51/2.41/2.57 2.56 2.54
C—S—normal (°) 6.5/35.5/5.0 43.2 47.7
Ag-S-Ag (°) 79/-/72 73.4 715
Eaas (eV) —1.98 —2.32 —2.39
CF3CH,S
C-F (A) 1.35 1.36 1.36
C-C (A) 1.52 1.52 1.52
C-H (A) 1.10 1.09 1.09
S-C (A) 1.84 1.85 1.85
Ag-S (A) 2.53/2.45/2.52 2.56 2.56
C-C-normal (°) 25.9/25.7/29.0 25.8 21.0
C-S-—normal (°) 44.0/42.4/42.7 42.8 46.7
chain (°) 13.9/12.9/15.1 12.3 16.7
Ag-S-Ag (°) 72.5/—/73.5 72.1 72.0
Eaas (eV) —2.01 —2.27 —2.24

Table 4.3: Bond lengths, bond angles and adsorption energies of CF3S and
CF3CH2S SAMs adsorbed on Ag(111) surface in (v/7 x v/7)R19.1°, (v/3 x v/3)R30°
and p(2x2) structures. The chain angle represents the angle made in the CF3CH>S
SAM by the top C atom and the sulfur atom with the surface normal.
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Figure 4.3: CF3S SAM on Ag(111) with the molecules adsorbed on bridge sites;
(a),(b) top and side view of the (/3 x v/3)R30° structure; (c),(d) of the p(2x2)
structure.

[15]. The calculated nearest neighbor distance between the metal atoms on Au(111)
and Ag(111) is very similar, i.e., 2.94 and 2.93 A respectively. Moreover, since even
in the (v/7 x v/7) structure the molecules show a tendency to adsorb on bridge sites,
we only consider bridge sites for the (v/3 x v/3) and p(2x2) structures of SAMs on
Ag, see Fig. [4.3]

Table lists the molecular geometries of CF3S and CF3CH2S SAMs on Ag(111)
adsorbed in bridge structures for the different packings. The geometries are in fact
very similar, with S—Au bond lengths in the range 2.5 — 2.6 A, and angles of the C-S
bond with the surface normal around 45°. In the case of CF3CH3S the chain angle is
13 — 15°, which is similar to that found in CH3CHsS, see Table

The calculated adsorption energies indicate that a less dense packing of the fluo-
rinated alkylthiolate SAMs is favorable, see Table The p(2x2) structure is most
stable for CF3S, whereas for CF3CH,S the (\/§ x v/3)R30° is slightly more stable.
Some of the energy differences are quite small, but the calculations correspond to the
experimental trend observed in fluorinated alkylthiolates on Au(111) [44 [45].

4.3.2 Work functions and interface dipoles

The change in work function upon adsorption of a SAM is defined by eq. (4.4). For
the clean Ag(111) surface we calculate a work function of 4.50 eV, using a 25 x 25
k-point Brillouin zone sampling grid. This is in good agreement with the experimen-
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VT x VT V3 x 3 p(2x2)

CH;S —0.52 (—0.84 %, —0.99 %) —0.61 —0.34
CH;3CH,S —0.59 —0.52 —0.46
CF3S 1.80 (1.79 @) 1.61 1.48
CF3CH,S 2.09 1.75 1.75

Table 4.4: Work functions shifts in eV with respect to the clean surface of SAMs
on Ag(111) in the bridge structure; ** in the 1,3 hollow and the reconstructed
structure, respectively.

tal results of 4.5 eV [46] and 4.4 eV [7], and with a previously reported theoretical
value of 4.42 eV, which was extracted from DFT-GGA calculations and a 15 x 15
k-point sampling [47]. The calculated work function changes upon adsorption of the
(fluorinated) alkylthiolate SAMs are given in Table

The results clearly show that alkylthiolates decrease the work function, whereas
fluorinated alkylthiolates increase it significantly. Depending on the structure, a dif-
ference of 2—2.5 eV is found between the work functions of alkylthiolates and partially
fluorinated alkylthiolates adsorbed on the silver surface. The work function is thus
tunable over a large range by adsorption of a suitable SAM, as is observed experimen-
tally [5L [7]. The absolute change in the work function upon adsorption of fluorinated
alkylthiolates is 3 — 4 times larger than the change upon adsorption of nonfluori-
nated molecules. This result is quite different from our previous findings for SAMs on
Au(111), where fluorinated and nonfluorinated molecules give a change in the work
function that is similar in size (but of opposite sign, of course) [I5]. We conclude that
the interaction between the molecules and the silver surface differs from that between
the molecules and the gold surface.

Kelvin probe measurements of the work function changes induced by adsorption
of long-chain thiolate SAMs on Ag(111) have been reported by Campbell et al. [5],
and by de Boer et al. [7], The values reported for CH3(CHz)9S and CH3(CHs)15S
are —0.7 eV [5], and —0.6 eV [7], respectively, and 0.9 eV [5] and 1.1 eV [7] for
CF3(CF3)7(CHy)2S. Our calculated value of —0.59 eV for CH3CH,S in the (v/7 x
VT)R19.1° bridge structure is close to the experimental values for alkylthiolates. The
calculated values for the fluorinated molecules are higher than the experimental val-
ues even for the less densily packed p(2x2) structure. One explanation might be
that the effective dipole moment of a long-chain fluorinated molecule embedded in
a SAM is smaller than that of a short-chain molecule; in other words, the effective
dielectric constant in a long-chain fluorinated thiolate SAM is larger, see eq. . In
addition, SAMs of fluorinated alkylthiolates may show more intrinsic disorder than
their nonfluorinated counterparts [45], which also reduces the average dipole moment
perpendicular to the surface.

The three v/7x /7 structures for CH3S SAMs discussed in the previous section give
rise to different work functions. The adsorption of molecules in the bridge structure
gives a substantial smaller shift of the work function than adsorption in the 1,3 hollow
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structure or the reconstructed structure. Using eq. we can interpret the changes
in the work function in terms of molecular dipoles. This difference in work function
shift between the structures can be related to the orientation of the molecular dipoles.
Whereas in the bridge structure the molecular tails are tilted with respect to the
surface normal, the tails of the two molecules that are adsorbed at hollow sites in
the 1,3 hollow structure are almost perpendicular to the surface, see Table The
latter leads to larger dipole moments along the surface normal. All the molecular
tails in the reconstructed structure are perpendicular to the surface, which leads to
large dipole moments and a large work function shift. These results suggest that work
function measurements might be a simple experimental way of distinguishing between
the different structures.

As can be observed in Table [£.4] the work functions have a relatively weak depen-
dence on the packing density. The local geometries of the thiolate molecules in the
bridge structure are similar for the different packings, see e.g. Table [£:3] Hence one
would expect the individual molecular dipoles to be similar. The weak dependence of
the work functions on the packing density might seem somewhat surprising. Assum-
ing fixed interface dipoles Au per molecule in eq. , the work functions should
scale as 1/A, where A is the surface area per molecule. Since this is clearly not the
case, it means that Ay depends on the packing density. In particular, the individual
molecular dipoles increase with decreasing packing density.

Decreasing the packing density increases the distances between the molecules in
the SAM. Hence it decreases the depolarizing field in the SAMs, or, in other words,
the effective dielectric constant e introduced in eq. decreases with decreasing
packing density. This effectively increases the molecular dipoles, which opposes the
effect of a decreasing density of the molecules on the interface dipole. The net result is
a weak dependence of the work function on the packing density in the range considered
and in some cases even a nonmonotonic behavior, see Table

In order to quantify this analysis we make use of the relations given by eqgs. f
(4.7). We extract from the work function change an interface dipole per molecule
Ap and split Ap into a contribution ugay from the molecular dipole and a con-
tribution pichem from the charge transfer between the molecule and the surface upon
chemisorption. The results for each of the SAMs in the VT x \ﬁ, V3 x+/3 and p(2x2)
structures are reported in Table As we are explicitly interested in the influence
of the packing density we continue to compare similar, i.e. bridge-like, structures.

usam is positive for fluorinated alkylthiolates, which means that the molecular
dipoles point from the S atom to the CF3 group. For the nonfluorinated alkylthiolates
the absolute values of ugaym are larger, but the sign is negative, meaning that the
dipoles point from the alkyl tails to the S atom. picpem is positive for all molecules.
The latter contribution is associated with a dipole that points from the surface to
the molecule. Tt is associated with a (partial) electron transfer from the surface to
the molecule. Both contributions, usam and fichem, to the interface dipole Ay are of
comparable size. For the nonfluorinated molecules they are of opposite sign, which
leads to moderate interface dipoles Ay = —0.2 to —0.3 D and work function changes
~ 0.5 eV. The contributions ugan and piehem have the same sign for the fluorinated
molecules, which gives large interface dipoles Ay = 0.9—1.3 D and large work function
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structure CH3S CH,CH3S CF3S CF3CH,S
Apn —0.24 —0.27 0.83 0.96
VTxVT | psan —0.78 —0.79 0.39 0.43
Hchem 0.54 0.52 0.44 0.53
€ 1.6 1.4 2.0 2.7
Ap —0.36 —0.31 0.95 1.04
V3xV3 | usam  —0.88 —0.79 0.44 0.50
Hchem 0.52 0.46 0.51 0.54
5 1.4 1.4 1.8 2.3
Ap —0.27 —0.36 1.17 1.38
p(2x2) | psam  —0.92 —1.01 0.50 0.71
Hchem 0.65 0.65 0.67 0.67
€ 1.3 1.1 1.6 1.7

Table 4.5: Dipole per molecule Ap from work function shift upon adsorption,
the (perpendicular) molecular dipole moment psan in a free standing SAM and the
chemisorption dipole moment fichem of the SAMs on Ag(111) surface. The values
are in D. ¢ is the effective dielectric constant of the free standing SAM.

changes of up to 2.1 eV.

Comparing the results for the different packing densities in Table we observe
that the absolute value of psaps increases if the packing density decreases. This can
be understood by noting that the effective dielectric constant e of the SAM decreases
if the packing density decreases, as discussed above. We have calculated the dipole
moment of the isolated alkylthiolate radical molecules, fixing the molecules in the
geometries they attain in the SAM. The component p, along the surface normal
in the adsorbed geometry is given in Table From eq. we then calculate
the effective dielectric constant of the free standing SAM. The dielectric constants for
fluorinated alkylthiolate SAMs are somewhat larger than those of their nonfluorinated
counterparts. This might be expected since the polarizability of fluorinated molecules
is larger and therefore screening in the SAM is larger. The results in Table clearly

CH3S CH;CH3S CF3S CF3CH2S

EA 173 1.87 3.02 2.43
IP 920 895  10.79 9.82
Xv  BAT 5.41 6.91 6.13
leot]  1.70 1.82 1.05 2.06
e —123 —1.14 0.79 1.17

Table 4.6: Electron affinity (EA), ionization potential (IP), Mulliken electronega-
tivity (xar) in eV, total dipole moment |utot| and dipole moment along the surface
normal g, in D of isolated molecules in their adsorbed geometries.
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show that the dielectric constants decrease with decreasing packing density.

Ichem also increases with decreasing packing density. The origin of this effect is
similar to that discussed in the previous paragraph; the screening of the dipoles in
the layer decreases if the packing density decreases. An interesting observation is that
at fixed packing density pichemn shows little variation within the range of molecules.
Apparently it is mainly determined by the S—Ag interaction and not so much by the
molecular tails.

Upon adsorption electronic charge is transferred from the surface to the molecule.
In order to visualize the charge transfer at the interface upon adsorption of the SAMs,
we calculate the change in electron density An:

An = ngaM—Ag — NAg — NSAM, (4.8)

where nganm—ag, nag and ngam are the electron densities of the SAM adsorbed on
Ag(111), of the Ag(111) surface and of the free-standing SAM, respectively. The
electron distributions are obtained on a real space grid from separate calculations on
the adsorbed SAM, on the substrate and on the free-standing SAM, respectively. In
the latter two calculations the substrate and the molecules are fixed in the adsorption
geometries.

As examples, Fig. shows the difference electron density An averaged in the zy
plane along the surface normal of CH3S and CF3S SAMs adsorbed in the VT x V7T
structure and of CH3CH»S and CF3CH,S SAMs adsorbed in the p(2x2) structure.
In addition 3-dimensional visualizations of An at the interface are presented. Only
the region around the SAM/Ag(111) interface is shown, since in the substrate and
the vacuum region An ~ 0. The figures clearly demonstrate that An is localized at
the interface, i.e., near the sulfur atoms and the top metal layer. Electronic density
is transferred mainly from the top layer of silver atoms to the sulfur atoms, which
results in a dipole moment fichem-

To check the consistency of this analysis, we can calculate the metal-sulfur dipoles
from the difference electron density:

/u’::hem = /// ) ZATL(I,:%Z)dZEdde, (49)

where we choose z, in the center between the second and the third metal layer of the
substrate and z, in the center of the vacuum. The metal-sulfur dipoles ul, . are
within 10% of the values pichem listed in Table

By integrating the peak of An on the sulfur atom, see Fig. one can calculate
the charge transfer from the substrate to the sulfur atom. A typical value over a range
of structures is ¢ = (0.11+0.01)e. Modeling the charge transfer dipole as ficpem = qd
gives d = 1.1 A, assuming fichem = 0.6 D. The distance between the sulfur atoms
and the top layer of silver atoms is 2.0 — 2.2 A, so this analysis is consistent with the
interpretation of pichem as a metal-sulfur bond dipole.

The fact that this dipole moment hardly depends on the different molecular tails is
slightly surprising, since the electronegativity of fluorinated tails is much higher than
that of unfluorinated ones. The Mulliken electronegativity of a molecule is defined as:
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Figure 4.4: Difference electron density along the surface normal (z) averaged over
the zy plane in unites of A= and as isodensity surface. (a), (b) CHsS and (c), (d)
CF3S in the v/7 x /7 structure; (e), (f) CH3CH2S and (g), (h) CF3CH,S in the
p(2x2) structure.

_ EA{IP

o (4.10)
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where EA and IP are the electron affinity and ionization potential of the molecule.
The EAs, IPs and Mulliken electronegativities of the molecules considered in this
chapter (fixed in their adsorbed geometries) are given in Table

One observes a considerable difference in the electronegativities x 5s of the molecules.
The x s of both alkylthiolates is similar, but the yas of fluorinated alkylthiolates is
much larger. The HOMO of the radical neutral molecules, which plays a role in de-
termining the EA and IP, is stabilized by the electron withdrawing CF3 group. This
property is commonly associated with the attractive Coulomb field of the CF3 group.
The HOMO of the neutral molecules is localized mainly on the sulfur atom and one
expects that the effect of the CF3 group decreases if the distance between this group
and the sulfur atom increases. Indeed one finds that the EA, IP and x s of CF3S are
significantly higher that those of CF3CH,S.

The electronegativity of a metal surface is given by its work function. From simple
chemical reasoning one would assume that the charge transfer between a molecule and
a surface would depend on the difference of their electronegativities. This is clearly
not the case; the electronegativity of the molecule does not seem to influence the
charge transfer. This suggests that the effects of the Coulomb field of the CF3 group
and the alkyl tails on the charge distribution at the sulfur—metal interface are screened
by the metal.
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4.4 Summary and conclusions

We have studied the interface dipole formation and work function changes produced
by adsorption of CH3S, CH3CH,S, CF3S and CF3CH,S SAMs on the Ag(111) surface
by means of DF'T calculations. Adsorption of the alkylthiolates CH3S and CH3CH2S
decreases the work function as compared to the clean metal surface, whereas adsorp-
tion of the fluorinated alkylthiolates CF3S and CF3CHsS increases the work function.

In particular we have examined the influence of the structure and the packing
density of the molecules in the SAM. CH3S on Ag(111) in the unreconstructed (v/7 x
N4 JR19.1° structure with two of the three molecules in the unit cell adsorbed at a
hollow site, leads to a work function shift of —0.8 eV. Adsorbing the CH3S molecules
on bridge sites stabilizes the structure by 0.10 eV /molecule and gives a work function
shift of —0.5 eV. The recently proposed surface reconstruction induced by CHgzS
adsorption yields an almost identical adsorption energy, and a work function shift
of —1.0 eV. The difference between the work functions of these structures can be
interpreted in terms of the difference in the orientation of the molecular dipoles.

These results are compared to the less densily packed (v/3 x v/3)R30° and p(2x2)
structures, which are more likely to occur for fluorinated alkylthiolate SAMs. Al-
though the work function shift generally decreases for decreasing packing density, it is
not simply proportional to the density of molecular dipoles. A partial compensating
effect is caused by a decrease of the dielectric screening in the molecular layer.

Comparing the different molecules adsorbed in similar geometries shows that flu-
orinated alkylthiolates can increase the work function by up to 2 eV, which is much
larger that the decrease in work function caused by (nonfluorinated) alkylthiolate
adsorption. We explain this by separating the interface dipole into a contribution
from the molecular dipoles and from the charge reordering at the metal-SAM inter-
face. Electron transfer occurs from the Ag surface to the sulfur atoms of the thiolate
molecules. The resulting dipole points in the same direction as the molecular dipole
for fluorinated molecules. Addition of the two dipoles leads to a large interface dipole
and a large work function shift. The direction of the molecular dipole of nonfluo-
rinated molecules is opposite to the metal-sulfur bond dipole, resulting in a much
smaller interface dipole and work function shift.

The electron transfer from the Ag surface to the molecules is remarkably inde-
pendent of the electronegativity of the molecules. In good approximation the charge
reordering only depends upon the metal-sulfur bond, which suggest that the influence
of the molecular tails is screened by the metal substrate. In previous calculations we
arrived at the same conclusion for adsorption of alkylthiolate SAMs on other noble
metal surfaces, indicating that this result is more general [15] [48]. For adsorption on
Ag(111) we find effective Ag—S dipoles pichem = 0.51 +0.04 D and 0.66 + 0.01 D in
the (v/3 x v/3) and p(2x2) structures, respectively.

For adsorption on Au(111) we have found very small Au-S dipoles pchem < 0.1
D, indicating an apolar Au—S bond [I5], whereas for adsorption on Pt(111) the Pt—S
dipole is fichem = —0.45 £ 0.03 D [48]. The latter indicates an electron transfer from
the sulfur atoms to the Pt surface. The metal-sulfur bonds formed upon SAM adsorp-
tion generate dipole moments that reduce the work function differences between the
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clean metal surfaces, and can even reverse the order. The molecular dipole moments
exhibit similar values for adsorption on Ag, Au and Pt, thus giving the possibility
to design interface dipoles. By adding molecular and metal-sulfur bond dipoles the
overall work function can be determined. It is possible to manipulate metal work
functions considerably using SAMs. Work function shifts that can be as large as 2
eV.
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Chapter 5

Work function pinning at
metal-organic interfaces

Despite the relatively weak interaction between organic molecules and metal surfaces, sub-
stantial dipoles are formed at metal-organic interfaces. We monitor interface dipoles by
first-principles calculations of work function changes caused by adsorption of perylene and
3,4,9,10-perylene-tetra-carboxylic-di-anhydride monolayers. These changes are the result of
two competing effects. Pauli repulsion pushes electrons into the surface, which decreases
the work function. If the metal work function is sufficiently low, electrons are donated back
from the surface to the molecule. In this regime the work function is effectively determined by
pinning of the Fermi level at a molecular energy level.

The rapidly developing field of organic electronics has stimulated intensive research
into the fundamental electronic properties of molecular organic semiconductors and
their interfaces with metal electrodes [I, 2]. As the quality of molecular crystals
increases, transport of charge carriers across the interfaces between metal electrodes
and the organic material starts to determine the device performance [3, 4]. Often
large dipoles are found at metal-organic interfaces (MOIs), which strongly influence
the barrier for charge carrier injection [5 [6]. MOI dipoles are localized foremost at
the first molecular layer and can be extracted from the change in the surface work
function after deposition of an organic monolayer [2].

The large size of the MOI dipoles indicates a substantial charge reordering at
the interface, which might seem surprising since often there is only a weak bonding
between the metal surface and the molecular layer. Inert physisorbed atoms and
molecules decrease the work function, which is interpreted using the Pauli repulsion
between the molecular and surface electrons (the “pillow effect”) [7) [§]. Adsorption of
m-conjugated molecules can lead to a substantial increase, as well as a decrease of the
work function [2] 5] [6].

In this paper we use density functional theory (DFT) calculations to study the
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Figure 5.1: Herringbone structure of a monolayer of (a) PTCDA and (b) perylene
on Ag(111).

work function change due to monolayers of the molecules PTCDA (3,4,9,10-perylene-
tetra-carboxylic-di-anhydride) and perylene, adsorbed on metal surfaces with work
functions ranging from 3.0 eV (Ca) to 5.3 eV (Au). For both molecules we find a
cross-over from a regime in which the work function is reduced by the pillow effect to
a regime in which the work function is pinned. The crossover value of the work func-
tion is higher for the systems with PTCDA overlayers (~ 4.7 eV, in agreement with
experiments [5]) than for the systems with perylene overlayers (~ 3.7 €V). Pinning is
interpreted from charge transfer to the lowest unoccupied molecular orbital (LUMO).
The position of the cross-over from the pillow effect regime can be correlated with the
position of the LUMO.

PTCDA adsorbed on noble metal (111) surfaces are experimental model systems
for studying MOIs [9HI2]. In a monolayer the PTCDA molecules are arranged in
a herringbone structure with their planes parallel to the surface, see Fig. [5.1] The
experimental distances between the monolayer and the metal surface are 2.9 and 3.3 A
for Ag(111) and Au(111), respectively [10} [13]. For Ag(111) DFT calculations have a
problem to predict this distance, raising a discussion about the nature of the bonding
between PTCDA and the surface [0 10, 14]. Common DFT functionals describe
strong chemical interactions well, but they fail to capture weaker (van der Waals)
bonding correctly. Nevertheless for large molecules such bonding can be sizable, and
the deficiency can lead to underestimating the binding energy and overestimating
the bonding distance. For this reason we did not attempt to calculate the distance
d between molecule and surface, but instead performed calculations for a range of
distances d = 3.0 — 3.6 A, close to the experimental values.

The results in this paper show that charge transfer at a PTCDA-metal inter-
face and the resulting work function pinning are given accurately by DFT calcula-
tions. The charge distribution is mainly determined by electrostatics and short-range
exchange-correlation, which are described well by common DFT functionals. A simi-
lar conclusion has been drawn for the charge transfer between molecules in an organic

crystal [15].
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Figure 5.2: Work functions of a PTCDA monolayer on (111) metal surfaces [(0001)
for Mg]. The clean metal work function is given along the z-axis. The numbers give
the calculated values, the lines guide the eye. The bottom (black) curve refers to
the clean metal surfaces. The top three curves are for different distances d between
the PTCDA molecules and the surfaces.

Density functional theory (DFT) calculations are carried out using the VASP
program [16] [I'7], with projector augmented waves (PAW) [I8], a plane wave basis set
and the PW91 functional. We use supercells containing a slab of at least three layers
of metal atoms, a molecular monolayer adsorbed on one side of the slab, and a vacuum
region of at least 10 A. The surface Brillouin zone is sampled by a 5 x 5 k-point grid;
the plane wave kinetic energy cutoff is 400 eV. To avoid interactions between periodic
images of the slab, a dipole correction is applied [19]. Work functions are calculated
as in Ref. [20]. Calculated work functions of clean metal surfaces are usually within
~ 0.2 eV of the experimental values.

Fig. shows the calculated work functions of a PTCDA monolayer adsorbed on
Ca, Mg, Al, Ag and Au. All metal surfaces are close-packed and the surface unit cells
are chosen such that the PTCDA layer has a density of ~ 1 molecule per 120 A2,
Adsorption of PTCDA on Au decreases the work function, whereas adsorption on the
other metals increases it. At d = 3.3 A the work function is almost independent of
the metal substrate and it is pinned at ~ 4.7 eV.

Adsorption on Ca is a somewhat exceptional case. The geometries of the molecule
and of the surface are then severely distorted, which indicates a strong chemical
interaction between PTCDA and Ca [2I]. Weakening the interaction artificially by
increasing the distance to d = 3.6 A, also brings the work function of PTCDA on Ca
to 4.7 V. The work functions of PTCDA on Mg, Al and Ag are almost unchanged by
increasing the distance to d = 3.6 A. Only the value for PTCDA on Au is increased
by 0.2 eV, which we attribute to a decrease of the pillow effect to be discussed below.
Decreasing the distance to 3.0 A brings little changes to most of the work functions.
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Figure 5.3: (a) Electron density difference per molecule An for PTCDA on

Au(111) at d = 3.3 A, as function of z, integrated over z,y. The +/- indicates
the direction of the interface dipole; (b) isodensity surface of An close to the molec-
ular plane; (c) projected density of states (PDOS) on PTCDA; (d) An for PTCDA
on Al(111) at d = 3.0 A; (e) isodensity surface; (f) PDOS; labels refer to the same

peaks as in (c).

The largest effect is a decrease of 0.3 eV for Mg, accompanied by a geometrical
distortion of molecule and surface [21].

In conclusion, for a range of distances and metal substrates the work function is
remarkably constant at ~ 4.7 eV. The fact that the work function is pinned by a
PTCDA monolayer, as well as the energy of the pinning level, are in good agreement
with experimental results [5]. ”Unpinning” only occurs on very low work function
metals, where one expects a strong chemical interaction between molecule and metal.

The work function change after adsorption results from the formation of an in-
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terface dipole. This can be visualized by the (laterally averaged) electron density
difference An = np1cpA/met — Mmet — NPTCDA, Where the electron density of the
clean surface nyet and that of the isolated molecular layer nprcpa are obtained in
separate calculations. Examples of An are given in Fig. [5.3] Calculating the inter-
face dipole as Ay = f zAn(z)dz gives a good agreement with the interface dipole
eAp = AWegA extracted from the change in work function AW (with A the surface
area per molecule).

Fig.[5.3] (a) shows An for PTCDA on Au to be localized at the PTCDA/Au inter-
face. The net effect of orthogonalizing the molecular and the surface wave functions,
is that electrons are pushed from the molecular region into the metal, called the pillow
effect [7]. The resulting dipole layer is localized mainly between the PTCDA layer
and the metal surface, and it decreases the work function. Since the pillow effect is
sensitive to the overlap between the molecular and the surface wave functions, it de-
creases with an increasing molecule-surface distance. This is observed in Fig. [5.2] for
PTCDA on Au. The charge depletion in the PTCDA region is shown in Fig. [5.3[ (b).
Its nodal pattern corresponds to the second highest occupied molecular 7 orbital of
PTCDA. Modeling the interface dipole as a plane capacitor Ay = gé and calculating
the charge by integrating over the shaded peak in Fig. [5.3| (a) gives ¢ = 0.34e and
6=1.05 A, which illustrates the strong localization of the dipole layer.

The dipole layer generates a potential step that lowers the molecular levels with
respect to the Fermi level E of the substrate. For PTCDA on Au Er lies below the
LUMO, as is shown in the projected density of states (PDOS) of Fig. (c). The
fact that the occupied levels of PTCDA lie substantially below Er indicates that the
charge transfer from the molecular region to the surface is due to the pillow effect,
and is not an electron donation from the highest occupied molecular orbital (HOMO)
to the metal.

The change in electron density for PTCDA on lower work function metals is quali-
tatively different. An example for PTCDA on Al is shown in Fig. (d-f). Electrons
are transferred from the metal to the molecule. The distribution of An is much
wider than for PTCDA on Au, although the maximum amplitude is still between
the PTCDA layer and the metal surface. Into the Al substrate An shows Friedel
oscillations that are typical of electrostatic screening in a metal of a charge outside
the metal. On the molecule An has the nodal structure that is characteristic of the
LUMO of PTCDA. Electronic charge has been transferred to the LUMO, in agree-
ment with experimental observations [T0HI2], as is confirmed by the PDOS in Fig. 5.3
(f).

The Pauli repulsion between the molecular and surface states is operative for
adsorption on any metal surface. In general the charge transfer is therefore the net
result of pushing metal electrons out of the region of the occupied PTCDA orbitals
into the metal (the pillow effect), plus an electron back-donation from the metal to
the LUMO of PTCDA. At the point in Fig. [5.2) where the three upper curves cross
the lowest curve (4.7 V) the work function of a PTCDA covered surface is identical
to that of a clean metal surface. At this point the interface dipole is zero and the
pillow effect and back-donation are then exactly balanced. From Fig. [5.2] it can be
observed that this point corresponds to the pinning level of the work function.
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Figure 5.4: As Fig. for a monolayer of perylene molecules.

Pinning at MOIs has been interpreted before in terms of a charge neutrality
level (CNL), in analogy to a Schottky barrier model for conventional semiconduc-
tors [22] 23]. That model relies upon a large density of interface states (DOIS) in
the fundamental gap of the semiconductor, which tends to pin the Fermi level of the
metal. In a molecular semiconductor a large DOIS could result from a strong metal-
molecule interaction, which would lead to a large broadening of the molecular levels.
In our calculations we do not observe the very large broadening found in Refs. [22]
and [23], see Fig. [5.3] (c),(f). The absence of a very large broadening is also observed
in other calculations [24] 25]. In addition, the broadening, and the DOIS it induces,
is sensitive to the molecule—surface distance and we find that the pinning effect is not
sensitive to this distance. We propose that onset of pinning can be interpreted as a
balance between the pillow effect and back-donation from the metal to the molecule.
On most metals, PTCDA adsorption then leads to a partial occupation of the LUMO,
as is observed in STM experiments [T0HI2].

The position of the LUMO energy level should have a large influence on the charge
transfer. To test this we have calculated work functions for adsorbed monolayers of
perylene molecules. The electronic structure of perylene is similar to that of PTCDA,
but it has a smaller electronegativity, and its levels are shifted upwards compared to
PTCDA. We use a full monolayer coverage of ~ 1 perylene molecule per 75 — 100 A27
see Fig.[5.1] The work function results are shown in Fig. Clearly two regimes can
be distinguished. For perylene adsorption on high work function metals the pillow
effect pushes electrons out of the molecular region into the surface, which reduces the
work function. The effect is sensitive to the overlap between the perylene and metal
wave functions, which is reflected in the work function changing with the distance
between molecule and surface. The analysis of An gives a qualitatively similar result
to that of PTCDA, see Fig. [5.3] The interface dipole is localized between the metal
surface and the perylene layer.
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The work function of perylene adsorbed on low work function metals is strongly
pinned at ~ 3.7 eV. The analysis of An shows a net transfer of electrons from the
metal to the LUMO of perylene. For adsorption on Mg the work function is close to
that of the clean Mg surface. This marks the point where the pillow effect is exactly
balanced by the back-donation from the metal to the LUMO. In the pinning regime
the work function is insensitive to the distance between molecule and surface.

We suggest a simple phenomenological interpretation of our results. Neglecting the
broadening of molecular levels, electrons are transferred from the metal to a molecular
energy level €p7(n), which depends upon the occupation number n. Following Slater’s
transition state idea [26], ers(n) = €y + Un, with U the effective charging energy
per electron of a molecule in the adsorbed monolayer, and ¢y the LUMO energy [27].
The molecular layer is in equilibrium with the metal substrate, so ey (n) = Ep,
which determines the charge on the molecule. This charge and its screening by the
metal result in a potential step nF', which yields a work function W = W, + nF =
W(l—A)—eA, with A= F/U, and W, = —Ep the work function of the clean metal
surface. If we assume that U is determined by electrostatics only and approximate
the charge distribution of the adsorbed molecular layer by a plane capacitor, then
A = 1. The work function W = —¢ is then pinned at the LUMO.

To include the pillow effect, W, is replaced by W, — A, with A the work function
shift induced by the pillow effect. Since the pillow effect creates an interface dipole
that is localized between the surface and the molecules, it is consistent to apply the
same shift to the molecular levels and replace ¢y by €9 — A. Repeating the arguments
of the previous paragraph then leads to a work function W = (W, — A)(1 — A) — e A.
The pinning is complete if A = 1, and the pinning level is not affected by the pillow
effect, i.e. W = —¢.

If g — A > Ep, there is no electron transfer to the LUMO. Only the pillow effect
is operative and the work function is given by W = W, — A. Perylene adsorbed on
Au and Ag falls in this regime, as does PTCDA on Au, see Figs. and If
€0 — A < Ep, electrons are transferred to the LUMO, and the work function is pinned
by the LUMO, independent of the size of the pillow effect. This is found for perylene
on Mg and Ca, and for PTCDA on all metals except Au.

In conclusion, we have calculated the work functions of overlayers of PTCDA
and perylene molecules adsorbed on metal surfaces. In contrast to previous models
we do not find that molecular level broadening due to molecule-surface interaction
plays a decisive role in determining the work function. The pillow effect describes the
reduction of the work function if the Fermi level of the metal lies within the HOMO-
LUMO gap of the molecules. If the Fermi level crosses a molecular level, the work
function is pinned at this level.
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Chapter 6

Charge transfer and dipole
formation at interfaces
between metals and aromatic
molecules

We study the dipole layer formed at metal-organic interfaces by means of first-principles cal-
culations. Interface dipoles are monitored by calculating the work function change of Au,
Ag, Al, Mg and Ca surfaces upon adsorption of a monolayer of PTCDA (3,4,9,10-perylene-
tetra-carboxylic-di-anhydride), perylene or benzene molecules. Adsorption of PTCDA leads to
pinning of the work function for a range of metal substrates. It gives interface dipoles that com-
pensate for the difference in the clean metal work functions, leading to a nearly constant work
function. In contrast, adsorption of benzene always results in a decrease of the work function,
which is relatively constant for all metal substrates. Both effects are found in perylene, where
adsorption on low work function metals gives work function pinning, whereas adsorption on
high work function metals gives work function lowering. The work function changes upon ad-
sorption are analyzed and interpreted in terms of two competing effects. If the molecule and
substrate interact weakly, the molecule pushes electrons into the surface, which lowers the
work function. If the metal work function is sufficiently low with respect to the unoccupied
states of the molecule, electrons are donated into these states, which increases the binding
and the work function.

6.1 Introduction

Applications of organic semiconductors in light-emitting diodes [T} 2], field-effect tran-
sistors [3, [4] and solar cells [5l [6] have stimulated research into the fundamental elec-
tronic properties of organic materials and their interfaces with metal electrodes [7} [|].
The weak forces between the molecules in an organic material lead to small band
widths, which enhances the importance of electron-phonon and electron-electron in-

7
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teractions [9, [T0]. Nevertheless high charge carrier mobilities can be achieved in
well-ordered molecular crystals [7]. As the quality of molecular crystals increases,
transport of charge carriers across the interfaces between metal electrodes and the or-
ganic material starts to determine the performance of the devices [I1]. Metal organic
interfaces (MOIs) often give rise to a non-Ohmic behavior, indicating the existence of
significant Schottky barriers.

Chemical bonding between molecules and metal surfaces modifies the charge dis-
tribution at a MOI. It results in an interface dipole layer, which strongly influences
the Schottky barrier height [I2-14]. This effect of chemical bonding is observed very
clearly in self-assembled monolayers of thiolate molecules chemically bonded to noble
metal surfaces [I4HI9]. Common organic semiconductors however consist of closed
shell molecules, which are usually thought to bind weakly to metal surfaces. It has
therefore been assumed for a long time that the charge reordering at such MOIs is
insignificant and that no significant interface dipole is formed.

In absence of an interface dipole, the Schottky barrier at a MOI can be predicted by
aligning the vacuum levels of the metal and the organic material, called the Schottky-
Mott rule. Over the last decade, however, experimental studies have indicated the
general breakdown of the vacuum alignment rule, and have demonstrated that signif-
icant interface dipoles are formed at MOIs 8, 20H24]. In addition such studies have
shown that interface dipoles at MOIs are localized foremost at the first molecular
layer covering the metal. The interface dipoles are not affected much by deposition
of additional organic layers. Because MOI dipoles are localized at the interface, they
can be extracted from the change in the surface work function after deposition of a
single organic layer.

Apart from straightforward chemical bonding, other ideas have been put forward
to explain large interface dipoles. Conventional semiconductors such as Si have reac-
tive surfaces, which bind strongly to metal overlayers. A significant density of states is
then created at the metal-semiconductor interface within the band gap of the semicon-
ductor, the so-called metal induced gap states (MIGS) [25H27]. In this model, MIGS
determine the charge distribution at the interface and hence the interface dipole. The
MIGS model has also been applied to MOIs [28430]. It requires a strong interaction
between the metal and the organic material.

If molecules are physisorbed onto a metal surface, one expects a weak interaction
between the molecular semiconductor and the metal. For physisorbed molecules in-
terface dipoles at MOIs have been explained by the so-called pillow effect [3IH33].
If a molecule approaches a metal surface, the electronic clouds of the molecule and
the metal start to overlap. The Pauli exchange repulsion between these clouds leads
to a spatial redistribution of electrons, which modifies the surface dipole. Since the
electronic cloud of the metal is usually ”softer” than that of the molecule, the net
effect of Pauli repulsion is that electrons are pushed back into the metal. The result
is an interface dipole that decreases the work function of the surface.

A decrease of the work function is commonly found if inert atoms or small molecules
are adsorbed on a metal surface [3TH36]. In contrast, adsorption of larger, w-conjugated
molecules can lead to a substantial increase, as well as a decrease of the work function
[8, 20H24]. The dependence of this work function shift and the associated interface
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dipole on the molecules and the metal has been the subject of intensive study. If the
work function W of a surface after coverage with a molecular layer is measured for a
range of metal substrates with different initial work functions W, the results can be
characterized by the parameter

_aw

S_dWC’

(6.1)

where W,., W are the work functions of the clean metal surface and of the surface
with the adsorbed organic layer, respectively.

The vacuum level alignment (Schottky-Mott) rule gives S = 1. One often assumes
that the pillow effect does not depend strongly on the metal substrate. If this is the
case, it gives a relatively constant decrease of the work function, leading to S ~ 1.
Although this is observed for some molecules, very often S is significantly smaller
than 1 [§]. Moreover, there is no a priori reason why S should be a constant. Indeed
for some molecules several regimes can be distinguished, between which a transition
from S = 1 to S ~ 0 is observed [31].

In this chapter we study the dipole formation at interfaces of molecular monolayers
of PTCDA (3,4,9,10-perylene-tetra-carboxylic-di-anhydride), perylene and benzene
adsorbed on close-packed metal surfaces of Au, Ag, Al, Mg and Ca by means of
density functional theory (DFT) calculations. The work functions of the clean metal
surfaces span a range from 3.0 eV (Ca) to 5.3 eV (Au). By studying a range of
metal surfaces and using different molecules, the position of the metal Fermi level
and the positions of the molecular levels can be varied. Their effect on the dipole
layer formation at the MOIs can be analyzed.

Our choice for PTCDA is made because monolayers of PTCDA have been studied
extensively, experimentally as well as theoretically. Deposition of PTCDA on (noble)
metal surfaces can lead to well-ordered epitaxial overlayers [38]. In particular the
structure and electronic structure of PTCDA on Ag(111) have been studied in detail
[39-46]. Work function measurements have been performed for PTCDA adsorbed on
a range of metal surfaces [8] [20]. These measurements show work function pinning,
i,e. S~ 0. PTCDA is a conjugated molecule with a relatively small electronic gap.
Work function changes upon adsorption of the simple, large gap molecule benzene
have been interpreted in terms of the pillow effect [35]. If this effect does not depend
too strongly on the metal substrate, one would expect S ~ 1. The size and complexity
of perylene is between that of benzene and PTCDA. Upon adsorption of perylene on
metal surfaces, one might see a value of S between 0 and 1. Moreover, as mentioned
above, S need not be constant.

This chapter is organized as follows. In the next section we give the technical
details of our calculations. In Sec. we present our results obtained for adsorption
of PTCDA monolayers on different metal surfaces. A preliminary account has been
given in the previous chapter. Here we compare results obtained with different density
functionals, and study the influence of the packing density of the molecules on the
surface. Section [6.4] gives the results obtained for adsorbed benzene and perylene
monolayers. All results are discussed in Sec. using a simple phenomenological
model, and a short summary and conclusions are given in Sec.



80 Dipole formation at interfaces between metals and aromatic molecules

6.2 Computational details

The electronic structure is treated within density functional theory (DFT) [47], 48]
using the local density approximation (LDA) [49, 50], or the generalized gradient
approximation (GGA) with the PW91 exchange-correlation functional [5I]. The cal-
culations are performed with the VASP (Vienna ab initio simulation package) program
[52, 53], which uses the projector augmented wave (PAW) method [54], 55]. For Au
and Ag atoms the outer shell d and s electrons are treated as valence electrons, for Al
the outer shell s and p electrons, and for Mg and Ca the outer shell s electrons. For
atoms of first row elements the 2s and 2p electrons are treated as valence electrons.
The valence pseudo wave functions are expanded in a basis set consisting of plane
waves. All plane waves up to a kinetic energy cutoff of 400 eV are included.

To model the metal-molecule interface, we use a supercell containing a slab of at
least three metal layers with one layer of molecules adsorbed on one surface, and a
vacuum region of at least 10 A. Periodic boundary conditions are applied and the
atomic positions in the top metal layer and in the molecules are allowed to relax. A
dipole correction is applied to avoid spurious interactions between dipoles of repeated
slabs along the direction normal to the surface [56].

The electronic structure is calculated self-consistently using 5 to 13 k-points in
the irreducible surface Brillouin zone (SBZ) according to the Monkhorst-Pack scheme
[67] and applying a Methfessel-Paxton smearing of 0.2 eV [58]. Five k-points give
well-converged results for PTCDA layers, because of the large size of the surface unit
cell (see next section). For accurate calculations of total energies and densities of
state (DOS) the charge densities are recalculated with 13 and 25 irreducible k-points
using the tetrahedron method [59]. DOSs are plotted using Gaussian smearing with
a broadening parameter between 0.01 and 0.1 eV.

Work functions are evaluated from the following expression:

W = V(OO) - EF, (62)

where V' (00) is the electrostatic potential in the vacuum region and Ep is the Fermi
energy of the bulk metal. V(o0) is obtained from the potential averaged in the (x,y)
plane

V(z) = %/ . V(z,y, z)dzdy, (6.3)

where V(z,y, ) is the electrostatic potential on a real space grid in the supercell. In
practice V(z) reaches an asymptotic value V(co) at a distance of a few A from the
surface [I7,[19]. An accurate value of Er is obtained from a separate bulk calculation,
following the procedure described in Ref. [60].

Test calculations regarding slab thickness, vacuum thickness, k-point sampling
grid and plane waves kinetic energy cutoff are performed in order to estimate the
convergence. From these tests we find that with the parameters given above, total
energies are converged to within 0.01 eV and work functions to within 0.05 eV. The
results for PTCDA on Ca(111) turn out to be the most sensitive with respect to
vacuum thickness and k-point sampling. So for this system the results have been
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Au Ag Al Mg Ca
GGA 294 293 286 3.19 3.92
LDA 287 284 282 3.13 3.78
exp. 2.88 289 286 321 3.95

Table 6.1: Optimized nearest neighbor distances in the bulk metals. All values
are in A.

obtained using 14 k-points in the irreducible SBZ and a vacuum thickness of at least
14 A.

To analyze our results we have also calculated some properties of isolated molecules,
as will be discussed in Sec. One molecular property we use is the electron affin-
ity (EA), which is obtained from a ASCF calculation. Such calculations are quite
cumbersome with programs that use periodic boundary conditions, such as VASP.
Therefore, for calculations on isolated molecules we use the GAMESS program [61],
and treat the electronic structure within DFT using the BLYP functional [62] [63].
We use the 6-314+G* basis set, which gives EAs for acenes that are converged on a
scale of ~ 0.1 eV [64]. As in Ref. [64], we find that including a diffuse orbital in the
basis set is important and that the smaller 6-31G* basis set does not give a sufficiently
converged EA [65]. For PTCDA the EAs obtained using the 6-31G* and 6-31+G*
bases differ by 0.4 eV. The DOSs of the isolated molecule calculated with VASP and
GAMESS are very similar, so that in this respect the two can be use interchangeably.

6.3 PTCDA

Before discussing the results obtained for adsorbed layers, we benchmark our calcula-
tions on clean metal surfaces. We consider the close-packed (111) surfaces of fcc Au,
Ag, Al, and Ca, and the (0001) surface of hcp Mg. The metals in this set are relatively
simple, free-electron like and the set of surfaces spans a considerable range in work
functions. Table lists the optimized nearest neighbor distances of the bulk metals,
calculated with GGA(PW91) and LDA(CA) functionals. As usual, the GGA values
are larger than the LDA values, but both are generally in reasonable agreement with
experiment. We use these optimized distances to construct the surface unit cells.

Table lists the calculated work functions of the clean (111) surfaces (for Mg
the (0001) surface), compared to experimental values and values obtained in previous
calculations. Our results have been obtained using slabs consisting of six metal layers.
A 25 x 25 k-point sampling of the SBZ is applied, while allowing the top two metal
layers to relax. The GGA values generally are within ~ 0.1 eV of the experimental
values, whereas LDA tends to overestimate the work function somewhat. The excep-
tion is Al(111), where LDA gives a better value compared to experiment. Our results
agree with those obtained in previous theoretical studies; the small differences can
be attributed to differences in the computational parameters used, such as the DFT
functional, the basis set, and the lattice parameter.
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Au Ag Al Mg Ca
GGA 5.25 4.50 4.08 3.74 2.98
LDA 5.52 4.90 4.21 3.93 3.08
exp. 5.26%, 5.35° 4.46°4.50%4.56° 4.247 3.789 2.87"
calc.  5.27%, 5.35° 4.427 4.25%  3.76',3.88™  2.86"

Table 6.2: Calculated work functions of clean (111) surfaces; (0001) for Mg. All
values are in eV. “[66], °[15], “[67], “[68], “[69], ’[70], ¢|71], "polycrystalline value
[72], “‘GGA [73], ?GGA [74], *LDA [75], 'LDA [76], "LDA [77].

6.3.1 Structure of adsorbed monolayers

PTCDA monolayers adsorbed on Ag(111) and Au(111) surfaces have been studied
in detail experimentally [39H46, [7880]. In a close-packed monolayer the PTCDA
molecules lie flat on the surface in a “herringbone” structure with the centers of the
PTCDA molecules located on surface bridge sites [40]. The surface unit cell contains
two PTCDA molecules, see Fig. (b). The experimental distances between the
carbon rings of the molecules and the surface atoms are 2.86 A and 3.27 A for adsorp-
tion on Ag(111) and Au(111), respectively [46, 8I]. Experiments also indicate a weak
interaction between PTCDA and Au(111), consistent with physisorption [41], 80], but
a stronger interaction between PTCDA and Ag(111) [40H44). PTCDA binds strongly
to more open Ag surfaces and to surface steps [82]. We do not know of any detailed
studies on the structure of PTCDA adsorbed on the other metal (111) surfaces. De-
positing metals onto thin films of PTCDA often leads to interdiffusion and doping
[83-87).

In our calculations we use the herringbone structure of PTCDA on Ag shown in
Fig. (b). The underlying Ag substrate contains 33 metal atoms per unit cell and
our supercell contains 175 atoms in total. Since the lattice parameters of Au, Ag and
Al are similar, see Table we use a similar supercell for PTCDA on these surfaces.
For Mg and Ca, we choose a herringbone structure that results in a packing density
of PTCDA molecules similar to that on the other surfaces. This results in 30 and 20
atoms per metal layer for Mg and Ca, respectively.

To study the effect of the packing density of PTCDA molecules, we also perform
calculations on the structure used by Picozzi et al. [88], see Fig. (a). This surface
unit cell contains one PTCDA molecule. We refer to this structures as the “simple”
structure. The underlying Ag(111) surface then contains 36 atoms per unit cell, so
that the coverage of PTCDA molecules is ~ % ML. The surface unit cells for the other
metal substrates are chosen such, that the coverage remains close to this value. As it
is easier to vary the geometry of the molecule and substrate in the simple structure, as
compared to the close-packed herringbone structure, we use the former to study the
energetics of PTCDA adsorption. The optimized geometries of the PTCDA molecules
in the two structures are very similar, as demonstrated by Table [6.3] The GGA or
LDA optimized geometries are very similar.

Common DFT functionals describe strong chemical interactions well, but they
fail to capture weaker (van der Waals) bonding correctly. This deficiency can lead
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Figure 6.1: PTCDA monolayers on the Ag(111) surface. The rectangles denote
the surface unit cells used in calculations (with area A); (a) the simple structure
(A =268 A?); (b) the herringbone structure (A = 243 A?).

to underestimating the binding energy and overestimating the bond distance between
molecule and surface, if GGA functionals are used to describe the adsorption of closed-
shell molecules on metal surfaces [34]. Using LDA functionals however can lead to a
serious overbinding and a equilibrium distance that is too small [89]. Previous GGA
calculations of the binding energy of PTCDA on Ag(111) gave slightly contradictory
results, i.e. a moderate binding of ~ 0.5 eV/molecule [82], or a very weak binding
of ~ 0.1 eV/molecule [44] 90, O1], or even a purely repulsive binding curve [88]. In
the calculations where binding was obtained, the equilibrium distance (~ 3.4 A) was
larger than the experimental equilibrium distance (2.9 A) [42, 46]. In contrast, LDA
calculations on PTCDA on Ag(111) gave much shorter equilibrium distances of 2.8 A
[88] and 2.7 A [44], and a very large binding energy (~ 3 eV/molecule [44]).

Our results agree with this general trend in GGA and LDA calculations. Fig.
shows typical binding energy curves calculated with the simple structure, where we
varied the distance between the PTCDA molecule and the surface and constrained
the molecule to a planar geometry. The GGA results for PTCDA on Au lead to an

LDA GGA GGA

simple simple herringbone
C-H 1.10 1.09 1.09
Cc-C 1.42 1.43 1.43
Cc-0° 1.22 1.23 1.23
Cc-0° 1.38 1.40 1.40
C-0-C(°) 1252 1253 124.7

Table 6.3: Average bond lengths (in A) of PTCDA adsorbed on Ag(111).
@carboxyl, *anhydride.
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Figure 6.2: Binding curves for planar PTCDA on Au(111) (solid lines) and Al(111)
(dashed lines). GGA and LDA values are indicated by the squares and circles,
respectively.

extremely shallow binding curve with a minimum at a distance > 4 A and a very
small binding energy of ~ 0.1 eV/molecule. Using GGA for PTCDA on Al gives
a sizable binding energy (~ 0.8 eV/molecule) and an equilibrium distance ~ 3.5
A. The binding energy and equilibrium distance obtained for PTCDA on Ag (not
shown in Fig. are approximately halfway between those obtained for PTCDA
on Al and PTCDA on Au. LDA calculations lead to much larger binding energies,
i.e. 1.7 eV/molecule for PTCDA on Au and 3.0 eV/molecule for PTCDA on Al
The corresponding equilibrium distances are 3.15 A and 2.95 /DX, respectively. An
LDA calculation for PTCDA on Ag gives an equilibrium distance of 2.75 A, which is
somewhat smaller that the experimental value.

In conclusion, neither GGA nor LDA gives a reliable description of the binding in
weakly bonded systems such as PTCDA on Au(111). GGA leads to underbinding and
a large equilibrium distance, whereas LDA gives overbinding and a small equilibrium
distance. As the binding energy between the PTCDA molecule and the metal surface
increases along the series Ag, Al, Mg and Ca, the differences between the GGA and
the LDA equilibrium distances tend to become smaller and we expect the results to
become more reliable. Moreover, if the binding energy increases, the PTCDA molecule
looses its planar geometry.

If the interaction between the PTCDA molecule and the surface is large, the
molecule has a tendency to arch as shown in Fig. [6:3] The extend of this geometry
deformation depends upon the metal substrate. Optimizing the geometry of PTCDA
on Ca with GGA, we find that the outer carbon atoms of the perylene core are 0.8 A
closer to the surface than the carbon atoms in the center. The latter have a distance
of 2.6 A to the surface. Such short distances are indicative of a strong interaction



6.3. PTCDA 85

-,

o ® 6 @& o

o o o o o

Figure 6.3: Optimized geometry of the arching PTCDA molecule on the Ca(111)
surface.

between molecule and surface. A geometry deformation also occurs in the end groups
of the PTCDA molecule, where the carboxyl oxygens move towards the surface, and
the anhydride oxygen moves way from the surface, see Fig. A strong deformation
of the PTCDA molecule is accompanied by a rumpling of the surface, where metal
atoms are lifted out of the surface, decreasing the distance with the molecule. For
instance, the distances between the carboxyl oxygens and the nearest Ca atoms are
2.3 A. Such short distances suggest the formation of bonds. Indeed PTCDA bonds
strongly to a Ca(111) surfaces with a binding energy of 8.4 eV /molecule (calculated
with GGA).

The deformation of the adsorbed PTCDA molecule and that of the metal sub-
strate decrease through the series Ca, Mg, Al, Ag, and Au. This is accompanied by
an increase of the mean distance between the molecule and the surface and a decrease
of the binding energy. The binding energy between the PTCDA molecule and the
Mg(0001) surface is 2.3 eV /molecule, which is much less than between PTCDA and
Ca(111). Through the series Al, Ag and Au the binding energy decreases monotoni-
cally, as discussed above. The binding energy for PTCDA on Au(111) is vanishingly
small and the molecule and surface have an undistorted, planar geometry.

The binding energy and the geometries of PTCDA on Al and Ag obtained in
previous calculations follow the trends discussed above [82] 88 [0, OT]. As we will

(@Ol
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Figure 6.4: Side view of the optimized geometry of the PTCDA molecule on the
Mg(0001) surface.



86 Dipole formation at interfaces between metals and aromatic molecules

see in the next section, adsorption of PTCDA on the very electropositive Ca surface
is accompanied by a large transfer of electrons from the surface to the molecule.
This results in a strong molecule-surface bond, accompanied by a sizable geometry
distortion. As the metal becomes more electronegative along the series Mg, Al, Ag
and Au, the electron transfer decreases, as well as the bond strength and the geometry
distortion.

6.3.2 Work functions

The calculations discussed in the previous section enable us to understand the trends
in the bonding and in the geometry of PTDCA adsorbed on the different metal sur-
faces. However, there still remains an uncertainty about the absolute accuracy of the
calculated results. Clearly for the weakly bonded cases GGA gives an underbinding
and LDA gives an overbinding. In these cases neither GGA nor LDA can be expected
to give an accurate equilibrium distance. Because of this uncertainty we investigate
the formation of interface dipoles in a number of steps. We start with the simple
structure and perform calculations for fixed molecule surface distances d in the range
3.0—3.6 A. Results obtained with GGA and with LDA are then compared. In the sec-
ond step we switch to the more densely packed herringbone structure that is observed
experimentally, which allows us to study the effect of the packing density. Finally, we
consider the effect of full geometry relaxation of the molecules and the surface.

Fig. |6.5] (a) shows the work functions for a layer of PTCDA molecules adsorbed
in the simple structure on the different metal surfaces, calculated using the GGA
functional. One immediate observation is that adsorption on Au(111) leads to a
lowering of the work function as compared to the clean surface, whereas adsorption
on the other metal surfaces leads to an increase of the work function. There is some
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Figure 6.5: Work functions of a PTCDA monolayer on (111) metal surfaces

[(0001) for Mg] in the simple structure, calculated using (a) the GGA and (b) the
LDA functionals. The clean metal work function is given along the z-axis. The
numbers give the calculated values, the lines guide the eye. The bottom (black)
curve refers to the clean metal surfaces. The top three curves are for different
distances d between the PTCDA molecules and the surfaces.
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Figure 6.6: As Fig. for PTCDA in the herringbone structure

dependence of the work function on the distance between the molecule and the surface,
but it is not excessively large. By fitting a straight line through the curves in Fig. [6.5]
(a) one obtains (see Eq. ) S=05atd=3.6A,and S =0.6at d=3.0 A. These
values are considerably lower that the S = 1 that follows from the Schottky-Mott
rule, indicating that significant interface dipoles are formed upon adsorption. Since
S increases somewhat upon decreasing the molecule-surface distance, the interface
dipoles decrease with decreasing distance. The calculated values for S are much
higher than the S = 0 obtained experimentally [8, [20]. We will show below that this
discrepancy is resolved by increasing the packing density of the PTCDA molecules,
which is only ~ % ML in the simple structure.

To illustrate the effect of using a different functional, Fig. [6.5| (b) gives the work
functions for the simple structure at fixed distances between the molecule and the
substrates, calculated using the LDA functional. Compared to the GGA results of
Fig.[6.5] (a), the LDA work functions are generally somewhat higher, as was also the
case for the clean metal surfaces, see Table [6.2} The changes in the work functions
upon adsorption calculated with LDA or GGA are comparable however (at the same
molecule-surface distance). It means that, although the binding between the molecules
and the surfaces as calculated with LDA or GGA can be considerably different, as
discussed in the previous section, the charge redistribution upon adsorption is similar,
if we consider the same molecule-surface distance. Since the GGA work functions of
the clean metal surfaces are somewhat closer to the experimental values, see Table[6.2]
we will also use GGA values for the adsorbed layers in the following.

Fig.[6.6]shows the work functions of the herringbone structure of PTCDA on metal
surfaces, calculated using the GGA functional. As for the simple structure, Fig. [6.5
(a), adsorption on Au(111) lowers the work function, and on the other metal surfaces
it increases the work function. In the herringbone structure the work function shifts
are much larger however. Most strikingly, as one can observe in Fig. the work
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function of PTCDA on a metal surface is pinned at ~ 4.7 eV over a considerable range
of metal substrates and molecule-surface distances. The pinning leads to S = 0, which
is in agreement with experiment. Moreover, the value of the pinned work function is
close to the value found experimentally [8], 20]. Deviations from pinning are observed
only for low work function metals and short molecule-surface distances, i.e. d < 3.3
A for Caand d = 3.0 A for Mg.

As a final step we completely optimize the geometry of the PTCDA molecule and
the substrate as discussed in the previous section. Only on the electropositive metals
this gives a sizeable change in the work function. Adsorption of PTCDA on Ca(111)
leads to a geometry distortions of both the molecule and the substrate, which gives a
lowering of the work function to 3.3 eV. On Mg the effect of geometry distortions is
smaller, whereas on Al, Ag, and Au they have a negligible effect on the work function.

6.4 Benzene and perylene

Experiments give a lowering of the work function after adsorption of a benzene mono-
layer for several metal surfaces. Measured work function shifts are 0.18 eV on Al(111)
[92], 0.3 eV [93] and 0.7 eV [94] [05] on Ag(111), 0.7 eV [06] and 1.05 eV [35] on
Cu(111), and 1.10 eV [35] on Au(111). Previous DFT/GGA calculations for ben-
zene on Al(111) gave an equilibrium distance of 3.7-3.8 A [92]. Quantum chemical
MP2 calculations for a single benzene molecule adsorbed on a cluster of metal atoms
gave equilibrium distances of 3.8 A for benzene on Au(111) and 4.0 A for benzene on
Cu(111) [35]. We calculate the work functions of an benzene monolayer adsorbed on
different metal surfaces at a set of fixed distances in the same way as discussed in the
previous section. A simple (v/7 x v/7)R19.1° structure is used as in Ref. [92], which
is somewhat less than close-packed.

The (GGA) results are given in Fig. [6.7] The most important observation is that
adsorption of benzene leads to a decrease of the work function for all the surfaces
studied. This is very different from the effect of PTCDA adsorption, see Figs. [6.5
and Moreover, adsorption of benzene gives a work function lowering that is of a
similar size for all surfaces (at the same molecule-surface distance). It leads to S = 0.9
at d = 3.6 A, and S = 0.8 at d = 3.0 A. These values are close to the Schottky-Mott
limit. The size of the work function shift depends on the distance between the molecule
and the surface. At d = 3.0 A it is roughly twice as large as at d = 3.6 A. The sign
of the work function shift, its relative independence of the metal and its sensitivity to
the molecule metal distance agree with an interpretation in terms of the pillow effect.
The latter is determined by the Pauli repulsion between the molecular and surface
electrons, which decreases the surface dipole and therefore the work function [32] B5]
97]. Pauli repulsion depends on the overlap between the molecular and surface wave
functions and therefore on the distance between the molecule and the surface. Our
GGA calculations and the results obtained in previous calculations [35] [92] suggest
that the distances between the benzene molecule and the metal surfaces are rather
large (i.e. > 3.5 A). However, as discussed in the previous section, GGA does not
give accurate equilibrium distances in case the bonding is weak.
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Figure 6.7: As Fig. for benzene in a (v/7 x v/7)R19.1° structure [92].

In conclusion, adsorption of the large PTCDA molecule leads to work function
pinning (S ~ 0), see Fig. and adsorption of the small benzene molecule gives
an almost constant work function lowering S ~ 1), see Fig. It is interesting
to study the adsorption of an intermediate sized molecule, such as perylene. The
structure of a perylene monolayer on a metal surface is less well-established than that
of a PTCDA monolayer. A herringbone structure similar to PTCDA is one of the
structures proposed for a close-packed perylene monolayer on Ag(111) and Au(111)
[41, 98, @9]. UPS measurements gave a decrease of the work function of perylene on
Au and Ag by 0.8 eV and 0.6 eV, respectively, and an increase of the work function
of perylene on Ca by 0.3 eV [100].

We perform calculations for a perylene monolayer adsorbed on different metal sur-
faces at a set of fixed distances. Analogous to PTCDA we use two different structures,
i.e. a close-packed herringbone structure, and a simple structure with a packing den-
sity of ~ % ML. The calculated work functions are shown in Fig. Two regimes
can be distinguished. For the high work function surfaces (Au, Ag) adsorption of
perylene leads to a lowering of the work function, whereas for the low work function
surface of Ca adsorption of perylene increases the work function. These results are in
agreement with experiment. The curves in Fig. [6.8] show that the transition between
these two regimes takes place in the range Mg — Al.

From these curves the transition between the two regimes can be quantified. Start-
ing with the results obtained for the simple structure at a molecule-surface distance
d = 3.6 A, a line through the points for Ca, Mg and Al gives S = 0.3, whereas a
line through the points for Al, Ag and Au leads to S = 1.0. For the herringbone
structure the same procedure for d = 3.6 A gives S = 0 and S = 0.9, respectively.
It is instructive to compare these S values to the values obtained for benzene and
PTCDA. It suggests that for Ca, Mg and Al one obtains pinning of the work function
upon perylene absorption, similar to PTCDA, see Fig. whereas for Ag and Au
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Figure 6.8: As Fig. for perylene in (a) the simple structure and (b) the
herringbone structure.

one finds a consistent work function decrease, similar to benzene, see Fig. Upon
decreasing the distance between the perylene molecules and the surfaces the S values
in the high and low work function regimes become somewhat closer and the transition
between the two regimes becomes less sharp. Note that the distance dependence in
the low work function regime resembles the distance dependence of the PTCDA case,
whereas in the high work function regime it resembles the benzene case.

In order to be able to identify the two regimes and the transition between them, one
needs a series of metal surfaces that cover a range of work functions. Experimentally
a transition between the S ~ 0 to S = 1 regimes is observed for Alqs adsorbed on
different surfaces [37].

6.5 Discussion

The results presented in Fig. show that adsorption of a PTDCA monolayer pins
the work functions at ~ 4.7 eV for a broad range of distances. The fact that one gets
pinning, as well as the value of the pinning level, are in good agreement with experi-
mental observations. The results obtained for benzene and perylene adsorption are in
qualitative agreement with available experimental results, i.e. adsorption of benzene
leads to a lowering of the work function in all cases, and adsorption of perylene gives
a work function decrease for high work function metals and a work function increase
for low work function metals. In order to analyze the behavior of the work function
we first focus on the density of states, then we look explicitly to the charge transfer at
the molecule-substrate interface, and finally we consider a simple phenomenological
model.

6.5.1 Density of states

Figure gives the Kohn-Sham (KS) density of states (DOS) of an isolated PTCDA
molecule, calculated using the GGA functional. The energies of the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
are at —6.24 eV respectively —4.64 eV with respect to the vacuum level. The KS
spectrum is similar to that obtained in previous DFT calculations [28], 84], 10T, 102].
The GGA HOMO-LUMO gap of 1.60 eV also agrees with the value found in other
GGA calculations [28] [88].

The interpretation of KS energy levels is the subject of a long-standing debate.
From calculations with advanced functionals it is argued that the KS energies of all oc-
cupied molecular orbitals correspond to vertical ionization potentials (IPs) [103], [104].
The latter can be extracted from a photoemission spectrum, for instance. Approx-
imative functionals such as GGA give a reasonable ionization spectrum, but it is
shifted to a higher energy by approximately a constant. The lowest experimental IP
of PTCDA is 8.15 eV, as quoted in Ref. [I01]. The equivalent of the lowest IP of an
extended system is the work function. Even approximative functionals such as GGA
or LDA usually give work functions that are close to the experimental values, as is
illustrated by Table [6.2] Results of a similar quality are obtained for work functions
of adsorbed atomic and molecular layers. The results for PTCDA on metal surfaces
discussed in Sec. [6.3.2] illustrate this.

The KS levels of unoccupied molecular orbitals generally do not have such a simple
interpretation. In particular, the energy of the DFT LUMO (eg) does not give the
electron affinity (EA). From calculations with accurate functionals it is shown that
€0 < —EA, both for molecules [105], as well as for extended systems [106] [107]. The
difference between |eg| and the EA can be several eV’s. The same is of course true
for GGA functionals.

For approximative functionals such as GGA, Slater’s transition state model [108]
allows for a simple estimate of the EA. Define €37(1), €g as the KS energies of the singly
occupied HOMO of the PTCDA™ ion, and of the LUMO of the neutral PTCDA®
molecule, respectively. Assuming that one can fractionally occupy the level ey, with
N electrons, one can parameterize

GM(N)=€0+UN, (64)

where U is the charging energy per electron [I09]. Slater’s transition state model then
gives EA ~ —ep(1). From separate SCF calculations on PTCDA® and PTCDA™ we
extract €y and epr(1), and calculate U = €ps(1) — €9 = 3.31 V. This procedure gives
results that agree with charging energies for isolated conjugated molecules extracted
from total energy calculations [10]. Using the LUMO energy given above, we then find
EA = 2.98 ¢V. This value is in agreement with the value EA = 2.96 eV we extract
from a ASCF total energy difference calculation. (The almost exact agreement is
of course somewhat fortuitous). Slater’s transition state model can also be used to
calculate the IP. Assuming that the charging energy for holes on PTCDA is the same
as for electrons and using the HOMO energy given above, then yields IP = 7.90 eV,
which is in fair agreement with the experimental value.

If a molecule is embedded in a crystal, its charging energy U is reduced drastically
because of screening by the surrounding crystal [10, [T10]. Using the screening energy
of 1.82 eV calculated in Ref. [TT0], we obtain an effective charging energy of a PTCDA
molecule in a crystal Ugyst = 3.31 — 1.82 = 1.49 eV. Slater’s transition state model
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Figure 6.9: Total DOS of an isolated PTCDA molecule calculated using a Gaussian
broadening of 0.01 e¢V. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are indicated. The energy is set to
zero at the position of the HOMO. With respect to the vacuum level the HOMO
and LUMO levels are at —6.24 eV and —4.64 eV, respectively.

then gives EAcysy = 3.90 eV and Py = 6.99 eV for the EA and IP of a PTCDA
molecule in a crystal. This leads to a transport gap Ey = IPcryst — EAcryst = 3.09
eV. The values of the IP and FE; are in fair agreement with the values extracted from
experiment, i.e 6.7+ 0.2 eV and 3.2 + 0.4 eV, respectively [IT1].

In conclusion, a KS DOS calculated with GGA should be interpreted with care.
The energies of the molecular levels depend upon their occupancy, see eq. . The
effective charging energy U that enters this expression, strongly depends upon the
environment of the molecule, because of screening. The latter is affected by the
presence of a metal substrate, for instance [I10, [1T1].

We now turn to the DOS of PTCDA monolayers adsorbed on metal surfaces. Since
the DOS is usually dominated by the metal substrate, we look at the DOS projected
on the atoms of the molecule (PDOS) to identify the molecular levels. Fig. [6.10
gives the PDOS on a PTCDA molecule adsorbed on metal surfaces at distances of
d=3.0and d = 3.6 A. We apply a Gaussian broadening of 0.1 eV to avoid a “spiky”
appearance of the PDOS. Comparison to Fig. [6.9] allows us to identify the molecular
levels, in particular the HOMO and LUMO.

The results show that PTCDA adsorption leads to a broadening of the molecular
levels due to the interaction between the molecule and the surfaces. The extend
of the broadening is moderate. At d = 3.6 A the typical width at half height of
the HOMO and LUMO peaks is ~ 0.2 eV. The widths become somewhat larger at
shorter distances (~ 0.3 eV). These widths agree with those found in previous DFT
calculations of adsorbed PTCDA [88], as well as with widths typically found for other
adsorbed molecules such as pentacene [89]. They are however much smaller than the
widths found in the calculations of Refs. [28] and [29].

Comparing the two columns in Fig. [6.10} one observes that the PDOSs at the
two distances are qualitatively similar, but that the spectrum at d = 3.0 A is shifted
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towards lower energy as compared to the spectrum at d = 3.6 A by up to 0.5 eV,
depending upon the metal substrate. This is caused by the pillow effect, as we will
discuss in Sec. The GGA HOMO-LUMO gap of PTCDA decreases somewhat
upon adsorption, from 1.6 €V in the isolated molecule to ~ 1.4 eV for the weakly
interacting PTCDA on Au and ~ 1.1 eV for the strongly interacting PTCDA on Ca.

An important observation that can be made by comparing Figs. and is
that work function pinning occurs when the Fermi level crosses the level of the LUMO.
For PTCDA on Au the LUMO is still unoccupied, but already for PTCDA on Ag
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PDOS (arb. units)
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Figure 6.10: Projected density of states (PDOS) of the PTCDA molecule adsorbed
on metal surfaces at a fixed distance d in the herringbone structure, calculated using
a Gaussian broadening of 0.1 eV; left: d = 3.0 A; right: d = 3.6 A. The peaks
corresponding to the molecular HOMO and LUMO levels are labeled.
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the LUMO is partially occupied. This implies that electron transfer takes place from
the metal substrate to the molecule. The amount of electron transfer increases along
the series Ag, Al, Mg, and Ca, judging from the upwards shift of the Fermi level,
see along the columns of Fig. [6.10] As long as the Fermi level is inside the LUMO
peak, the work function is pinned, compare Fig. [6.6] At the short molecule-surface
distance of 3.0 A between PTDCA and Ca, the Fermi level Jumps to the next peak,
i.e. the LUMO+1, see Fig. (i). This is accompanied by an “unpinning” of the
work function, compare Fig.

Detailed experiments have been performed for PTCDA on Ag(111). In UPS and
STM experiments a state is observed at the Fermi level that is identified as the LUMO
of the PTCDA molecule, whereas the HOMO is found at ~ —1.6 eV with respect to
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Figure 6.11: As Fig. for perylene adsorbed on metal surfaces.
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the Fermi level [43H45]. In Fig.[6.10| (c), where the distance between PTCDA and the
Ag surface is close to the experimental value, we find the HOMO at —1.3 eV and the
LUMO at the Fermi level, in agreement with the experimental analysis. The binding
energy of PTCDA on a metal substrate increases along the series Ag, Al, Mg, and
Ca, which would suggest that the GGA DOSs become increasingly reliable. Only for
the weakly bonded PTCDA on Au is the LUMO unoccupied, see Figs. (a), (b).
In STM experiments the LUMO of PTCDA on Au(111) is observed clearly above the
Fermi level [80, 110, 112]. Applying an analysis similar to that following eq. and
using the polarization energy calculated in Ref. [I10], shifts our LUMO up by ~ 1
eV, which brings it close to experiment.

Pinning of the work function at MOIs has been interpreted in terms of a charge
neutrality level (CNL) [28H30], in analogy to Schottky barrier models for conventional
semiconductors [27, 113] [114]. The CNL model relies on having a large continuum
DOS at the metal-semiconductor interface, which fills the energy gap of the semicon-
ductor. The Fermi level is then pinned by these metal induced gap states (MIGS)
[25]. Conventional semiconductors such as Si or GaAs have quite reactive surfaces
with surface atoms carrying dangling bonds. The energies of these dangling bond
states are within the semiconductor gap. Bonding at a metal-semiconductor interface
leads to broadening of these states, which generates a large continuum DOS at the
interface in the semiconductor gap [I15} [I16]. Closed shell molecules such as PTCDA
do not have dangling bond states within the HOMO-LUMO gap. The creation of
a large DOS at a MOI within the HOMO-LUMO gap then depends upon a large
broadening of the molecular levels. We do not observe such a large broadening.

The DOS of an isolated perylene molecule resembles that of PTCDA. The GGA
HOMO-LUMO gap of 1.8 eV is slightly larger than that of PTCDA. Fig.[6.11]gives the
PDOS on a perylene molecule adsorbed on metal surfaces at distances of d = 3.0 and
d=3.6A. Comparison to Fig. (b) shows that pinning of the work function sets
in as the Fermi level reaches the LUMO. In other words, as for PTCDA, the work
function is pinned by the LUMO of the molecule. The pinning level for adsorbed
perylene is ~ 3.7 eV, which is 1 eV lower than for PTCDA.

6.5.2 Charge transfer and interface dipole

The charge transfer at the PTCDA-metal interface can be visualized directly by cal-
culating the laterally averaged electron density difference

AR(z) = MpTCDA /metal (2) — Pimetal (2) — PTCDA (2)- (6.5)

The electron density Tmeta; and prepa of the metal substrate and the molecule are
obtained in separate calculations with the substrate and the molecule frozen in the
adsorption geometry, using the same unit cell. The lateral averaging is done as in
eq. (6.3). Examples of An(z) are shown in Fig. [6.12

Fig. (a)—(c) clearly show the formation of interface dipoles that are localized
at the PTCDA /metal interface. Note that the sign of the interface dipole moment
of PTCDA on Au is opposite to that of PTCDA on the other metal surfaces. For
PTCDA on Au electrons are displaced from the molecular region into the metal,
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Figure 6.12: Laterally averaged electron density difference Am(z) for PTCDA
adsorbed on (a) Ca(111), (b) Al(111), and (c) Au(111) at a fixed distance d = 3.0 A.
The +/— indicate the direction of the interface dipole. The charge on the molecule
is estimated by integrating over the shaded areas (see text). (d—f) Isodensity surface
of An(z,y, z) close to the molecular plane.

whereas for PTCDA on other metals electrons are displaced from the metal to the
molecule. According to the PDOSs shown in Figs. (¢)-(j) the latter can be
interpreted as electron transfer from the metal to the LUMO of the molecule. In
contrast, the displacement of electrons for PTCDA on Au cannot straightforwardly
be related to the transfer of electrons to or from a molecular level, as can be observed
from the PDOSs shown Figs. (a), (b).

This charge displacement for PTCDA on Au can been interpreted in terms of the
pillow effect [32, [35]. If the interaction between the molecule and the surface is not too
strong, then the wave function of the system can be written in good approximation
as an anti-symmetrized product of the wave functions of the separate molecule and
the substrate. Anti-symmetrization introduces the effects of exchange between the
molecular and substrate electrons, which leads to a repulsive interaction in case of
a closed shell molecule, the so-called Pauli repulsion. The electronic cloud of the
molecule is usually “harder” than that of the metallic substrate, i.e. it is less easily
deformed. The net effect of Pauli repulsion is then that the electronic cloud, which
originally spilled out somewhat from the metal surface, is pushed back into the metal
by the molecular electronic cloud, as if the molecule lands on a pillow. The push
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back of electrons into the metal can be observed in Fig. [6.12| (c). It lowers the surface
dipole, and therefore it lowers the work function.

One would expect that the spatial distribution of the displaced electrons reflect
the shape of the molecule. The pattern of electron depletion in the molecular region
can be visualized by plotting An(z,y,2), as is shown in Fig. [6.12] (f). The nodal
pattern roughly corresponds to the second highest occupied molecular 7 orbital of
PTCDA (HOMO-5 in Ref. [102]). It confirms the conclusion drawn from the PDOSs
of Figs. (a), (b) that the electron depletion is not due to a transfer of electrons
from the highest occupied state of the molecule to the Au surface.

The change in electron density for PTCDA on other metals is qualitatively different
from that of PTCDA on Au. Electrons are transferred from the metal to states of the
molecule, which is clearly demonstrated by plotting An(x,y, z). The nodal pattern
of An(z,y, z) for PTCDA on Al, Fig. m (e), corresponds to the LUMO of PTCDA,
indicating that electrons are transferred to this state, in agreement with Fig. d).
For PTCDA on Ca, Fig.[6.12] (e), the nodal pattern shows both features of the LUMO
and of the LUMO+1 [84]. This agrees with Fig. [6.10| (i), which shows that electrons
are transferred to both these states.

One can calculate the interface dipole per adsorbed molecule as Ay = eA [ zAn(z)dz,
with A the surface area of the adsorbed molecule. Alternatively the interface dipole is
extracted from the change in the work function AW upon adsorption of the molecules
[117]

A
Ap = EOTAW. (6.6)

The results are given in Table The total charge ¢ on the molecule can be estimated
by

qg=—¢ /Zv ATI(2)dz, (6.7)

where zg is the point between the molecule and the surface where A7(zp) = 0 and z,
is a point in the vacuum. The integration is indicated by shaded areas in Figs.
(a)—(c). Provided ¢ is not zero, a parameter that characterizes the charge distribution
can be defined as

Ap
Zd = ——.

q

It is the effective distance between the sheets of positive and negative charge, if the
interface dipole would be represented as a plane capacitor.

Comparing the values for Ag to Ca in Table one notices an increase in the
interface dipole and in the number of electrons transferred from the metal surface to
the molecule. This is consistent with the change in the work function upon adsorption
and with the PDOSs, see Figs. [6.6] and [6.9] The charge distributions of the interface
dipole on Ag, Al, Mg, and Ca are similar, as characterized by a similar value of z4
for these cases. The distributions shown in Figs. (a, b) can be interpreted as
electronic charge placed in a m-orbital on the PTCDA molecule, which is screened
by electrons in the metal, which leads to the characteristic Friedel oscillations in the
metal substrate.

(6.8)
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metal Ap (D) q(e) 2z A

Au —-1.58 4034 0.99
Ag 0.77 —-0.31 0.52
Al 2.00 -0.82 0.51
Mg 2.29 —-0.84 0.57
Ca 3.29 —-1.34 0.51

Table 6.4: Interface dipole per molecule Ay (eq. ), total molecular charge ¢
(eq. (6:7)), and effective distance z4 (eq. (6.8)) for PTCDA on metal surfaces. The
distance between the molecules and the surface is fixed at 3.0 A.

Adsorption of PTCDA on Au is qualitatively different from adsorption on the
other metal surfaces, as can be judged from the signs of the interface dipoles and
the charges and the different value of z;. The charge distribution of PTCDA on Au,
Fig. (c), is also qualitatively different. It is more localized in the region between
the molecule and the surface, as can be expected if it is due to Pauli repulsion (i.e.
the pillow effect), since the latter is active in the region where the molecular and the
surface wave functions overlap.

Since this overlap decreases with increasing distance between the molecule and
the surface, one expects the charge displacement to decrease accordingly. Indeed the
charge on PTCDA adsorbed on Au, calculated using eq. , at a distance d = 3.6
A is 0.23 e, as compared to 0.34 e at d = 3.0 A, see Table The pillow effect
is a very general mechanism that should be operative for any adsorbed closed shell
molecule, even if electrons are transferred from the substrate to the LUMO, as for
PTCDA adsorbed on other metal surfaces. One would expect that this leads to an
interface dipole that depends strongly on the molecule-surface distance. However,
Fig. shows that for PTCDA on Ag and Al (and to a lesser extend also for PTCDA
on Mg), the work function, and therefore the interface dipole, is independent of the
distance over a considerable range.

6.5.3 Model

The pinning of the work function and the (lack of) distance dependence can be clar-
ified by a simple qualitative model. Although the interaction between the molecule
and the surface leads to broadening of molecular levels, see Fig. [6.9] we neglect the
broadening for reason of simplicity. We assume that electrons can be transferred
to the LUMO, whose energy €p/(/N) depends on the occupation number N, as in
eq. . The charging energy U depends upon the environment of the molecule. All
molecules in a monolayer have the same occupation number and in calculating U the
electrostatic interactions between all molecules should be taken into account, as well
as the interactions with the screening charges induced in the metal substrate.

If the molecular layer is in equilibrium with the metal substrate, ep(N) = Ep,
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Figure 6.13: (a) The pillow effect results in a potential step A, which lowers the
molecular levels close to the interface. (b) Charge transfer to the LUMO rises the
molecular levels and pins the Fermi level.

with E'r the Fermi level of the metal. This determines the occupation number

EF—€0
U

The idea is illustrated by Fig[6.13] (b). One has of course the additional requirement
that 0 < N < 2. If N # 0, the molecular layer is charged and with the screening
counter charge in the metal this leads gives a dipole layer. It results in a potential step
at the interface, which we parameterize as NF with F' the potential step normalized
per electron transferred to a molecule. The work function then becomes W = W, +
NF, with W, = —FEp the work function of the clean metal surface.

So far we have not yet taken the pillow effect into account, which lowers the work
function of the clean metal surface from W, to W, — A. Since according to Fig.
(c) the pillow effect leads to an interface dipole that is localized mainly between the
surface and the molecule, it is consistent to apply this potential step also to the
molecular levels. One replaces €y by €g — A in eq. . The idea is illustrated by
Fig[6.13| (a). From W = W, — A + NF one obtains expressions for the work function

and the S parameter (eq. (6.1))):

N = (6.9)

F F
W = (WC_A)(l_ﬁ)_€Oﬁ7
F

§ = 1-%. (6.10)

Since 0 < N < 2, these expressions are valid if A — ey —2U < W, < A —¢p. If the
clean metal work function falls outside these bounds, one has

W=W,—A; §=1, (6.11)

for W, > A — ¢y. The molecular level is then unoccupied, i.e. N = 0 and only the
pillow effect is operative. If W, < A — ¢y — 2U, one has N = 2. The molecular level
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is fully occupied, which leads to:
W=W.—-A+2F; S=1. (6.12)

From purely electrostatic considerations one has F' < U, which leads to S < 1.
Moreover, if the charge on the molecular layer and its counter charge in the substrate
are modeled by a plane capacitor, then U = F = €2/C, where C is the “capacitance”
of the molecule [I09]. In this simple limit eq. becomes:

W =—¢; S=0. (6.13)

Note that in this limit one has perfect pinning, i.e. the work function is determined
by the molecular level only. It is independent of the metal and of the pillow effect.

This simple model can be used to qualitatively describe the work functions in
Figs.[6.5]-[6.8] The simplest case is when W, > A — ¢, i.e. when the work functions
of all the metals considered are too high with respect to the position of the LUMO
level. W and S are then given by eq. , i.e. the work function is simply shifted
with respect to the work function of the clean metal surface. Benzene adsorbed on
metal surfaces is such a case, see Fig. Since the work function shift is determined
by the pillow effect, one expects it to be sensitive the distance between the molecule
and the surface, which can be observed in Fig. [6.7]

If W, < A — ¢g, the LUMO reaches the Fermi level of the metal. W and S are
given by eq. , and in the simple plane capacitor model by eq. . A close-
packed monolayer of planar molecules, such as in the herringbone structure of PTCDA
(Fig.[6.1] (b)), comes closest to a plane capacitor. Fig.[6.6|shows that indeed the work
function is pinned at ~ 4.7 eV over a considerable range of metal work functions and
molecule-surface distances. If W, < A — ¢y — 2U, the LUMO becomes fully occupied.
W and S are given by eq. and the work function becomes “unpinned”.

The energy at which this occurs depends upon the molecule-surface distance. De-
creasing the distance increases the pillow effect, i.e. it increases A. Moreover it
decreases U, since at a shorter distance the screening by the metal substrate is larger.
In the plane capacitor model U o 1/d, where d is the molecule-surface distance. The
distance dependence of the unpinning of the work function is observed in Fig. At
d = 3.6 A the work function is fully pinned, at d = 3.3 A it becomes unpinned for
Ca, and at d = 3.0 A it is unpinned for Ca and Mg.

The simple structure for PTCDA has only ~ § ML coverage (Fig. (a)). Tt
makes sense that this situation cannot be describe by a simple plane capacitor, and
one has to use eq. . It gives a linear dependence of W on W, with a slope
0 < S < 1, which can be observed in Fig. [6.5]

The behavior of perylene is consistent with the model given above. If W, > A —¢,
only the pillow effect is operative and the LUMO is unoccupied, see eq. . This
holds for Au and Ag in Figs. (a) and (b). If W, < A —¢p, we observe pinning. For
a close-packed monolayer the plane capacitor model explains the pinning (eq. )
observed for Mg and Ca in Fig. (b). For the simple structure with ~ % ML packing
density, eq. (6.10]) can be used to describe the behavior for adsorption on the low work
function metals.
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6.6 Summary and conclusions

We study the interface dipole formation at interfaces formed by a monolayers of
PTCDA, benzene and perylene molecules with the Au, Ag, Al, and Ca(111) and the
Mg(0001) surfaces, using first-principles DFT calculations. The interface dipoles are
monitored by calculating the change of the surface work function upon adsorption of
the molecular layer. Molecular packing densities corresponding to % ML and 1 ML
coverage are considered and the distance between the molecules and the surfaces is
varied to establish the dependence of the work function on these parameters.

Adsorption of PTCDA in a densely pack structure leads to pinning (S =~ 0) of
the work function at ~ 4.7 eV for a range of metal substrates and molecule-substrate
distances in good agreement with experimental observations. The interface dipoles
that are created upon adsorption compensate for the differences between the work
functions of the different clean metal surfaces. Along the series Ag, Al, Mg, Ca the
interface dipole generated by PTCDA adsorption increases, which is consistent with an
increasing transfer of electrons from the substrate to the PTCDA molecules. This can
be visualized by the electron density difference created by PTCDA adsorption. The
increased electron transfer also leads to a stronger bond between the molecule and the
surface. Decreasing the packing density of the PTCDA molecules to % ML decreases
the pinning effect, but it still gives a linear dependence between the work function
of the adsorbed layer and that of the clean metal surfaces (S = 0.5). Adsorption of
PTCDA on Au(111) leads to a very weak bond and an interface dipole that has an
opposite sign, as compared to the other surfaces. Here the pillow effect is dominant,
which pushes the electrons into the metal substrate.

Adsorption of benzene results in a reduction of the work function, irrespective of
the substrate, in agreement with experiments. This reduction is in the range 0.2 —
0.8 eV, depending upon the distance between the molecule and the surface. At a fixed
distance S = 0.9. In the case of benzene adsoption only the pillow effect is operative.
The latter, as well as the effect of charge transfer to the molecule are observed in
adsorption of perylene. Adsorption of a full ML of perylene molecules on low work
function metals gives work function pinning (S = 0) at ~ 3.7 eV. Adsorption on high
work function metals gives the work function reduction characteristic of the pillow
effect with S =~ 0.9. The transition between the two regimes takes place for substrate
work functions in the range Mg-Al. Decreasing the packing density decreases the
pinning in the low work function regime.

The work function changes upon adsorption are analyzed and interpreted by means
of the projected density of states on the molecules and the charge density difference
induced by adsorption of the molecules. The work function changes of surfaces in the
low work function regime are entirely consistent with a transfer of electrons from the
substrate to the LUMO of the molecules. In the low work function regime they are
consistent with the pillow effect pushing electrons into the substrate. A simple model
inspired by Slater’s transition state approach allows us to describe the changes in the
work function upon adsorption qualitatively.
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Summary

The rapidly developing field of organic electronics has stimulated intensive research
into the fundamental electronic properties of molecular organic semiconductors and
their interfaces with metal electrodes as well as insulating substrates. Theoretical
and experimental studies are driven by potential applications where organic molecules
constitute active materials in a wide range of electronic devices such as light-emitting
diodes (LEDs), filed-effect transistors (FETSs), solar cells or biosensors. The thesis
is motivated by the modeling of charge injection barriers from metallic contacts into
organic materials. Experiments indicate that the energy barriers of electron or hole
injection are determined by the formation of an interface dipole layer localized at first
molecular layer. Such barriers can be extracted by monitoring the change in the work
function, produced upon the deposition of the organic layer. We calculate such work
functions using density functional theory (DFT).

The Introduction starts with a description of the main theoretical tool used for
calculations, namely DFT. Then we present general ideas behind the pseudopotential
and plane waves basis set approach, used to represent the Kohn-Sham DFT wave
functions. The need for understanding electronic properties at metal-organic inter-
faces is motivated by a short description of a polymer light emitting diode (polyLED),
as used in flat-panel displays. A discussion on interface Schottky barriers concludes
the first chapter, defining the parameters that are used in later chapters.

Other general concepts or tools that are used to analyze the electronic properties
of metal-organic interfaces, such as interface dipole layer, work function, adsorption
energy, electron density difference or density of states, are explained throughout the
following chapters.

The thesis is organized in two main parts. In Part I we study interfaces formed
by self-assembled monolayers (SAMs) on metal surfaces, whereas in Part IT we focus
on interfaces formed by monolayers of w-conjugated molecules adsorbed on metal
surfaces.

In Chapter [2| we study interfaces formed by short chain alkylthiolate and fluori-
nated alkylthiolate monolayers of CH3S, CH3CH3S and CF3S, CF3CH,S respectively,
chemisorbed on noble (111) metal surfaces of Ag, Au and Pt. The results show that
adsorption of alkylthiolates decreases the work function, whereas adsorption of the
fluorinated counterparts gives an increase in the metal work function. We show that
the change in surface dipole that occurs upon adsorption of a self-assembled monolayer
(SAM) is the result of two nearly independent contributions.
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Bonds between the thiolate molecules and the metal surface generate an interface
dipole piepem which is nearly independent of the molecule, but is a function of the
metal. We find that in the case of a Ag substrate electron transfer occurs from the
silver surface to the sulfur atoms of the SAMs. In the case of a Pt substrate, the
electron transfer is opposite, i.e from the sulfur atoms to the Pt surface, whereas
for the Au substrate very little electron transfer occurs. The interface dipole pichem
tends to compensate for the difference between the work functions of the clean metal
surfaces. A second contribution to the surface dipole is due to individual molecular
dipoles, pusap- The overall work function is thus determined by summing up these
two contributions. The results show that it is possible to tune metal work functions
using SAMs and that the work function shifts produced upon molecular adsorption
can be as large as 2 eV.

Chapters [3| and [4] focuses on SAMs on Au and Ag surfaces respectively, where
several structures and different packing densities are discussed. The work functions
show a relatively weak dependence on the packing density. We show that increasing
the packing density of the SAMs on the metal surface gives rise to a higher depolar-
ization field in the SAMs. The effect is modeled as an effective dielectric constant in
the molecular layer and opposes the increase in the metal work function due to the
increase in the packing density. The main conclusions emphasized in Chapter [2|also
hold for these more complex structures.

In the second part of the thesis we study interfaces formed by 7-conjugated organic
molecules adsorbed on close-packed metal surfaces of Ca, Mg, Al, Ag and Au. Such
molecules do not have a permanent dipole moment. By studying a range of metal
surfaces and using different molecules, the position of the metal Fermi level and the
positions of the molecular levels can be varied. Thus, their effect on the dipole layer
formation at metal-organic interfaces can be analyzed. We find that the size and sign
of the interface dipole is the result of two competing effects. A typical "pillow effect”
due to the overlap of molecular and surface electrons wave functions is operative for
adsorption of molecules on any metal surface pushing metal electrons out from the
region of the occupied molecular orbitals into the metal, which reduces the work
function. If the resulting work function is lower than the molecular LUMO level,
electrons are donated from the metal surface to the molecule, populating the molecular
LUMO level and pining the work function at a constant value for a range of metal
surfaces. Such effect gives a increase in the metal work function. The overall work
function is determined by the balance between the two effects.

In Chapter We focus on PTCDA (Co2HgOg) and perylene (CooHi) molecules.
For both molecules we find a crossover from a regime in which the work function is
reduced by the pillow effect to a regime in which the work functions are pinned. Pin-
ning is interpreted from electron transfer to the lowest unoccupied molecular orbital
(LUMO) level, whereas the position of the crossover can be correlated with the posi-
tion of the molecular LUMO. The study encompasses a theoretical model to describe
the pinning behavior at metal-organic interfaces. Unpinning occurs in the case of very
low work function metals when electrons are transferred from the metal surface up to
the next unoccupied molecular orbital.

In Chapter [6] the interfaces formed by PTCDA, perylene and benzene on metal
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surfaces are discussed in more detail. In particular, we find that the size of the
interface dipoles is nearly independent of the exchange and correlation functionals
used in calculations, namely GGA and LDA. We also evaluate the influence of the
packing density of the molecules on the work function and find that this dependence is
not negligible. The pillow effect discussed for the cases of PTCDA on Au and perylene
on Au and Ag is demonstrated for interfaces formed by benzene (CgHg) monolayers
adsorbed on surfaces ranging from the low metal work function of Ca (3.0 eV) to the
high metal work function of Au (5.3 eV).

From the work done on several systems, we conclude that large interface dipoles
can be formed at interfaces formed by m-conjugated organic molecules and metal
surfaces. The interface dipoles influence the size of charge injection barriers. For
good electron injection, small work function interfaces are required, whereas for small
hole injection barriers, higher metal-organic work function systems are desirable.
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