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Abstract

Recently, organic electronic such as organic electroluminescence, organic field effect transistors, and
organic solar cell, has been attracting, because of their promising properties, for example, low-cost pro-
cessing, large area devices, low-weight with flexibility, and functionalization with molecular modification.
The vacuum level shift is induced by interface dipole and largely affects the carrier injection, which can
determine the performance of the organic devices. We have studied the electronic structures of = con-
jugate molecules (benzene, pentacene, and perfluoropentacene(PFP)) adsorbed on noble metal surfaces
(Cu, Ag, and Au) by using first-principles calculations, to clarify the origins of the interface dipoles.

We found that the semiempirical van der Waals (DFT-D) method to include van der Waals inter-
actions can reproduce the accurate molecule-metal distance for organic/metal interfaces. On Ag and
Au, the distances for the adsorbed system are almost the same, reflecting that the Ag and Au surfaces
are chemically inert. On the other hand, on Cu, the adsorption distances are different for different
adsorbate. The PFP-Cu distance is larger than the pentacene-Cu distance, although PFP is more chem-
ically reactive than pentacene. This is presumably because of the repulsion between 2p electrons of F
atoms and electrons of substrate. Thus, these results indicate that functional group can control ad-
sorption distance. The work function change is sensitive to the molecule-substrate distance, and thus
the molecule-substrate distance is a key parameter for the interfacial electronic state. The calculated
work function changes at the calculated molecule-substrate distances are in good agreement with the
experimental values, which shows that the method can predict the vacuum level shift of organic/metal
interfaces accurately. The analysis of slope parameter shows the electronic and the geometric contri-
bution to the interface dipole. Moreover, for the PFP-adsorbed system, the intramolecular dipole also

contributes to the interface dipole. The calculated electronic structures show that for Au, a physical fac-



tor dominates the molecule-substrate interaction whereas for Cu and Ag, a chemical factor contributes
to the interaction if the molecule is rather chemical reactive such as pentacene and PFP.

We have examined the induced density interface states (IDIS) model by using first-principles calcu-
lation. The IDIS model can describe well if the molecule-metal interaction is weak. On the other hand,
it cannot describe if the interaction is strong, because of the back-donation from the surbstrate to the
adsorbate. Thus, we partition the interface dipole into physical component and chemical component,
and we examine the dependence of each component on the electron affinity of the adsorbate. We consider
that on each surface the adsorption distances are almost constant with any adsorbate, because of the
balance between the chemical reactivity and the repulsion of electrons of the adsorbate with those of the
substrate. Consequently, the physical component of the interface dipole is independent on adsorbate.
We show that the chemical component is extracted and depends on the electron affinity of the adsorbate,
and we estimate the back donation. These results indicate that we can predict the vacuum level shift

from the chemical trend.
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Chapter 1

Introduction

1.1 Background

1.1.1 Organic semiconductor

In the early of 1950s, H. Akamatu and H. Inokuchi found that violanthrone and its derivatives
have electrical conductivity, by purifying the materials after repeated sublimations. This is because the
molecular structures are made of the network planes of carbon atoms, and thus the molecules are used
as a model of carbon black. The electrical resistivity was measured and the values are ~1x10'° ohm-cm.
Therefore, they called the conducting organic material as organic semiconductor [1].

In the middle of 1950s, H. Akamatu, H. Inokuchi, and Y. Matsunaga found that polycyclic aromatic
hydrocarbon such as perylene forms molecular complex with bromine or iodine. The complexes behave
as typical semiconductors with energy gaps for conductivity of 0.1-0.2 eV, as well as with low electrical
resistivity ranging from 1 to 10 ohm-cm. The complexes are unstable and a substitution reaction of
halogen takes place, and thus the resistivity changes. The origin of the high conductivity is due to the
interaction between hydrocarbon molecules and halogen molecules, and this is presumably due to the
overlapping of molecular orbitals stretching throughout the crystal [2, 3].

The first conducting polymer was synthesized in the 1970s. In the early 1970s, H. Shirakawa collab-
orating with A. G. MacDiarmid and A. J. Heeger of the University of Pennsylvania could increase the

conductivity of polyacetylene films a billion times by doping iodine. The doped films looked like golden



metallic sheets. Later more than a dozen organic polymers could be made conducting by appropriate
doping. Now plastics with conductivity comparable to that of copper can be easily fabricated. In 2000,
A. J. Heeger, A. G. MacDiarmid, and H. Shirakawa won the Noble Prize in Chemistry for the discov-
ery and development of conductive polymer. Early work on conducting plastics is described in Refs.
[4, 5, 6, 7, 8].

The semiconducting conjugated polymers can be used as the active layer in light emitting diodes
(LEDs), field effect transistors (FETSs), solar cells, and so on. These devices are being pushed toward
commercialization, because they can be fabricated by inexpensive techniques, such as spin coating, ink-
jet printing, low temperature fiber drawing, and screen-printing on the flexible substrates [9]. This
leads to a real advantage over the expensive and sophisticated technology using inorganic materials in
the semiconductor industry. The flexible plastic films make these devices interesting, because of the
advantage in terms of flexibility, low power, low weight, and low-cost processing. In view of the above
advantages, conducting plastics have emerged as a new class of electronic materials. It might be possible
that by the year 2015, the silicon technology might hit the physical limit and the conducting polymers

may become the major players in the filed of semiconductor devices.

1.1.2 Organic devices

Since the discovery of electroluminescence from organic materials, it has been recognized that the
conducting polymers are important for fabricating the organic LEDs (OLEDs) [10]. To improve the
performance of OLEDs a good understanding of basic device physics is very necessary. At present,
OLED technology has become a competitor for conventional light sources and display technologies like
liquid crystal displays (LCDs). Displays based on organic semiconductors have already entered the
market. Flat panel displays and LEDs are important applications being pursued now. A respectable
electroluminescence (EL) from an organic molecule solid device was first demonstrated by Kodak in 1987
[11]. The first polymer LED was fabricated by Cambridge University in 1990 [12]. This stimulated a lot
of excitement and intense activity in the field of organic electronic and optoelectronic devices.

In 1987, C. W. Tang and collaborators fabricated the first organic LED using tris(8-hydroxyquinoline)

aluminum (Algs) emitting green light. The LED efficiency, in lumen’s per watt, can be more than that



of the household bulb and their life time can be more than 10,000 hours. However, in the conventional
structures, the light is wasted because of its leakage in all directions. In 1994, A. Dodabalapur and his
co-workers at Bell laboratories constructed EL devices by sandwiching Alqgs between reflecting surfaces
forming a mirocavity. This structure conforms to the physics of Fabry-Perot cavity. By varying a
thickness of the inert layer, undesirable light can be filtered out and emission of light can be obtained at
any desired wave length. Because a microcavity makes LEDs more efficient and current less, LEDs can
last longer. The group of the Cavendish laboratory headed by R. H. Friend [13] used Poly(phenylene
vinylene) (PPV) and its derivatives for fabricating the LEDs. They observed the green-yellow emission
from the PPV LED in 1990. These LEDs gave 2.5 lumen’s per watt. To be driven at high voltage makes
light output increasing but LEDs faster brokendown, because of the heat generated.

At present, the GaAs wafer size is limited to about 6 inch diameter. To make large displays, GaAs
based LEDs must be individually mounted and wired. A reasonable letter size can take up to 35 LEDs.
However, the size of organic film is in principle unlimited. Moreover, the starting material for organic
displays can be much cheaper. Intense effort has been made in developing the thin film OLEDs [14].
Philips at Eindhoven has had a research program on polymers for several years. They have an agreement
with Cambridge Display Technology (CDT) which gives Philips access to CDT’s patented technology.
CDT is a spin-off company of the research group at the Cambridge Cavendish Laboratory set up in 1992
by R. Friend and A. Holmes of Cambridge University. The group has also fabricated the PPV LEDs
with microcavities. CDT believes that over a period of time, cathode ray tube (CRT) could be replaced
by the polymer devices. The display business is estimated to be more than $ 42 billion shortly. Polymer
scientists are trying hard to carve a share for themselves from this business.

In late 1980s, first organic field effect transistors (OFETs) were fabricated [15]. Very significant
improvements have been made in the performance of OFETs. OFETs are of great interest for both
academic and industrial institutions. Several authors have fabricated OFETs with performance compa-
rable to the best amorphous silicon (a-Si) transistors. The mobility of the carriers has been improved
considerably. For example, in pentacene transistors mobility of more than 1 cm?/Vs has been obtained.
The transistors have application as drivers for electronic barcodes, radio frequency identification (RFID)

tags, large area sensor array, and in other low-cost electronic devices.



OFETs can be fabricated with a low-temperature process [16, 17]. It is therefore possible to fabricate
thin film transit or (TFT) arrays for flat panel displays using a low-cost process. The substrate are low-
cost and flexible such as polyetylene terepthalate (PET). The low-cost, large area TFT arrays can be used
for many applications, e.g. electronic paper, smart cards, remotely updateable posters, notice boards,
and so on. Currently the amorphous silicon (a-Si) technology is used for such applications, although
the technology is expensive. These applications will only become popular in marketplace if the cost of
production is substantially reduced. Thus, this is the driving force for the R&D effort in OFETs. As
emphasized by Angelis et al. [18], it is very important to understand the transport mechanisms in the
OFETs structure. In fact, many problems including aging effects can be solved if transport mechanism
is well understood.

Solar cells (also known as photovoltaic (PV) devices) [19, 20] have become an important source of
renewable energy. The world annual production of electricity by silicon solar cells is now several tens
of megawatts. However, the cost of these Si cells is high and they are not able to complete with the
conventional power plants. The search for cheaper PV cells has been on for a long time [8]. Early work
on conducting polymer solar cells was done with the hope that the cost of the cells will come down. On
the other hand, the conversion efficiency, 7, of the early cells was only a few hundredths of a percent.
The main difficulty arises because of the fact that the excitons generated by the incident light in the
conducting polymers have a large binding energy. The excitons do not dissociate at room temperature,
and thus the probability of their recombining is much higher than that of their dissociation. This property
is instead useful for LEDs and explains why the work on LEDs has been so successful [21, 22, 23]. In 1992,
two important papers were published [24, 25]. These paper showed that Buckminsterfullerene Cgg, mixed
with a conducting polymer, is very effective in dissociating the excitons in the polymer. More recently
PV devices have been fabricated using other exciton breaking agents [26, 27, 28, 29, 30, 31, 32, 33]. Dye
sensitized high efficiency solar cells have also fabricated. The conducting organic semiconductors are

now challenging the dominance of the photovoltaic field by Si and other inorganic semiconductors [34].
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1.2 Organic/metal interfaces

As described in the preceding section, organic devices such as OLEDs, OFETSs, and organic PV are
attracting enormous attraction because of their promising properties for example low-cost processing
and flexibility. The energy level alignment at the organic/metal interfaces in organic devices governs the
efficiency of the carrier injection, which ultimately determines the performance of the organic devices
[35, 36]. The barrier heights of electron (®3) and hole (®}) injection can related to the substrate metal

work function (¢n,) by

L= fm— A+A, (L1)

where ¢y, is the metal work function, A and I are the electron affinity and the ionization energy of the

organic molecule, respectively, and A is the vacuum level shift (Fig. 1.1) [35, 36].
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Figure 1.1: Energy band diagram at organic/metal interfaces (a) before contact and (b) after contact

The A is induced by a dipole layer formed at an organic/metal interface, which can change the barrier
height of the carrier injection by as large as 1 eV [35, 36]. The following factors of the interface dipole

formation have been proposed (Fig. 1.2) [35, 36].
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e charge transfer (al, a2)
e mirror effect (b)

e push back effect (c)

e chemical interaction (d)
e interface state (e)

e permanent dipole of adsorbates (f)
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Figure 1.2: Possible factors forming and affecting the interface dipole [36]

A slope parameter S is defined by the derivative of the barrier height with respect to the substrate

work function (¢n,), i.e.,

Cdey  dop,

5 Wom ~ o’

(1.3)

and it gives the variations of the barrier as a function of ¢y, [35, 36, 37]. Substituting Eqgs. (1.1) and

(1.2) into Eq. (1.3) leads to

dA

S:1+d¢m

=1+k. (1.4)
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If the barrier heights are independent of ¢.,, S is zero (Bardeen limit). On the other hand, if A is
independent of ¢.,, S is unity (Schottky limit) [37]. It should be noted that the usual definition of
Schottky limit is that A is zero. Before Seki and co-workers reported the existence of the vacuum level
shift (A), it had naively assumed that the vacuum levels of the metal substrate and the organic semi-
conductors coincide (vacuum level alignment). This is partly because the interaction at organic/metal
interfaces was considered to be so weak that S was nearly unity (Schottky limit) [35, 36]. However, S’s
at several organic/metal interfaces are observed to take a variety of values from 0 to 1 [35, 36]. Even for
n-alkane/metal interfaces, which are typical physisorption system, S is ~0.6.

Morikawa and co-workers pointed out the important contribution of the geometric factor, especially
the molecule-metal distance to S, i.e. the substrate dependence of A [38]. From first-principles cal-
culations, they showed that the dependence of A on substrate metals is quite weak, provided that the
molecule-metal distance is the same for different metal substrates. That is to say, the interface is in the
Schottky limit, which is in accordance with the above mentioned naive consideration, and the substrate
dependence of A comes solely from the difference in the molecule-metal distance. They predicted that
the difference in the molecule-metal distance is as large as 0.03 nm between n-alkane/Cu(110) and n-
alkane/Au(111) interfaces. The importance of the molecule-metal distance for S is also pointed out for
PTCDA /metal interfaces [39]. Recently, molecule-metal distances have been measured experimentally
by using x-ray standing wave (XSW) technique, and significant difference in the molecule-metal distance
for different substrate has been reported [40, 41].

On the contrary, for weakly chemisorbed metal/organic interfaces, the induced density of interface
states (IDIS) model has been proposed to predict A and S theoretically [42, 43, 44, 45, 46, 47, 48, 49]. At
metal/organic interfaces, molecular states such as the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are broadened because of interaction with substrate
metallic states and induces finite density of states (DOS) between the HOMO-LUMO gap. From a
simple model, the magnitude of the induced density of interface states, which is rather insensitive to
the molecule-metal distance, can determine A and S. The model is applied to various metal/organic
interfaces and has been shown to predict A and S surprisingly well.

Although the energy level alignment at organic/metal interfaces has been intensively studied, a

13



coherent picture has never been emerged yet, and it is therefore essential to clarify the factors that
determine the formation of the interface dipole layer systematically, in order to control the energy

difference between the metal Fermi level and the molecular levels.
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1.3 Purpose

The main purpose of this paper is to clarify the formation mechanism of interface dipole at or-

ganic/metal interfaces. In this thesis, the following issues are studied.
1. Formation factors of interface dipole
2. Prediction model for interface dipole

In Chapter 2, we investigate the electronic structures of the adsorbed systems by using first-principle
calculations, and discuss the substrate dependence of the electronic structure. In Chapter 3, we examine
the IDIS model using first-principles calculations, and discuss prediction model for interface dipole. The

thesis ends with some conclusions and an outlook for the future.
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Chapter 2

Theoretical method

In this study, we have investigated m conjugate molecules adsorbed on noble metal surfaces us-
ing density functional theoretical theory (DFT) within a generalized gradient approximation (GGA).
We employ benzene(CgHg), pentacene(CaoHiy), and perfluoropentancen(CooF14, PFP) as 7 conjugate
molecules, because benzene is a typical aromatic hydrocarbon, and pentacene and PFP are organic com-
pounds for p-type [50] and n-type OFETs [51], respectively. Furthermore, we employ Cu(111), Ag(111),
and Au(111) as metal surfaces, because noble metals are typical electrode materials. As is well known,
GGA cannot describe long-range van der Waals (vdW) forces, which dominate the interaction between
organic molecules and metal surfaces. Thus, we employ the semi-empirical vdW (DFT-D) method
[52, 53, 54, 55, 56, 57] and the vdW density functional (vdW-DF) method [58, 59] to describe the vdW

interactions, and calculate the adsorption energies by using the two methods.
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2.1 DFT calculations

Our calculations were carried out using STATE (Simulation Tool for Atom TEchnology), a first-
principles molecular dynamics program, which has been successfully applied to metal surfaces and or-
ganic/metal interfaces [38, 60, 61, 62, 63, 64]. We used the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) [65] for the exchange-correlation functional. The electron-ion interaction
was described by ab initio pseudopotentials [66, 67], and wave functions and augmented charge density
were expanded using a plane-wave basis set with the cutoff energies of 25 and 225 Ry, respectively. The
calculated equilibrium lattice constants of Cu, Ag, and Au are 0.365, 0.408, and 0.415 nm, respectively,
and they are in reasonable agreement with the experimental values of 0.361, 0.409, and 0.408 nm, re-
spectively. We used a repeated slab model to represent the metal surfaces, in which one slab consists
of four or six atomic layers. A vacuum region of ~2 nm was inserted between the slabs. A 7 conjugate
molecule is adsorbed on only one surface of a slab with its molecular plane parallel to the surface in a
surface unit cell.

In a geometry optimization, we fixed the height of carbon atoms from the first-layer of the clean
(111) surfaces (hereinafter denoted by Z¢), to calculate adsorption energies and vacuum level shifts as a
function of Z¢. We also fixed the bottom layer of the substrate slabs at their respective bulk positions.
The remaining degree of freedom, including carbon positions parallel to the surface, were fully optimized,
until the maximum force dropped below below a threshold value of 0.08 nN.

The work function difference between the two surfaces of a slab was compensated for using a dipole
correction [68]. Work function were calculated from the difference between the Fermi energy of the system
and the average electrostatic potential energy at the center of the vacuum region. It has been reported
experimentally that the vacuume level is slightly shifted by the further deposition up to thickness of a
few nm, and then becomes almost constant [35, 36]. Thus, the vacuum level shifts can be calculated

from the work function changes induced by the adsorption of the 7 conjugate molecule.
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2.2 van der Waals correction to the density functional energy

calculations

We employed the semiempirical van der Waals (DFT-D) method and the van der Waals density
functional (vdW-DF) method to include the vdW interactions.

The DFT-D method is proposed by Grimme [52], and is based on a damped atom-pairwise dispersion
corrections of the form CgR™6, where Cg represents the dispersion coefficient for a given atom pair, and

R is the distance between the atoms. The DFT-D total energy is give by

EPFT-D _ pKS-DFT | padisp (2.1)

where EXS=PFT js the Kohn-Sham total energy as obtained from the chosen density functional, and
E%sP s a semiempirical dispersion correction. The method was successfully applied to adenine on
graphite(0001) [53], and pyridine on metal surfaces [55]. We derived the Cg coefficient and the van
der Waals radius Ry for Au, on the basis of Grimm’s scheme [52], because they are unavailable in the
literature. We used the scalar relativistic Douglas-Kroll approximation [69, 70, 71] and highly accurate
relativistic basis sets [72] with the Gaussian 03 program [73]. The Cs and Ry for Au are evaluated to be
47.81 J nm®/mol and 1.497 A. Following a prescription given by Ref. [52], the scale factor sg was set to
be 0.75, because GGA-PBE was employed as the exchange-correlation functional.

The vdW-DF method is proposed by Dion et al. [58], and is able to calculate vdW interactions
from first-principles. This method is successfully applied to several systems. The vdW-DF energy is
calculated as

BYIW-PF = FOGA ] 1 BEPA[] + B2[n), (22)

where n is the electron density self-consistently calculated by the GGA-PBE, ES%4[n] is the exchange
energy calculated by the GGA, EYPA[n] is the local density approximation (LDA) correlation, and E*![n]
is the long-range nonlocal correlation energy. For the exchange part, the RPBE[74] is employed according
to Ref. [75]. The long-range nonlocal correlation energy is derived from the adiabatic connection

fluctuation dissipation theorem, the random phase approximation (RPA), and using a plasmon pole

18



model for the polarizablity. We employed 0.95 nm for the nonlocal interaction cutoff, and for vdW-DF

calculations, we thus used six atomic layer slabs that are thicker than the cutoff.
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Chapter 3

Vacuum level shifts and electronic

structures

We calculate adsorption energies and vacuum level shifts as a function of Z¢.

The adsorption energy F.q is defined by
E.q = E(adsorbate/metal) — F(adsorbate) — E(metal), (3.1)

where E(adsorbate/metal), F(adsorbate), E(metal) are the total energies of the adsorbed system, the
isolated molecule, and the clean metal surface, respectively. A negative value of E,q means that the
adsorbed system is energetically favorable relative to the isolated state.

The vacuum level shift is calculated from the work function change. The work function change A¢
is defined by

A¢' = ¢(adsorbate/metal) — ¢p(metal), (3.2)

where ¢(adsorbate/metal) and ¢(metal) are the work function change of the adsorbed system and the
clean metal surface, respectively. To estimate the work function change at the experimental surface

molecular density of the adsorbate on the surface, we used surface molecular density, nmetal, and corrected

20



A¢' by using the Helmholtz equation [76]:

Ag = Ag/mm, (3.3)

where A¢ is the corrected work function change, and ng = Ay 1 where A is the area of the surface unit

cell of the adsorbed systems.
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3.1 Benzene/Noble Metal

Benzene/metal interfaces are prototypical systems of interfaces between functional aromatic com-
pounds and metal electrodes. Accordingly, benzene on metal surfaces has been extensively studied both
experimentally and theoretically [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92]. Bili¢ et
al. studied benzene on noble metal surfaces using DFT, and showed that their calculations reproduce
major qualitative features of the experimental results. However, the magnitude of the binding energy is
severely underestimated because of lack of the long-range vdW interactions [86]. Bagus and co-workers
made a theoretical study of benzene on noble metal surfaces to compare the calculation results with the
experimental ones, and showed that the exchange effect is an important origin of the interface dipole
layer and the chemical interaction on Cu(111) is stronger than that on Au(111) [77, 78, 79]. They em-
ployed the second-order Mgller Plesset perturbation (MP2) method to reproduce the long-range vdW
interactions, although their calculations were limited to small clusters. Moreover, the MP2 method tends
to overestimate the vdW interactions, creating a need for more accurate methods such as coupled cluster

calculations [93, 94].

3.1.1 Calculation model

Figure 3.1 shows the calculation model for benzene adsorbed on noble metal surfaces.

The surface unit cell is (3 x 3), and a (4 x 4) k-point mesh was used to sample the surface Brillouin
zone. The number of the slab is six. It has shown experimentally that benzene is adsorbed at a threefold-
hollow site on Ag(111) [83] with C-H bonds parallel to the Ag-Ag nearest neighbor direction (hereinafter
denoted by Cj3,(0,) and shown in Fig. 3.1) and also with C-H bonds perpendicular to the Ag-Ag nearest
neighbor direction (hereinafter denoted by Cs,(04)) [84]. We assumed that the center of the benzene
molecules is located at the fcc-hollow site of the (111) surface with the local symmetry Cs, (0, ) as shown
in Fig. 3.1. Note that in the vdW-DF calculations, the binding energy of benzene adsorbed on Cu(111)

with the local symmetry Cs,(0,) is lower than that with the local symmetry Cs,(0q) by ~0.005 eV.
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d

Figure 3.1: (a) Plane view and (b) cross-sectional view of benzene on a (111) surface at a fcc-hollow site.
The geometry has the local symmetry Cs,(0y,).
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3.1.2 Adsorption energy

Figure 3.2 (a)-(c) shows FE,q of benzene on Cu(111), Ag(111), and Au(111) as a function of Z¢
using GGA, DFT-D, and vdW-DF. As shown in Fig. 3.2 (a)-(c), the potential energy curves calculated
by GGA have shallow minima, whereas those by DFT-D and vdW-DF have deeper minima.
equilibrium distances calculated by DFT-D are smaller than those calculated by GGA and vdW-DF.
Table 3.1 summarizes the equilibrium distances (ZgGA, ZCD FT=D "and Z(‘gdw) and the adsorption energies
(ESGA, EdeT_D, and EY$W) calculated by GGA, DFT-D, and vdW-DF, respectively.

Table 3.1: The equilibrium distances (ZgGA, ZCDFTfD, and Zédw), and the adsorption energies (ESdGA,

EdeTfD, and E;’gw) calculated by GGA, DFT-D and vdW-DF, respectively, along with the equilibrium
distances and the adsorption energies calculated by MP2, and the experimentally determined adsorption

energies for benzene on Cu(111), Ag(111), and Au(111).

& Ref.

> Ref

¢ Ref.

4 Ref

¢ Ref.

f Ref.

The EY$W values are -0.55, -0.49, and -0.55 eV for Cu, Ag, and Au, respectively. They are in good
agreement with the experimental values of -0.58 [78, 80], -0.42 [77, 81], and -0.60 eV [77, 82], respectively,

and the agreement is slightly better than that of the MP2 method [77, 78]. The E;DdFT_D values are

[78].
- [77).

(77, 79]

. [78, 80]

(77, 81
(77, 82

]
]

Surface Cu(111) Ag(111) Au(111)

GGA Z&CGA / nm 0.37 0.37 0.37
EGEA JeV 0050  -0.061  -0.068

DFT-D  Z&F" P /aum  0.29 0.29 0.31
EPFTP / eV -0.56 -0.64 -0.79

vdW-DF  Z¢W /nm 0.37 0.37 0.37
EYSW / eV -0.55 -0.49 -0.55

MP2 Zc [/ nm 0.36% 0.37° 0.38¢
Eaq | eV -0.35% -0.33P -0.31b

Expt. EZP eV -0.584  -0.42¢  -0.60f
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Figure 3.2: The adsorption energy (E,q) as a function of the distance between the molecule and the
metal surface (Z¢) using GGA, DFT-D, and vdW-DF for benzene on (a) Cu(111), (b) Ag(111), and (c)
Au(111)
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-0.56, -0.64, and -0.79, respectively. For Cu, the value is in good agreement with the experimental
value, whereas for Ag and Au, the absolute values are slightly overestimated by ~0.2 eV. This might
be because the Cg coefficient for heavier atoms may be overestimated by the Grimm’s scheme [57]. The
ESdGA values are -0.050, -0.061, and -0.068 eV for Cu, Ag, and Au, respectively, which are an order
of magnitude smaller than the experimental values and are close to previous GGA results [86]. This
indicates that the interaction between benzene and close-packed noble metal surfaces is predominantly
due to the dispersion interaction.

The Z§9A and ZEIW values are the same, although the E,q values are significantly dependent
on the choice of the energy functionals. Moreover, the Z¢ values calculated by MP2 are also almost
the same. On the other hand, the ZCDFTfD values are 0.29, 0.29, and 0.31 nm for Cu, Ag, and Au,
respectively. They are smaller than those calculated by the other methods. Romaner et al. reported
that for PTCDA on noble metal surfaces, Zédw’s are systematically overestimated [39]. Unfortunately,
the benzene-substrate distances have never been measured experimentally, and thus we cannot compare
our calculated results with experimental ones. However, as will be discussed later, by comparing the
calculated vacuum level shifts with the experimental ones, we observe similar trend. Thus, we conclude
that the DFT-D method can give reasonable benzene-metal distance whereas the GGA and the vdW-DF

methods overestimate it.

3.1.3 Vacuum level shift and slope parameter

The vacuum level shift is calculated from the work function change. The work function change, A¢,
is estimated according to Egs. (3.2) and (3.3). For Ag and Au, nag11) and nayi11) are based on
the experimental data of benzene on Ag(111) [84] and Au(111) [92], respectively. Because the surface
molecular density on Cu(111) have been never measured experimentally, we assumed that NCu(111) 18
the same as nay(111). In this way, the work function change (A¢) are scaled from the bare calculated
values (A¢') by factors 1.3, 1.0, and 1.6 for Cu, Ag, and Au, respectively.

Figure 3.3 shows A¢ of benzene adsorbed on Cu(111), Ag(111), and Au(111) as a function of Z¢
using GGA. The experimentally determined work function changes on Cu(111), Ag(111), and Au(111)

are indicated by horizontal dashed lines, whereas the equilibrium distances on Cu(111), Ag(111), and
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Figure 3.3: The work function change (A¢) as a function of Z¢ for benzene on Cu(111), Ag(111), and
Au(111). The experimental values of A¢ on Cu(111), Ag(111), and Au(111) are shown by horizontal
dashed lines. The equilibrium distances on Cu(111), Ag(111), and Au(111) (Z5¥*~P(Cu), Z8¥"P(Ag),
and Z5" TP (Au)) calculated by DFT-D are shown by vertical dotted lines.

Au(111) calculated by DFT-D are indicated by shown by vertical dotted lines.

Table 3.2 summarizes A¢’s calculated by GGA at several distances for benzene on Cu(111), Ag(111),
and Au(111). For Cu(111), Ag(111), and Au(111), the calculated A¢’s at Z0F = are in excellent agree-
ment with the experimental values of -1.05 [79], -0.70 [77], and -1.10 eV [79], respectively. On the other
hand, the absolute values of the calculated A¢’s at ZSGA and Zédw are significantly underestimated,
which comes from the overestimation of the Z§%A and ZZW, as pointed by Romaner et al. [39]. Note
that the ZCDFT_D is smaller than the values calculated by the MP2 method [77, 78, 79], although the
A¢’s calculated by the two methods are almost the same. The discrepancy in Z¢’s between the two
calculations may be partly due to different modeling of the metal surfaces, i.e. the slab model and the
cluster model. In the cluster model, neglect of depolarization effects possibly overestimates the mag-
nitude of the work function change [95]. Note that Rohlfing et al. [96] showed that it is possible to
predict a correct adsorption distances of PTCDA on Ag from first-principles. This approach is, however,

computationally very demanding. On the other hand, the DFT-D method may be equally accurate with

relatively low computational cost. Thus, in the following electronic structure analysis, the adsorption
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Table 3.2: The work function changes (A¢) calculated by GGA at ZSGA, ZO¥ TP and ZZW, along
with the experimentally work function change (A¢®P) for benzene on Cu(111), Ag(111), and Au(111).

Surface GGA MP2 Expt.
Zc / nm Ap eV A¢/eV Ap™P [eV
Cu(111) ZoF P =0.29 -1.09 -1.08* -1.052

ZGGA ZvdW_037 033 — —

Ag(111) ZJFT=P=0.29 -0.71 -0.77° -0.70°

ZECGA Z8AW=0.37  -0.25 — —

Au(111) ZJFTP=0.31 -1.06 -0.872 -1.102

ZECA Z8AW=0.37  -0.48 — —

* Ref. [79].
> Ref. [77].
¢ Ref. [81].
distance obtained by DFT-D method will be used.

To single out the electronic factor contributing to the formation of the interface dipole, we investigated
the vacuum level shifts using the same benzene coverage for the three metal surfaces. Thus, we rescaled
A¢’s in Eq. (3.2) by using numetal = Pay(111) and plotted the results in Fig. 3.4.

As seen in Fig. 3.4, the substrate dependences of A¢ on Z¢ are almost the same for the three metal
surfaces, which means S is near unity, that is to say, this interface is in the Schottky limit [Eq. (1.4)].
This is consistent with the previous results that the exchange effect is an important origin [77, 78, 79].
However, experimentally, the slope parameter for benzene on metal surfaces is evaluated to be ~0.46,
which is different from the above our result. This is due to the difference in the benzene-substrate

distance and the surface molecular density on different substrates.

3.1.4 Electronic structure

To inspect the electronic structures of the adsorbed systems, we calculated the projected density of
states (PDOS) onto the molecular orbitals. In Fig. 3.5, we display the PDOS of benzene molecular

orbitals on Cu(111), Ag(111), and Au(111). Note that we included that the molecular orbitals upto
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Figure 3.4: The work function change (A¢) as a function of Z¢ for benzene on Cu(111), Ag(111), and
Au(111) provided that the surface molecular densities on the three metal surfaces are assumed to be the
same as nAu(lll).

LUMO+2 as the benzene molecular orbitals. The contribution of LUMO+3 to the bonding interaction
between benzene and the substrate is not large because LUMO+3 is much higher than LUMO+2 by
~1.0 eV, and therefore we did not include the LUMO+3 state.

On Cu, some magnitude of PDOS around -2 eV is found. Munakata and co-workers showed that
there are enhancements of the d-band for benzene/Cu(111) at ~2 eV below the Fermi energy (Er)
[87] and the occupied state for benzene/Cu(110) is at 2.2 eV below Er [90]. Our calculated PDOS is
in reasonable agreement with the experimental photoemission spectra. Moreover, the LUMO and the
HOMO states are becomes slightly broader, because of the hybridization between the molecular orbitals
and the substrate states. On Ag, the broadening of the LUMO and the HOMO states is almost the same
as that for Cu, whereas that for Au is less than those for the other two metal surfaces. This means that
the strength of the interaction of benzene with Au is weaker than those with Cu and Ag,.

We calculated the projected density of states (PDOS) onto atomic d orbital of the metal atom circles
in Fig. 3.1 for a clean surfaces and for the adsorbed system. In Fig. 3.6, we show the d,2-component
of PDOS of the metal atom. For the three metal surfaces, the differences in the PDOS are not found,

confirming that the interaction of benzene with the substrates is weak.
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Figure 3.5: The projected density of states (PDOS) onto the molecular orbitals of benzene on (a)
Cu(111), (b) Ag(111), and (c) Au(111). The energy zero is taken to be the Fermi energy of the adsorbed
system. The HOMO and the LUMO parts of the PDOS near the Fermi energy are magnified in the
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Figure 3.6: The d,2-component of the projected density of states (PDOS) of the metal atom circled in
Fig. 3.1 for a clean surface (Clean) and for the adsorbed system (Zc=Zg" ), for (a) Cu(111), (b)
Ag(111), and (c) Au(111)
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3.2 Pentacene/Noble Metal

Pentacene (CazHi4) is one of the most promising organic compounds for OFETSs [50]. The interaction
between pentacene and metal surfaces has therefore been studied extensively both experimentally and
theoretically [40, 60, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114].
Koch et al. studied pentacene on a Cu(111) surface to estimate the vacuum level shift and the adsorption
geometry using ultraviolet photoelectron spectroscopy (UPS) and XSW measurements [40]. Ferretti et
al. [98] and Yamane et al. [99, 100] observed the mixing of pentacene molecular orbitals and Cu substrate
states using angle-resolved UPS (ARUPS), which indicated that the interaction between pentacene and
Cu surfaces is not simple physisorption. Koch et al. studied pentacene on Ag(111) [103] and Au(111)
[106] surfaces to estimate the vacuum level shift and hole injection barrier using UPS. Watkins et al. [111]
studied pentacene on several surfaces to estimate the dependence of the interface dipole on the substrate
work function using UPS. As mentioned above, the pentacene-Cu(111) distance has been determined
experimentally [40]. Thus, the pentacene/metal interfaces are ideal systems to systematically investigate

the origins of the interface dipole and to compare the calculated results with experimental ones in detail.

3.2.1 Calculation model

Figure 3.7 shows the calculation model for pentacene adsorbed on noble metal surfaces.

The surface unit cell of (v/43 x v/7) is used for a Cu(111) surface, whereas the cell of (6 x \/7) is
used for Ag(111) and Au(111) surfaces. A (2 x 4) k-point mesh was used to sample the surface Brillouin
zone. The number of the slab is four, because we confirmed that the adsorption energy and the work
function change derived from a four-layer slab is almost the same as those derived from a six-layer slab.
It has been shown experimentally, using scanning tunneling microscopy (STM) [101], that the center of
a pentacene molecule is located at an hep hollow site of Cu(111) with the long molecular axis aligned
with the close-packed metal atom rows. We also confirmed that in the pentacene/Cu(111) system, the
adsorption energy and the work function change are almost unchanged when the molecular center is
moved to an fcc-hollow site. Thus, we assumed that the center of the pentacene molecule is located at

an hep-hollow site on the (111) surfaces as shown in Fig. 3.7.
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Figure 3.7: (a) Plane view and (b) cross-sectional view of pentacene on a (111) surface. The surface
unit cell is (6 x /7).
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3.2.2 Adsorption energy

Figure 3.8 (a)-(c) shows FE.q of pentacene on Cu(111), Ag(111), and Au(111) as a function of Z¢
using GGA, DFT-D, and vdW-DF. As shown in Fig. 3.8 (a)-(c), the potential energy curves calculated
by GGA have shallow minima, whereas those calculated by DFT-D and vdW-DF have deeper minima,
which is similar to the case of benzene. Table 3.3 summarizes the equilibrium distances (ZS‘GA7 ZCD FT-D
and Zédw) and the adsorption energies (ESdGA7 EEdFTfD, and E;gw) calculated by GGA, DFT-D, and
vdW-DF, respectively.

Table 3.3: The equilibrium distances (Z§4, Zg FT=D and ZEW) | and the adsorption energies (ESS4,
E,EdFT_D, and E;’éiw) calculated by GGA, DFT-D and vdW-DF, respectively, along with the experimen-

tally determined adsorption distance (ZZ™) and adsorption energies (E;,")for pentacene on Cu(111),

Ag(111), and Au(111)

Surface Cu(111) Ag(111) Au(111)

GGA Z&§GA / nm 0.42 0.37 0.37

ECGA [ eV 0.090 -0.108  -0.136

DFT-D  zZZ"""P /nm 024 0.29 0.32
EPFT-D eV -1.61 -2.28 -2.51

vdW-DF  ZZ4W /nm 0.37 0.37 0.37
EY{W eV -1.47 -1.62 -1.66

Expt. Z&?P [ nm 0.2342 — —
EZP eV -1.6" -1.5¢ -1.14

* Ref. [40].

P Ref. [108, 115, 116].
© Ref. [104, 105].

4 Ref. [108].

The EY{W values are -1.47, -1.62, and -1.66 eV for Cu, Ag, and Au, respectively. For Cu and Ag,
they are in good agreement with the experimental values of -1.6 and -1.5 [104, 105], respectively, whereas
for Au, the absolute value is slightly overestimated by ~0.5 eV compared with the experimental value of
-1.1 eV [108]. It should be noted that we estimated the adsorption energy of the pentacene/Cu interface

from that of the pentacene/Au interface in Ref. [108] using the proportional relation between adsorption
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Figure 3.8: The adsorption energy (Fa.q) as a function of the distance between the molecule and the

metal surface (Z¢) using GGA, DFT-D, and vdW-DF for pentacene on (a) Cu(111), (b) Ag(111), and
(c) Au(111)
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energy and desorption temperature in first-order desorption kinetics [115, 116]. The E;)dFTfD values are
-1.61, -2.28, and -2.51, respectively. For Cu, the value is in good agreement with the experimental value,
whereas for Ag and Au, the absolute values are slightly overestimated by ~1.0 eV. This is similar to the
case of benzene. The E(%GA values are 0.090, -0.108, and -0.136 eV for Cu, Ag, and Au, respectively.
For Cu, the sign of the value is reversed, and for Ag and Au, the values are an order of magnitude
smaller than the experimental values. These results indicates the the interaction between pentacene and
close-packed noble metal surfaces is predominantly due to the dispersion interactions.

For Cu, the calculated Zg FT-D 5 0.24 nm, which is in excellent agreement with the experimental
value of 0.234 nm [40]. On the other hand, ZgGA and Zédw are 0.42 and 0.37 nm, respectively. being
significantly overestimated by 0.13~0.18 nm. For Ag and Au, the pentacene-substrate distances have
never been measured experimentally. However, as will be discussed later, by comparing the calculated
vacuum level shifts with the experimental ones, we confirm the similar trend to the case of benzene.

Thus, we conclude that the DFT-D method gives reasonable pentacene-metal distance.

3.2.3 Vacuum level shift and slope parameter

The vacuum level shift is calculated from the work function change (A¢), and A¢ is estimated [Egs.
(3.2) and (3.3)]. For Ag and Au, nag(111) and nay(111) are based on the experimental data of pentacene
on Ag(111) [105] and Au(111) [108], respectively. Because the surface molecular density on Cu(111)

have been never measured experimentally, we estimated ngy(111) by

NCu(110)

) 3.4
T Au(110) (34

NCu(111) = MAu(111)

where ncy(110) and nay(110) are the experimental values for pentacene on Cu(110) [102] and Au(110)
[110], respectively. In this way, the work function changes (A¢) are scaled from the bare calculated
values (A¢') by factors 1.05, 1.00, and 1.46 for Cu, Ag, and Au, respectively.

Figure 3.9 shows A¢ of pentacene adsorbed on Cu(111), Ag(111), and Au(111) as a function of
Zc using GGA. The experimentally determined work function changes on Cu(111) [40], Ag(111) [103],

and Au(111) [106, 107] are indicated by horizontal dashed lines, whereas the experimentally deter-
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mined pentacene-Cu(111) distance [Z¢(Cu)][40] and the equilibrium distances Ag(111) and Au(111)
[Z8FTP(Ag) and ZOF TP (Au)] calculated by DFT-D are shown by vertical dotted lines. Table 3.4 sum-
marizes A¢’s calculated by GGA at several distances for pentacene on Cu(111), Ag(111), and Au(111).
For Cu, the calculated A¢ at Z3™®, or Zg FT-D is in good agreement with the experimental value of
0.90 eV [40]. For Ag and Au, the calculated Ag’s at ZCDFTfD are in very satisfying agreement with
the experimental values of -0.50 [103] and -0.95 eV [106, 107], respectively. On the other hand, for

GGA vdW
s and Z¢

the three metal surfaces, the absolute values of the calculated A¢ at are significantly
underestimated. Thus, in the following electronic structure analysis, the adsorption distance obtained

by DFT-D method will be used.
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Figure 3.9: The work function change (A¢) as a function of Z¢ for pentacene on Cu(111), Ag(111), and
Au(111). The experimental values of A¢ on Cu(111), Ag(111), and Au(111) are shown by horizontal
dashed lines. The experimentally observed pentacene-Cu(111) distance (Z;®(Cu), and the equilibrium
distance on Ag(111), and Au(111) (Z¥ TP (Ag) and Z5¥ TP (Au)) calculated by DFT-D are shown by
vertical dotted lines.

To clarify important factors that contribute to the formation of interface dipoles, we calculated the
vacuum level shifts using the same pentacene coverage for Cu(111), Ag(111), and Au(111) surfaces. We
rescaled A¢' in Eq. (3.2) by using nmetal = nau(111) and plotted the results in Fig. 3.10(a). Therefore,
the different behavior of the vacuum level shifts on Cu(111), Ag(111), and Au(111) surfaces shown in

Fig. 3.10(a) purely comes from the difference in the electronic structures of the three substrates. As

36



Table 3.4: The work function changes (A¢) calculated by GGA at Z§GA, ZCDFT_D, and Z&W, along
with the experimentally work function change (A¢®*P) for pentacene on Cu(111), Ag(111), and Au(111).

Surface GGA Expt.
Zc / nm A¢ / eV ZZP /nm  A¢P [eV
Cu(111) ZQFTP=0.24 -0.97 -0.2342 -0.90*
Z3W=0.37 -0.37 — —
Z&CA=0.42 -0.15 — —
Ag(111) Z8F TP =0.29 -0.61 — -0.50", -0.70°

ZECA, Z¢AW=0.37  -0.25 — —

Au(111) ZgF TP =0.32 -1.19 — -0.954, -1.0°

ZGOA | Z4W_0 37 -0.69 — —

* Ref. [40].

b Ref. [103].

© Ref. [111].

4 Ref. [106, 107].
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seen in Fig. 3.10(a), the vacuum level shifts (A¢) on Cu(111) and Ag(111) are quite similar to each
other, whereas that on Au(111) is different from those on the other two surfaces. It should be noted
that on Au, A¢ at Z¢ > 0.42 nm converges to a negative value of ~-0.6 eV. This unreasonable behavior
comes from the artificial electron transfer from pentacene to the substrate, as will be shown in the last
part of 3.2.4, and in reality, it should converge to zero at large Z¢, coinciding with those on the other
two substrates. For Au, as Z¢ decreases, A¢ monotonously decreases, presumably because of the push
back (Pauli repulsion) effect. On the contrary, A¢’s take plateau-like shape at around 0.26 nm < Z¢ <
0.32 nm. As will be further discussed in the next session, the hybridization between the pentacene
LUMO and the substrate states takes place at Z¢ < ~0.3 nm, and therefore the plateau comes from the
counter-polarization because of the back donation from the substrate to the pentacene.

To further clarify the substrate dependence of interface dipole, we plotted A¢ as a function of the
substrate work function (¢y,) at several Zg’s (0.21, 0.24, 0.29, and 0.37 nm) in Fig. 3.10(b) and % is
evaluated at each Z¢. Although experimentally observed k values do not correspond to those estimated
at fixed Z¢, we would like to single out the effect of the electronic factor from the geometric factors. As
seen in Fig 3.10(a), at Z¢ > 0.34 nm, A¢ depends weakly on the work function of the substrate, and k is
evaluated to be -0.34 at Z¢ = 0.37 nm. Note that £ at Z¢ = 0.53 nm could be near zero, because A¢’s
for the three metal surfaces should be converged to zero. On the other hand, at Z¢ < 0.34 nm, A¢ varies
with the work function of the substrate, because of the different magnitude of the hybridization between
the pentacene molecular orbitals and the substrate states. For example, k at Z¢ = 0.29, 0.24, and 0.21
nm are evaluated to be -0.97, -1.32, and -0.89, respectively(Fig. 3.10(b)). Our calculations show that
as pentacene molecule approaches the substrate, k decreases from 0 to nearly -1.0 and consequently S
decreases from 1 to nearly 0 [Eq. (1.4)]. This result suggests a transition from the Schottky limit to the
Bardeen limit, which is consistent with the intuitive explanation that the interface is in the Schottky
limit if the pentacene-substrate interaction is weak whereas the interface is in the Bardeen limit if the
interaction is strong. Experimentally, the slope parameter for pentacene on several substrate is evaluated
to be ~0.5 eV [112], which is an intermediate between the two limits. As described, this is due to the

difference in the pentacene-substrate distance and the surface molecular density on difference substrates.
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Figure 3.10: (a)The work function change (A¢) as a function of Z¢ for benzene on Cu(111), Ag(111),
and Au(111) provided that the surface molecular densities on the three metal surfaces are assumed to
be the same as nay(111). (b)A¢ as a function of the metal work function (¢m) at Z¢ = 0.21, 0.24, 0.29,
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3.2.4 Electronic structure

To inspect the electronic structures of the adsorbed systems, we calculated the projected density of
states (PDOS) onto the molecular orbitals. In Fig. 3.11, we display the PDOS of pentacene molecular
orbitals on Cu(111), Ag(111), and Au(111). Note that we included that the molecular orbitals upto
LUMO as the pentacene molecular orbitals. The contribution of LUMO+1 is much higher than LUMO

by ~1.3 eV, and therefore we did not include the LUMO+1 state.

(a) Cu(111) —— HOMO

y\JW LUMO
] b)_Aan E——
b U LUM‘O

20 -10 0.0 1.0 2.0

—— HOMO
LUMO

20 -1.0 00 10 20

PDOS / a.u.

Figure 3.11: The projected density of states (PDOS) onto the molecular orbitals of pentacene on (a)
Cu(111), (b) Ag(111), and (c) Au(111). The energy zero is taken to be the Fermi energy of the adsorbed
system. The HOMO and the LUMO parts of the PDOS near the Fermi energy are magnified in the
insets

On Cu, the LUMO and HOMO peaks are located at -0.4 and -1.0 eV (energy zero is set to the Fermi
energy), respectively. Experimentally, a hybrid gap state in the range of -0.5 to -1.0 eV and HOMO at
-1.3 eV are observed [40], being in reasonable agreement with our calculated results. On Ag and Au, the
HOMO peak is located at -0.96 eV and -0.52, which correspond well to experimentally observed HOMO
peaks derived at -1.5 eV [103] and -0.9 eV [106], respectively. On Cu, the hybridization between the
molecular orbitals and the substrate states is strongest among the three substrates and both LUMO and

the HOMO states are significantly broadened. On Ag, the hybridization is intermediate, i.e. in between
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Cu and Au cases, and the LUMO state is partially filled. On Au the LUMO and HOMO peaks are
sharp, and accordingly the molecular states are almost the same as those of an isolated molecule.

We calculated the projected density of states (PDOS) onto atomic d orbital of the metal atom circles
in Fig. 3.7 for a clean surfaces and for the adsorbed system. In Fig. 3.12, we show the d,2-component of
PDOS of the metal atom. Note that we confirmed that hybridization compared with other components.
On Cu, broadening of the d states due to the hybridization can be observed. On the other hand, such a
broadening is not observed on Ag and Au, confirming that the weak interaction between pentacene and

the two surfaces.

(a) Cu(111)
] Zc=0.24nm
S5 b)Agd11) ] ' '
@ :I
~ , ;E Zc=0.29nm
o A S Clean
@O TN A ",
O ] ? »\ \\
@] A L L T T
O (c)Au(111)
] Zc=0.32nm
----- Clean
——— | LA LA R LA AL L L
-4.0 -3.0 -2.0 -1.0 0.0 1.0

E-E_/eV

Figure 3.12: The d,2-component of the projected density of states (PDOS) of the metal atom circled in
Fig. 3.7 for a clean surface (Clean) and for the adsorbed system (Zc=Z5" ' ), for (a) Cu(111), (b)
Ag(111), and (c¢) Au(111)

There results show that for Au a physical factor dominates the pentacene-substrate interaction,
whereas for Cu a chemical factor contribute to the interaction the pentacene LUMO and the substrate d
states, and for Ag the adsorption state is between the two states. This is similar to the result of PTCDA
on noble metals [117].

To visualize the hybridization between pentacene and the Cu(111) surface, we calculated the electron

density difference for pentacene on Cu(111) at ZZ¥ T ~P. The electron density difference §p(r) is defined
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by

op(r) = pA/3(r) — p*(x) — pA(r), (3.5)

where p2/3(r), p(r), and p™(r) are the electron densities of the adsorbed system, the isolated adsorbate,
and the isolated substrate, respectively. In Fig. 3.13, we show the isosurfaces of the electron density
difference for pentacene on Cu(111) at Zo" T ~P. Electrons are mainly accumulated in the middle part
between the pentacene molecules and the Cu atoms, whereas electrons are reduced not only from the
C atoms but also from the Cu atoms just below the pentacene molecules. The hybridization between
pentacene molecular orbitals and the substrate states polarizes the pentacene molecules normal to their
molecular plane toward the substrate. The large number of transferred electrons creates weak chemical
bonds between pentacene molecules and the Cu surface: this can also be inferred from the results showing

that back donation occurs. This is in line with the result of pentacene/Cu(100) [98].

A AL m‘nl.,n"a A VAT

% “ L
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Figure 3.13: Isosurfaces of the electron density difference for pentacene on Cu(111) at ZIC) FT=D Light
(dark) regions denote electron accumulation (electron depletion) compared to the non-interacting system.
The isovalues are & 0.01 electron/nm?.
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The artificial electron transfer from pentacene to Au substrate at Z¢ > 0.42 nm

Figure 3.14 shows that the PDOS of pentacene on Cu(111), Ag(111), and Au(111) at Z¢ = 0.53 nm.
For Cu and Ag, HOMO is below the Fermi energy [Figs. 3.14 (a) and (b)], and electrons do not transfer
from the pentacene to the substrate. On the other hand, for Au, HOMO is slightly above the Fermi
energy of the adsorbed system [Fig. 3.14 (c)] and electrons artificially transfer from the pentacene to the
substrate. This originates from the underestimation of the HOMO-LUMO gap of the pentacene molecule
as is well in LDA or GGA calculations. In 3.1, we showed that benzene has such a large HOMO-LUMO

gap that the artificial electron transfer does not take place.
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Figure 3.14: The projected density of states (PDOS) onto the molecular orbitals of pentacene on (a)
Cu(111), (b) Ag(111), and (c) Au(111) at Zc = 0.53 nm. The energy zero is taken to be the Fermi
energy of the adsorbed system. The HOMO and the LUMO parts of the PDOS near the Fermi energy
are magnified in the insets
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3.2.5 Origin of Surface-Band at the Pentacene/Cu Interface

As shown in the preceding section, the pentacene/Cu interface is not simple physisorption. Yamane
et al. observed intramolecular energy dispersion at Pentacene/Cu(110) interfaces using ARUPS [99, 100].
Annese et al. reported that the pentacene molecular orbitals (MO) derived states in pentacene/Cu(119)
systems exhibit the energy dispersion using ARUPS, whereas the electron charge distribution of pen-
tacene is very similar to that of the isolated molecule using STM [118]. The energy dispersion at pen-
tacene/Cu interface is considered to originate from hybridization between the MOs and the substrate
states, which significantly affects the electron transfer through the interface. However, the definitive
origin of the intermolecular energy dispersion is yet to be clarified.

We have studied the surface-band structure of pentacene adsorbed on Cu(111) surface using first-
principles calculations based on DFT. To investigate the origin of the energy dispersion, we conducted
a Mulliken population analysis, and inspected the DOS projected onto the MOs of pentacene adsorbed

on Cu(111).

Calculation model

Figure 3.15 shows the calculation model for pentacene adsorbed on a Cu(111) surface.

Figure 3.15: Plane view of pentacene on a Cu(111) surface.
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The surface unit cell of (7 x 21/3) is used. A (2 x 4) k-point mesh was used to sample the surface
Brillouin zone. The number of the slab is four. The adsorption site and the direction of the molecular

long axis is the same as those in the preceding section.

Electronic structure

To investigate the dispersion of the pentacene MO derived states, we first calculated k-resolved gross
population (k-GPOP) of the pentacene MOs, using the Mulliken population analysis [119, 120]. At the
pentacene/metal interface, the pentacene MOs hybridize with the substrate continuum states and their
energy levels are shifted and broadened. The wave functions of the hybridized states were expanded
by those of the separated pentacene and the metal substrate. &~-GPOP indicates weight of contribution
from the pentacene-MOs to each hybridized state.

Figure 3.16 shows the &~-GPOP of pentacene of HOMO and LUMO along the reciprocal vector a*, and
the DOS weighted by GPOP of pentacene HOMO and LUMO. The open circles in Fig. 3.16 indicates the
energy positions of the largest peak in &~GPOP at each k-point. As shown in Fig. 3.16, the pentacene
HOMO- and LUMO-derived states exhibit clear dispersion along the vector a*. The bandwidth of
HOMO- (LUMO-)derived state is ~0.08 (0.62) eV, which is consistent with the experimental results [99,
100]. The LUMO-derived state is located at -0.5~0.1 eV relative to Er, indicating that the considerable
hybridization of LUMO with the substrate states. Here, it is noteworthy that the surface-band dispersion
is observed neither when we considered an isolated pentacene monolayer by removing the Cu substrate
from the pentacene/Cu interface, nor when we calculated the band structure at Zédw. Furthermore,
careful analysis of the electronic wave functions shows that there is negligible overlap between neighboring
pentacene molecules as shown in Fig. 3.17. Thus, our calculations strongly suggest that the energy
dispersion is due to the hybridization of pentacene HOMO and LUMO states with the Cu substrate, not
to the overlap between pentacene MOs.

To inspect the effect of the hybridization on the surface-band dispersion in more detail, we calculated
k-resolved crystal overlap population (k-COOP) using the Mulliken population analysis [119, 120]. The
k-COOQOP indicates the character of the interaction between the pentacene MOs and the substrate wave

functions for each hybridized state, i.e, a positive value means a bonding state whereas a negative value
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Figure 3.16: The left graphs show k-resolved gross population (--GPOP) of HOMO (a) and LUMO
(b) along the reciprocal vector a*. The right graphs show the density of states weighted by GPOP of
pentacene HOMO (a) and LUMO (b). The open circles in the left graphs indicate the energy position
of the largest peak in &~-GPOP at each kpoint. The energy zero is taken to be the Fermi energy of the
adsorbed system.
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Figure 3.17: The wave functions of (a) HOMO-derived state and (b) LUMO-derived state at each
k points. The labels of al-a6 for the HOMO-derived band and b1l-b6 for the LUMO-derived band
correspond to those used in Fig. 3.16.
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means an anti-bonding state.

Figure 3.18 shows k-COOQOP for pentacene HOMO and LUMO. HOMO-derived states at al, a5, and
ab have anti-bonding character, whereas those at a2, a3, and a4 have bonding one. LUMO-derived
states at bl, b2, b3, and b4 show anti-bonding character, whereas those at the other points show
bonding one. Furthermore, the LUMO-derived states are much larger than those for the HOMO-derived
ones, suggesting that LUMO dominated the hybridization. Our results clearly indicate that the energy
dispersion of the HOMO- and LUMO-derived states can be ascribed to the bonding and anti-bonding
interaction with the substrate states.

Figure 3.19 shows the k-resolved density of states projected onto the d,= orbital (PDOS) for a surface
Cu atom circled in Fig. 3.15. PDOS for the clean surface is also shown for comparison. Positions of extra
peaks appearing in the adsorbed system correspond to the LUMO- and HOMO-derived states observed
in GPOP and COOP in Figs. 3.16 and 3.18, implying that the hybridization of pentacene LUMO and
HOMO with the Cu substrate is due to the d,» state. We confirmed that the hybridization of the Cu
d,2-component with pentacene MOs is significant compared with other d-components.

To summarize, our first-principles calculation reveals that the surface-band dispersion of pentacene
adsorbed on a Cu surface is ascribed to the hybridization, especially to the wave-vector dependent

bonding and anti-bonding interaction between pentacene LUMO with substrate d,- state.
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Figure 3.18: The k-resolved crystal orbital overlap population (k&-COOP) of pentacene (a) HOMO-derived
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Figure 3.19: The k-resolved PDOS’s for the d,2-component of a Cu atom in the first layer circled in Fig.
3.15 for a clean surface and for the adsorbed system. The horizontal lines indicate peaks with correspond
to those of &~GPOP in Fig. 3.16. The labels of al-a6 for the HOMO-derived band and b1-b6 for the
LUMO-derived band correspond to those used in Fig. 3.16.
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3.3 Perfluoropentacene/Noble Metal

Perfluoropentacene (PFP, Cy2F14) is examined as one of a few organic materials for n-type FET
[51]. The ionization potential of PFP is 5.85 eV whereas that of pentacene is 5.0 eV, which indicates
PFP is more chemically reactive than pentacene [40]. The interaction between PFP and metal surfaces
has therefore been studied experimentally [40, 106]. Koch et al. studied PFP on a Cu(111) surface to
estimate the vacuum level shift and the adsorption geometry using UPS and XSW measurements. They
observed the molecular distortion by adsorption, which causes an intramolecular dipole [40]. Koch et
al. also studied PFP on a Au(111) surface to estimate the vacuum level shift and electronic structure
using UPS [106]. In contrast, the interaction between PFP and metal surfaces has never been studied
theoretically.

As mentioned above, the PFP-Cu(111) distance has been determined experimentally, and the in-
tramolecular dipole caused by geometric distortion of the molecule is pointed out as an origin of the
interface dipole [40]. We investigate how the stronger chemical reactivity of PFP affects the interaction

of the PFP molecule with metal surfaces.

3.3.1 Calculation model

Figure 3.20 shows the calculation model for PFP adsorbed on noble metal surfaces.

The surface unit cell of (\/B X 2\/5) is used. Here, we assumed the surface unit cell which is
commensurate with the Cu(111) surface unit cell on the basis of the experimental data of PFP adsorbed
on Cu(111) using STM [40]. A (2 x 4) k-point mesh was used used to sample the surface Brillouin zone.
The number of the slab is four, as for the case of pentacene. The center of the PFP molecule is located
at an hcp-hollow site on the (111) surfaces with the long molecular axis aligned with the close-packed
metal atom rows as shown in Fig. 3.20. Note that we assumed that the adsorption site of PFP is the

same as that of pentacene adsorbed on Cu(111) [101].
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Figure 3.20: (a) Plane view and (b) cross-sectional view of PFP on a (111) surface
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3.3.2 Adsorption energy

Figure 3.21 (a)-(c) shows E,q of PFP on Cu(111), Ag(111), and Au(111) as a function of Z¢ using
GGA, DFT-D, and vdW-DF. As shown in Fig. 3.21 (a)-(c), the potential curves have shallow minima,
whereas those by DFT-D and vdW-DF have deeper minima. The equilibrium distances calculated by
DFT-D are smaller than those calculated by GGA and vdW-DF. Table 3.5 summarizes the equilib-
rium distances (ZG%A, ZOFT 7P, and ZZW) and the adsorption energies (ESGA, EPFTP and EYIW)
calculated by GGA, DFT-D, and vdW-DF, respectively.

Table 3.5: The equilibrium distances (Z§4, Zg FT=D and ZEW) | and the adsorption energies (ESS,

E,EdFT_D, and E;’éiw) calculated by GGA, DFT-D and vdW-DF, respectively, along with the experimen-
tally determined adsorption distance (Z3®) for PFP on Cu(111), Ag(111), and Au(111)

Surface Cu(111) Ag(111) Au(111)

GGA Z&§GA / nm 0.37 0.42 0.42
ECGGA [ eV 0.011 -0.124  -0.082

DFT-D  ZZ"""P /am  0.29 0.32 0.32
EPFT-D Jev 217 -2.40 -2.68

vdW-DF  Z¢4W / nm 0.34 0.37 0.37
EY{W eV -1.72 -1.71 -1.94

Expt. Z&P [ nm 0.298* — —

* Ref. [40].

The E;’ddw values are -1.72, -1.71, and -1.94 eV for Cu, Ag, and Au, respectively, whereas the EEdFTfD
values are -2.17, -2.40, and -2.68 eV for Cu, Ag, and Au, respectively. The differences between E;’gw
and E;DdFT_D for Ag and Au are larger than that for Cu. This is similar to the cases of benzene and
pentacene. The E(%GA values are 0.011, -0.124, and -0.082 eV for Cu, Ag, and Au, respectively. For
Cu, the sign of the value is reversed, and for Ag and Au, the values are an order of magnitude smaller
than those calculated by the other two methods. Unfortunately, the adsorption energies for the systems
studied in the present work have never measured experimentally, and we cannot compare the calculated

adsorption energy with experimental one. However, in the preceding sections, we showed that the vdW-
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Figure 3.21: The adsorption energy (E,q) as a function of the distance between the molecule and the
metal surface (Z¢) using GGA, DFT-D, and vdW-DF for PFP on (a) Cu(111), (b) Ag(111), and (c)
Au(111)
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DF method gives reasonable adsorption energy, whereas the DFT-D and the GGA methods give slight
overestimation and significant underestimation of the magnitude of it, respectively. Thus, we consider
that EY{W’s are presumably most accurate adsorption energies of PFP adsorbed on the three metal
surfaces, and these results might indicate the the interaction between PFP and close-packed noble metal
surfaces is predominantly due to the dispersion interactions.

For Cu, the calculated ZgF T=D value is 0.29 nm, which is in excellent agreement with the experi-
mental value of 0.298 nm [40]. On the contrary, the calculated Z&W and Z§%A are 0.34 and 0.37 nm,
respectively, being significantly overestimated by 0.04~0.07 nm. For Ag and Au, the PFP-substrate
distances have never been measured experimentally, and we cannot compare our calculated distances
with the experimental one. However, as will be discussed later, by comparing the calculated vacuum
level shifts with the experimental ones, we confirm the similar trend to the cases of benzene and pen-
tacene. Thus, we conclude that for PFP/metal systems, the DFT-D method give reasonable PFP-metal

distances.

3.3.3 Vacuum level shift and slope parameter

The vacuum level shift is calculated from the work function change (A¢), and A¢ is estimated [Eqs.
(3.2) and (3.3)]. For Cu, ncy11) is based on the experimental data of PFP on Cu(111) [40]. Because
the surface molecular density on Ag(111) and Au(111) have been never measured experimentally, we
assumed that nag111) and nay111) are the same as ncy(111)- In this way, the work function changes
(A¢) are scaled from the bare calculated values (Ag') by factors, 1.0, 1.25, and 1.3 for Cu, Ag, and Au
substrate, respectively.

Figure 3.22 shows A¢ of PFP adsorbed on Cu(111), Ag(111), and Au(111) as a function of Z¢
using GGA. The experimentally determined work function changes on Cu(111) [40] and Au(111) [106]
are indicated by horizontal dashed lines, whereas the experimentally determined PFP-Cu(111) distance
[Zc(Cu)][40] and the equilibrium distances Ag(111) and Au(111) [Z5"" P (Ag) and Z5"" P (Au)] cal-
culated by DFT-D are shown by vertical dotted lines.

Table 3.6 summarizes A¢’s calculated by GGA at several distances for PFP on Cu(111), Ag(111),

and Au(111). For Cu and Au, the calculated A¢’s at ZCDFTfD are in good agreement with the exper-
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Table 3.6: The work function changes (A¢) calculated by GGA at ZSG4, ZO¥ TP and ZZW, along
with the experimentally work function change (A¢®P) for PFP on Cu(111), Ag(111), and Au(111).

Surface GGA Expt.

Zc / nm A¢g [ eV ZZP /nm  A¢™P [eV

Cu(111) z2F'P=029  -0.34 -0.298? -0.352
ZEIW =0.34 -0.26 — —
Z§6A=0.37 -0.16 — —

Ag(111) zg"""P=032  -0.21 — —

ZEIW=0.37 -0.23 — —
ZE6A=0.42 -0.01 — —
Au(111)  Zg"TP=0.32  -0.50 — -0.50P
ZEIW=0.37 -0.18 — —
Z&CA=0.42 -0.06 — —
® Ref. [40).
P Ref. [106].
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Figure 3.22: The work function change (A¢) as a function of Z¢ for pentacene on Cu(111), Ag(111),
and Au(111). The experimental values of A¢ on Cu(111) and Au(111) are shown by horizontal dashed
lines. The experimentally observed PFP-Cu(111) distance (Z&™®(Cu), and the equilibrium distance on
Ag(111), and Au(111) (Z5"""P(Ag) and Z2¥"'P(Au)) calculated by DFT-D are shown by vertical
dotted lines.

imental values of -0.35 [40] and -0.50 eV [106], respectively. On the other hand, the absolute values of
the calculated A¢’s at ZGC* and Z¢W are significantly underestimated, which comes from the overes-
timation of ZS’GA and Zédw values. Thus, our results indicate that the DFT-D method can predict the
equilibrium distance and the work function changes of PFP/metal interfaces quite accurately, and thus
for Ag, the equilibrium distance and the work function change are determined to be 0.32 nm and -0.21
eV, respectively.

As shown in Fig. 3.22, at Z¢ < 0.34 nm, A¢’s for the three metal surfaces take minima. The minima
for the PFP/metal systems are deeper than those for the pentacene/metal systems. This is because
the effect of the molecular distortion becomes more significant if the PFP molecule moves closer to the
substrate, as described above. Thus, we calculated the average height of F atoms relative C-rings of
PFP (Zp_¢) and the work function changes which are caused by the molecular distortion (A¢nmer) as
a function of Z¢ for PFP on Cu(111), Ag(111), and Au(111) (Fig. 3.23). Here, we estimated Admol
from the dipole of the isolated PFP molecule, given that the geometry of the isolated molecule is the

same as that adsorbed on the substrate. For Cu, Zgp_¢ at ngp is calculated to be ~0.008 nm, which is
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Figure 3.23: The average height of F atoms relative C-rings of PFP (Zp_¢) as a function of Z¢ for
PFP on Cu(111), Ag(111), and Au(111). The work function changes which are caused by the molecular
distortion (A¢me1) for PFP on the three metal surfaces are displayed in the inset.

good agreement with the experimental value of 0.01 nm [40]. Our calculations show that we can get the
accurate molecular structure if we use the experimentally-observed molecule-substrate distance [121].
As seen in Fig. 3.23, the distortion of the PFP molecule starts at Z¢ < 0.34 nm, and for example,
Admel at Zo = 0.21 nm reaches ~0.4 eV. The dependences of Zg_¢’s and A¢mol’s are almost the same
for the three metal surfaces. However, for Cu, Ag, and Au, A¢nol’s at ZgFT*D are 0.08, 0.04, and 0.03
eV, respectively. This is because the difference in A¢y,) on different metal surfaces is attributed to the
difference in the PFP-metal distance.

To single out the electronic factor contributing to the formation of interface dipoles from geometric
factors, we subtract the effect of the intramolecular dipole (A¢uo1) from the work function change (Ag¢)
for PFP adsorbed on Cu(111), Ag(111), and Au(111). In Fig. 3.24(a), we plotted the results of (A¢ —
A¢pmor) for the three metal surfaces. The difference behavior of (A¢— Admer) on the three metal surfaces
purely comes from the difference in the electronic structure of the three adsorbed systems, because the
same surface molecular densities on the three metal surfaces are assumed in these calculations. As seen in
Fig. 3.24(a), (A¢p — Admol)’s are almost independent on the metal work function. On the other hand, at

Zc <0.34 nm, (Ad— Apmor)’s vary with the metal work function, and this comes from the hybridization
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Figure 3.24: (a)(A¢ — Admol) as a function of Z¢ for PFP on the three metal surfaces. (b)(A¢ — Admor)
as a function of ¢, for PFP on the three metal surfaces at Z¢ =0.24, 0.29, and 0.37 nm.
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between the PFP molecular orbital and the metal substrate states, as pointed by our previous calculation
of the pentacene/metal systems. To make clear the relationship between (A¢ — A¢mo1) and the metal
work function (¢, ), we plotted (A — Admol) as a function of ¢y, at several Z¢ (0.24, 0.29, and 0.37 nm)
in Fig. 3.24(b), where k is defined by k = d(A¢ — Apmol)/ddm. The slope parameter can be expressed
by S =1+ k [Eq.(1.4)]. Although experimentally-observed S and k values include both geometric and
electronic contributions, in the present analysis, we hypothetically estimate S and k values using the
same geometries for the three metal surfaces. As in seen in Fig. 3.24(b), k at Zc =0.24, 0.29, and
0.37 nm are evaluated to be -0.84, -0.79, and -0.056, respectively, indicating that as the PFP molecules
approaches the substrate, the slope parameter, S, decreases from ~0.95 to ~0.16 [Eq. (1.4)]. This result
suggests that the transition from the Schottky limit to the Bardeen limit, which is similar to that for
pentacene adsorbed on noble metals. Note that in the Bardeen limit, the difference in (A¢ — Admor)
between on Ag and on Cu for the PFP /metal systems is larger than the difference in A¢ between on Ag
and on Cu for the pentacene/metal systems. Moreover, the absolute values of (A¢p — Agumor)’s for the
PFP/metal systems are smaller than those for the pentacene/metal systems, given that the adsorbate-
metal distances and the surface molecular densities are the same for both systems. For example, at
Zc = 0.21 nm, (A¢ — Ape) for the PFP/Au systems is -0.9 eV, whereas A¢ for the pentacene/Au
system is rescaled to be -1.1 eV by assuming that the surface molecular density is the same as that for
the PFP/metal system. These differences presumably come from the stronger chemically reactivity of
PFP than pentacene, which means that the hybridization of PFP is stronger than that of pentacene if

the geometric parameters are the same.

3.3.4 Electronic structure

To inspect the electronic structures of the adsorbed systems, we calculated the projected density of
states (PDOS) onto the molecular orbitals of PFP. In Fig. 3.25, we display the PDOS of PFP molecular
orbitals on Cu(111), Ag(111), and Au(111). Note that we included that the molecular orbitals upto
LUMO as the PFP molecular orbitals. The contribution of LUMO+1 is much higher than LUMO by
~1.3 eV, and therefore we did not include the LUMO+1 state.

On Cu and Au, the HOMO peaks are located at -0.74 and -0.46 eV (energy zero is set to Er), which
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Figure 3.25: The density of states projected onto the molecular orbitals of PFP (PDOS) on (a) Cu(111),
(b) Ag(111), and (c) Au(111). The energy zero is taken to be the Fermi energy of the adsorbed system.
The HOMO and the LUMO parts of the PDOS near the Fermi energy are magnified in the insets

are slightly shallower than the experimentally-observed HOMO derived peaks at -1.35 [40] and -0.80 eV
[106], respectively, because of the effect of the self-interaction in GGA. On Cu and Ag, the LUMO states
become broaden and the part of the LUMO state is below the Fermi level. In particular, the result for
Cu shows the hybridization is weaker than those for pentacene/Cu(100) [98] and pentacene/Cu(111)
[40]. On Au, the LUMO and HOMO peaks are sharp, and the LUMO states are above the Fermi energy.
which indicates that the molecular orbitals do not significantly hybridize with the substrate states.

We calculated the projected density of states (PDOS) onto atomic d orbital of the metal atom circled
in Fig. 3.20 for a clean surface and for the adsorbed system. In Fig. 3.26, we show the d.2-component of
PDOS of the metal atom. Note that we confirmed that in the PFP/Cu(111) system, the d,2-component
dominates the hybridization compared with other components. We showed that for a pentacene/Cu(111)
interface, a broadening of the d states due to the hybridization with pentacene states can be observed.
On the other hand, for the PFP/noble metal systems, an obvious broadening of the d states is not
observed, confirming that the interaction between PFP and the surface is weaker than that of pentacene

with a Cu surface.
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Figure 3.26: The d,2-component of the projected density of states (PDOS) of the metal atom circled
in Fig. 3.20 for a clean surface (Clean) and for the adsorbed system (Zc=Z¢&1), for (a) Cu(111), (b)
Ag(111), and (c) Au(111)

There results show that for Au a physical factor dominates the PFP-substrate interaction, whereas
for Cu and Ag a chemical factor slightly contributes to the interaction the PFP LUMO and the substrate
d states. The chemical interaction of PFP with the metal surfaces is weaker than that of pentacene with

the metal surfaces, because of the larger PFP-substrate distances.
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3.4 Control of organic/metal interface

3.4.1 Summary of adsorption distances

Table 3.7: The equilibrium distances calculated by DFT-D (Z5" "~ P) for benzene (CgHg), pentacene
(CooHi4), and PFP (CaoF14) on Cu(111), Ag(111), and Au(111). Z5¥T~P is in the unit of nm.

Surface C6H6 CQQH14 C22F14

Cu(111) 029 024 0.29
Ag(111) 029  0.29 0.32

Au(111) 0.31 0.32 0.32

Table 3.7 summarizes the equilibrium distances calculated by the DF'T-D method (ZCD FT-D

)for ben-
zene, pentacene, and PFP adsorbed on Cu(111), Ag(111), and Au(111).

On Ag and Au, the distances for the adsorbed system are almost the same, reflecting that the Ag
and Au surfaces are chemically inert. On the other hand, on Cu, the adsorption distances for different
adsorbed systems are different. The distance for the pentacene/Cu interface is smaller than that for the
benzene/Cu interface, reflecting that pentacene is more chemically reactive than benzene. In contrast,
the distance for the PFP/Cu interface is larger than that for the pentacene/Cu interface, although PFP
is more chemically reactive than pentacene. This is presumably because of the repulsion between 2p

electrons of F atoms and electrons of substrate. Thus, these results indicate that functional group can

control adsorption distance.

3.4.2 The effect of functional group on the adsorption distance

To confirm the control of the adsorption distance by functional group, we investigated how fluori-
nation affects adsorption distance. We calculated several molecules (Fig. 3.27) adsorbed on Cu(111) to
perform a geometry optimization without any restriction by using the DFT-D method. The threshold
value of the maximum force is set to be 0.2 nN. These molecules have the same flamework which consists
of five benzene rings, whereas the number of fluorine is different. The numbers of F atoms in F12, F§,

and F4 are 12, 8, and 4, respectively. Table 3.8 summarizes the electron affinity (A) and the ionization
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potential (I) of those molecules calculated by GGA. Here, we assumed that the surface unit cells for

those molecules adsorbed on Cu(111) are the same as that of the PFP/Cu interface.

F F F F
F I I I I I F
F F
F F F F

(a) F12

F F
F I I I I I F
F F
F F

(b) F8

F F
F l l l l l F

(c) F4

Figure 3.27: Molecular structures of (a) F12, (b) F8, and (c) F4

The work function changes for F12, F8, and F4 adsorbed systems are estimated to be -0.29, -0.41,
and -0.62 eV, respectively. Figure 3.28 shows the relationship between the adsorption distance and
fluorination. Note that we estimated the adsorption distance by averaging the height of C atoms from
the first layer of the surface. As the number of F atoms increases, the adsorption distance increases,
which confirms that the repulsion between 2p electrons of F atoms and electrons of substrate causes
the distance larger. These results indicate that we can control the adsorption distance if we choose an

appropriate functional group, and thus we can get a desired organic/metal interface.
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Table 3.8: The electron affinity (A) and the ionization potential (I) of PFP, F12, F8, F4, and pentacene
calculated by GGA

Molecule A /eV I /eV

CooF1y 4.28 5.25

F12 4.30 5.27
F8 4.04 5.17
F4 3.72 4.90

CaoHiy 3.36 4.50

0.29 é O
PFP  F12
0.28
& A
= 0.27 O
— F8
E 0.26 O
@) 1 F4
O
N 0.25
Pentacene
0.24 ﬂ)
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C22F14 C22F12H2 C22F8H6 C22F4H10 C22H14

Figure 3.28: The relationship between the adsorption distance and fluorination.
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3.5 Summary

We have presented a first-principles study of benzene, pentacene, and PFP adsorbed on Cu(111),
Ag(111), and Au(111) to clarify the mechanism of the interface dipole.

The work function change (A¢) is sensitive to the molecule-substrate distance (Z¢). Furthermore,
we investigate the dependence of the slope parameter on geometric factors such as molecular-substrate
distance and surface molecular density. We compared A¢’s on the three metal surfaces provided that
the molecule-substrate distances and the surface molecular densities are the same, and thus showed the

geometric and electronic contribution to the interface dipole.

e In the case of benzene, A¢’s on the three metal surfaces are almost the same Thus, the interfaces
are in the Schottky limit. This mean that the geometric factors mainly contribute the interface

dipole.

e In the case of pentacene, at Z¢ > 0.34 nm, A¢’s on the three metal surfaces does not the substrate
work function (¢n,). On the other hand, Z¢ < 0.34 nm, A¢’s vary with ¢,,. This means a
transition from the Schttky limit to the Bardeen limit. This means that not only the geometric

factors but also the electronic factor contribute to the interface dipole.

e In the case of PFP, at Z¢ < 0.34 nm, the interface dipole induced by the molecular distortion
(Apmor) affects A¢p. At Zc > 0.34 nm, the work function changes ((A¢d — Admor)’s) does not
depend on ¢y,. On the other hand, at Z¢ < 0.34 nm, (A¢ — Apmer)’s vary with ¢,,. This means a
transition from the Schottky limit to the Bardeen limit. This means that not only the geometric
factors but also the electronic factor contribute to the interface dipole, which is similar to the case

of pentacene.

We employed the semiempirical van der Waals (DFT-D) method and the van der Waals density

functional (vdW-DF) method to include the long-range vdW interactions.

e The DFT-D method can reproduce the molecule-substrate distance accurately, although it could

overestimate the adsorption energy.
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e The vdW-DF method systematically overestimate the distance, although it can reproduce the

adsorption energy.

The calculated work function changes at the distance calculated by DFT-D are in good agreement
with the experimental values, which shows that the DFT-D method can predict the vacuum level shift
of organic/metal interfaces accurately.

In particular, the pentacene/Cu interface is not simple physisorption. Our first-principles calcula-
tion reveals that the surface-band dispersion of pentacene adsorbed on a Cu surface is ascribed to the
hybridization.

Furthermore, we investigate the effect of functional group on the adsorption distance. Our calculation
results indicate that we can control the adsorption distance if we choose an appropriate functional group,

and thus we can get a desired organic/metal interface.
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Chapter 4

Prediction model for interface dipole

In the preceding chapter, we showed that first-principles calculations can predict the vacuum level
shift of organic/metal interfaces accurately. However, the calculation cost is rather high, and thus
prediction model for the interface dipole is desired. As described in Introduction, the induced density
interface states (IDIS) model has been proposed as a model for the interface dipole. We examine the
IDIS model using first-principle calculations, and investigate factors determining the interface dipole

from the viewpoint of chemical trend.

4.1 Induced density of interface states (IDIS) model

For weak interaction organic/metal interfaces, Flores and co-workers proposed a simple model based
on the induced density of interface states (IDIS) [42, 43, 44, 45, 46, 47, 48, 49]. In this model, they
assumed that the interface dipole is originated mainly from the charge transfer between organic molecules
and metal surfaces. Although the model is quite simple, they concluded that it provides a predictive
description of the energy level at various organic/metal interfaces. However, it is not clear why the
model works well and what the limitations of the model are.

In this study, we have theoretically examined the IDIS model for benzene, pentacene, and PFP

adsorbed on Cu(111), Ag(111), and Au(111) using first-principles calculations.
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4.1.1 Calculation method

The IDIS model provides a simple and intuitive explanation of energy-level alignment at weakly
interacting organic/metal [42, 43, 45, 46, 47, 48, 49] and organic/organic [44, 45] interfaces. In the case
of weakly interacting organic/metal interfaces and the metal creates an IDIS in the organic energy gap.
Although the chemical interaction is weak, the IDIS is large enough to define the charge neutrality level
(CNL) of the adsorbed organic molecule, Fcnr,, Fig. 4.1 shows energy band diagrams at organic/metal

interfaces before and after contact.

(@)

VAC

Eovw  Er v@BJj Eon.

EHOMO

Metal Organic Metal Organic

Figure 4.1: Energy band diagrams at organic/metal interfaces (a) before and (b) after contact. The sign
of A¢ is taken to be minus in the case of the figure.

The barrier height of the electron injection (®3) and Ecni, have the following relation [37]:

B = S(¢m — A) + (1 = 5)(Erumo — Ecni), (4.1)

where Epumo and A is the LUMO level and the electron affinity of the organic molecule, respectively,
¢m is the work function of a clean metal surface, and S is the interface slope parameter. The interface

Fermi level, Er (Fig. 4.1 (b)) and the initial metal Fermi level before contact, E2 (Fig. 4.1 (a)) are
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described in the following ways:

Er = ELumo — @3, (4.2)
Ep = ELumo — ¢m + 4, (4.3)

where the built-in potential can be neglected because the dopant concentration in the organic region is

very low. Inserting Eqs. (4.2), (4.3) into Eq. (4.1) finally gives the following relation:
Er — Eonw = S(FY — Eox)- (4.4)

The charge transfer through the interface associated with the difference between EFr and Ecnr,, and
makes an interface dipole layer at the interface. The interface dipole layer induces a vacuum level shift,

A (Fig. 4.1 (b)). From Eqgs. (4.2)-(4.4), A is given by
A= (1-5)(Ep - Ecny). (4.5)

If the interaction between the organic molecules and the metal is large, that it to say, the slope
parameter S is small, it tends to pin Er close to Ecni, and A becomes close to (EY — Eont,) [42, 43].

To calculate the number of electron transfer from the molecule to the metal surface, which is neces-
sary to estimate the vacuum level shift based on the IDIS model (Aipg), we carried out the Mulliken
population analysis [119, 120]. Wave functions of a molecule-adsorbed metal (111) surface (¢;) were

expanded by those of the separated molecule (x2 ) and the metal substrate (x5 ),
Ma Mg
i =Y chxm Y X, (4.6)
m n

where Ma, Mg are the numbers of the molecular and substrate orbitals employed to expand the wave
function 1, respectively. X2 and x> are calculated by using the same k-point set, the same cutoff
energies, and the same unit cell and exactly the same atomic positions as the adsorbed states. The
expansion coefficients ¢, and ¢ are obtained by inverting the overlap matrix Sy, = (x2|S|x3), where

S is the overlap operation in the ultrasoft pseudopotential scheme [66]. The energy-dependent gross
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population (GPOP, ¢2 (E)) of a molecular orbital x4 is defined by

M M
g (E) = <|c;*m2 + % (Z(cﬁ‘m)*cf’nSmn + c.c.> ) S(E — E;), (4.7)
i=1 n=1
where E; and M are the energy eigen value and the number of states of the adsorbed system, respectively.
Here, it should be noted that the calculation of the overlap matrix must be carried out with great care.
When we calculate the overlap matrix within the ultrasoft pseudopotential scheme, the overlap operator
for the adsorbed system is used instead of using those for the separated systems. In some cases, this
procedure causes an incorrect expansion of the wave functions of the total system (or the expansion
coefficients), and hence violation of the orthonormal condition, leading to physically incorrect results. In
such cases, the norm-conserving pseudopotentials or the all-electron method should be used instead. We
verified that it is not the case in the present study by comparing the numbers of transferred electrons
and the work function changes calculated with the ultrasoft and norm-conserving pseudopotentials in
the last part of 4.1.2. We also note that the number of orbitals of the subsystem must be chosen carefully

to avoid the incomplete basis problem.

The number of valence electrons (¢’ ) accommodated in the molecular orbital x% is calculated by

Er
g = / ¢A(B). (48)

The charge neutrality level of the adsorbate (Ecnr) is determined in such a way as to satisfy the

following conditions:

Ma
*E) =) an(E), (4.9)
m=1
EcnNL
/ ¢*(BE)dE = N, (4.10)

where N§* is the number of valence electrons belonging to the isolated neutral molecule. The number of

electrons transferred to the molecule (AN?) is calculated by integrating GPOP from Er to Eony:

ANA = / " ¢*(E)dE. (4.11)

EcNL
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The vacuum level shift can thus estimated by applying Gauss’s law to the surface charge on the metal

and adsorbates [37],
ANA

Armpis = Zc¢
Aoe;

(4.12)

where Ay is the area of the surface unit cell of the adsorbed systems and ¢; is the permittivity of the

interfacial layer, which is assumed to be close to that in vacuum, €.
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4.1.2 Calculation of the charge transfer and examination of the IDIS model

We will show the number of electrons transferred from the metal surfaces to adsorbed molecule (AN*)
as a function of Z¢ for Cu(111), Ag(111), and Au(111). We compare the vacuum level shift estimated
by the IDIS model (Arprs, Eq.(4.12)) with the work function change by using the self-consistent GGA

results (A¢, Eq. (3.2)). Both Aipis and A¢ are corrected by the use of Eq. (3.3).

benzene-adsorbed noble metal systems

In Figs. 4.2-4.4, we show AN? and the vacuum level shifts (Apis and A¢) as a function of Z¢ for
benzene on Cu(111), Ag(111), and Au(111).

For the three surfaces, AN*’s have minima. At large Zc, holes are induced in the occupied states.
As the molecule approaches, the unoccupied states are partially filled as shown in the inset of Fig. 3.5.
Accordingly, Ajps fairly agrees with A¢ at large Z¢. In contrast, Aiprs tends to deviate at small Z¢,
where back donation from the substrate to the adsorbate become large (Figs. 4.2(b)-4.4(b)). This is
similar to the result of benzene/Al(111) [64].

As shown in Figs. 4.2-4.4, the IDIS model works well, because the effect of the back donation is not

significant.
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Figure 4.2: (a) Number of electrons transferred from the substrate to the adsorbate (AN*) as a function
of Z¢ for benzene on Cu(111). (b) Vacuum level shifts estimated by the IDIS model (Arpis) and the
work function change (A@) as a function of Zc, and the position of ZLFT P is shown by a vertical
dotted line.
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Figure 4.3: (a) Number of electrons transferred from the substrate to the adsorbate (AN#) as a function
of Z¢ for benzene on Ag(111). (b) Vacuum level shifts estimated by the IDIS model (Arps) and the
work function change (A¢) as a function of Z¢, and the position of ZgFT_D is shown by a vertical

dotted line.
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pentacene-adsorbed noble metal systems

In Figs. 4.5-4.7, we show ANA and the vacuum level shifts (Ajpis and A¢) as a function of Zg for
pentacene on Cu(111), Ag(111), and Au(111).

For the three surfaces, AN*’s have minima as for the case of benzene. At large Z¢, holes are induced
in the occupied states. As the molecule approaches, the unoccupied states are partially filled as shown
in the inset of Fig. 3.11. Accordingly, Aiprs fairly agrees with A¢ at large Z¢. In contrast, Aipg tends
to deviate at small Zq, where back donation from the substrate to the adsorbate become large (Figs.
4.5(b)-4.7(b)). This is also similar to the results of benzene.

For Ag and Au, as shown in Figs. 4.6-4.7, the IDIS model works well, because at ZCDFTfD the effect
of the back donation is not significant. On the other hand, for Cu, the IDIS model does not work well

(Fig. 4.5), because at Zg" +° the effect is significant.
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Figure 4.5: (a) Number of electrons transferred from the substrate to the adsorbate (AN#) as a function
of Z¢ for pentacene on Cu(111). (b) Vacuum level shifts estimated by the IDIS model (Apis) and the
work function change (A¢) as a function of Zc, and the position of ZL¥T P is shown by a vertical

dotted line.
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Figure 4.6: (a) Number of electrons transferred from the substrate to the adsorbate (AN#) as a function
of Z¢ for pentacene on Ag(111). (b) Vacuum level shifts estimated by the IDIS model (Apis) and the
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PFP-adsorbed noble metal systems

In Figs. 4.8-4.10, we show AN* and the vacuum level shifts (Arpis and A¢) as a function of Z¢ for
PFP on Cu(111), Ag(111), and Au(111).

For the three surfaces, AN”’s have minima as for the case of benzene and pentacene. At large
Zc, holes are induced in the occupied states. As the molecule approaches, the unoccupied states are
partially filled as shown in the inset of Fig. 3.25. Accordingly, Aipis fairly agrees with A¢ at large Z¢.
In contrast, Aipig tends to deviate at small Z¢, where back donation from the substrate to the adsorbate
become large (Figs. 4.8(b)-4.10(b)). This is also similar to the results of benzene and pentacene.

For Au, the IDIS model works well, because the effect of the back donation at ZCDFTfD is not
significant (Fig. 4.10). On the other hand, for Cu and Ag, the IDIS model does not work well (Fig.

4.8-4.9), because the effect at ZCDFT_D is significant.
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Figure 4.8: (a) Number of electrons transferred from the substrate to the adsorbate (AN#) as a function
of Z¢ for PFP on Cu(111). (b) Vacuum level shifts estimated by the IDIS model (Apig) and the work
function change (A¢) as a function of Z¢, and the position of Zg FT-D is shown by a vertical dotted

line.
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Figure 4.9: (a) Number of electrons transferred from the substrate to the adsorbate (AN*) as a function
of Z¢ for PFP on Ag(111). (b) Vacuum level shifts estimated by the IDIS model (Arpis) and the work

function change (A¢) as a function of Z¢, and the position of Z,
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Summary of the examination of the IDIS model

Table 4.1 summarizes the vacuum level shifts estimated by the IDIS model (Arprg) and the work

function change (A¢) for benzene, pentacene, and PFP on Cu(111), Ag(111), and Au(111).

Table 4.1: The vacuum level shifts estimated by the IDIS model (Aipis) and the work function change
(A¢) for benzene, pentacene, and PFP on Cu(111), Ag(111), and Au(111).

Surface CeHg CyoHiy CooF1y

A¢ / eV AIDIS /eV A¢ / eV AIDIS / eV A(Z5 / eV AIDIS / eV

Cu(111) -1.09 -0.73 -0.97 1.17 -0.34 0.16
Ag(111) -0.71 -0.44 -0.61 -0.15 -0.21 0.18
Au(111) -1.06 -1.25 -1.19 -1.9 -0.50 -1.9

As the molecule approaches, AN decreases. When the hybridization between molecular orbitals
and substrate states causes back donation from the substrate to the molecule, AN? sets in increasing
drastically. Thus, the difference between A¢ and Aipis becomes large, if the effect of the back donation
is significant. This results show Apig is sensitive to the molecule-substrate distance, as pointed by
Abad et al. [49]. That is to say, the IDIS model does not work well if the chemical interaction between
the molecule and the substrate is strong, as for pentacene/Cu(111), PFP/Cu(111), and PFP/Ag(111)
interfaces. On the other hand, the IDIS model work well if the chemical interaction is weak, as for the
other interfaces. In such interfaces, the effect of the Pauli repulsion dominates, as pointed by Bagus et
al. [77, 78, 79]. However, the present IDIS model neglects the effect of the Pauli repulsion. At present,
the reason why the present IDIS model work reasonably well for such interfaces is not clear and needs

to be further investigated.
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The effect of the overlap integral on the calculation of the number of transferred electrons

We examined the effect of the different treatments of the overlap integral (S,,,) on the calculations
of the numbers of transferred electrons (AN#, Eq. (4.11)) of benzene on Cu(111), i.e. the ultrasoft
pseudopotential (USPP) and the norm-conserving pseudopotential (NCPP) schemes. Figure 4.11 shows
AN? as a function of benzene-Cu(111) distance (Z¢) using the USPP and NCPP schemes. We also
show the vacuum level shift estimated by the IDIS model (Aipis, Eq. (4.12)) and the work function
change by using the self-consistent GGA results (A¢, Eq.(3.2)) in the two schemes. Both Aps’s and
A¢’s were corrected by the use of Eq. (3.3). As seen in Fig. 4.11 (a), the difference in AN?’s between
the two schemes is < 0.015 electrons at Z¢ > 0.34 nm, whereas it becomes larger at Z¢ < 0.34 nm.
The difference in AN?’s induces the difference in Arpis’s between the two schemes (Fig. 4.11). It
should be noted that self-consistently calculated A¢’s are almost the same with the two schemes. The
difference in AN?’s and Apig’s are mainly ascribed to the error in AN calculated by the USPP
scheme, because in the USPP scheme, the normalization condition for wave functions of the separated
benzene molecule (x2) and the metal substrate () is satisfied if they separated but it is gradually
violated as the adsorbate approaches the substrate. However, the qualitative features of AN and Apig
as a function of Z¢ obtained by using USPP is similar to those by using NCPP, and thus the conclusion
is unchanged when the USPP scheme is employed. We note that USPP should be used to calculate such
a large system, because the USPP scheme has advantages over the NCPP scheme in the convergence of

the self-consistent field (SCF) cycle and in the calculation time as shown in Table 4.2.

Table 4.2: Cutoff energies, average CPU time, and average number of SCF iterations by using the USPP
and NCPP schemes.

Scheme Cutoff energy / Ry CPU time / hours Number of SCF iterations

Wave function Charge density

USPP 25 225 2.6 50

NCPP 64 256 10.6 81
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Figure 4.11: (a) Number of electrons transferred from the substrate to the adsorbate (AN?) as a function
of Z¢ using the USPP and NCPP schemes for benzene on Cu(111). (b) Vacuum level shifts estimated
by the IDIS model (Arprs) and the work function change (A¢) as a function of Z¢, in the USPP and
NCPP schemes. The position of ZgFT_D is shown by a vertical dotted line.
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4.2 Chemical trend of interface dipole

In the preceding section, we showed the limitation of the IDIS model. In this section, we investigate

factors determining the interface dipole from the viewpoint of chemical trend.

4.2.1 Electron affinity

In the preceding chapter, the decrease in the slope parameter at small distance can infer that the
chemical factor contributes to the molecule-substrate interaction. The calculated electronic structures
show that the adsorbate LUMO and the substrate d states are important for the molecule-substrate
interaction. We therefore focus on the back donation from substrate to the adsorbate LUMO, which the
IDIS model neglects. Here, we employ the electron affinity of the adsorbate (A) to analyze the chemical
trend on the same substrate.

To investigate the effect of A on the adsorbate-substrate distance and the interface dipole, in next
session we will show ZCD FT-D and A¢ as a function of A. A’s of the adsorbate are calculated by GGA,

and are summarized in Table 4.3.

Table 4.3: The electron affinity of the adsorbate (A) calculated by GGA

Adsorbate A / eV

CeHs 1.24
CooHiy 3.36
CosF1y 4.28

PTCDA 4.82
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Adsorption distance

DFT-D DFT-D
ZC ZC

To investigate the adsorbate dependence of on each metal substrate, we plotted
as a function of A for the three metal surfaces as shown in Fig. 4.12. Here, the distances of PTCDA on
noble metals are based on the experimental results in Ref. [41].

On Cu, ZgFT_D’s are the range from 0.27 to 0.29 nm, except for the pentacene/Cu system. The
deviation of the pentacene/Cu system is probably because the chemical interaction is much stronger
than those of other systems. On Ag and Au, ZgFT*D’S are the range from 0.29 to 0.31 nm and from
0.31 to 0.33 nm, respectively. In this way, on each metal surface, Zg FT-D does not significantly depend
on A. This presumably comes from the repulsion of adsorbate electrons with substrate electrons, that
is to say the Pauli repulsion effect is stronger, if that the adsorbate has stronger chemical reactivity.

These results indicate that the balance of the chemical interaction with the Pauli repulsion effect makes

ZCD FT=D pearly constant on each metal surface.
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Figure 4.12: The calculated adsorption distance (ZCD FT*D) as a function of the electron affinity of the

adsorbate (A) on (a) Cu(111), (b) Ag(111), and (c¢) Au(111). The distances of PTCDA on noble metals
are base on the experimental results in Ref. [41].
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Interface dipole

In order to understand the origins of the interface dipole quantitatively, we partition the interface

dipole into three components, chemical one (A@chem ), physical one (Agphy), and molecular one (A@mol),
A¢ = AQschem + A¢phy + A¢m01. (413)

As described in 3.3, for the PFP /metal systems A¢p,o contributes to A¢, and thus we extract Agpol
from A¢. As shown in the preceding section, the adorbate-substrate distance is almost constant on each
metal surface, and we thus consider that A¢gpn, is independent on the adsorbate. Consequently, only
A¢chem depends on the chemical reactivity of the adsorbate. Then, by using Gauss’s law [37], the Adchem

can be modeled by
Zo ANA

A chem — —
®cn o Ay

(4.14)

In this expression, AN is dependent on A of the adsorbate.

Schottky limit

pentacene

7

A 1

benzene

Scaled value—

Chemical component

equilbiium  0.37nm 7 i
distance C

Figure 4.13: Schematic diagram of the way to extract the chemical component of the interface dipole by
scaling the work function change for an adsorbate-metal system.

To extract the chemical component of the interface dipole, we need to scale the work function change
to uniform the geometric factor, that is to say, surface molecular density, as shown in Fig. 4.13. Here,
we assume that the interface dipole of a benzene/metal system includes only physical component. Thus,

we scale the work function changes at Z¢ = 0.37 nm to coincide with that at the same Z¢ for the
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benzene/metal system. Note that the interface at Z¢ = 0.37 nm is in the Schottky limit.

As seen in Fig. 4.14, on Cu and Ag, the relationship between Agepem and A is approximation linear.
In contrast, on Au, A@chem is not dependent on A. These results indicate the chemical reactivity of the
surfaces, which means that Cu and Ag surfaces are chemical reactive whereas a Au surface is chemical
inert.

On Cu and Ag, AN is derived on the basis of the results of Agehem and Eq. (4.14), and we show
the results in Fig. 4.15. Here, the adsorbate-metal distances (Z¢) on Cu(111) and Ag(111) are assumed
to be 0.29 and 0.30 nm, respectively. As shown in Fig. 4.15, AN? is largely related to A, ANA’s are

estimated to be the range from 0.05 to 0.16 electrons.
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4.3 Summary

We have examined the IDIS model using first-principles calculations. At large distance, the vacuum
level shift estimated by the IDIS model agrees with that estimated by self-consistent GGA calculations.
On the other hand, at small distance, the two values branch off because of the back donation from the
substrate to the molecule. Thus, the IDIS model does not work well if the chemical interaction is strong.

We have investigated factors determining the interface dipole from the viewpoint of chemical trend
within electron affinity model. On each metal surface, the adsorption distance is nearly constant with
any adsorbate, which indicates the physical component of the interface dipole is independent on adsor-
bate. We extract the chemical component to uniform the geometric factor. On Cu and Ag surface, the
relationship between the chemical component of the interface dipole and the electron affinity is approx-
imately linear, whereas on Au, the chemical component does not significantly depend on the electron
affinity. These results show the chemical reactivity of metal surface determines the chemical contribu-
tion to the interface dipole. Therefore, the main factor of the interface dipole depending on adsorbate
is the chemical contribution, which indicates that the relationship can predict the vacuum level shift of

organic/metal interfaces.

89



Chapter 5

Conclusions

We have studied the electronic structures of 7 conjugate molecules (benzene, pentacene, and perflu-
oropentacene(PFP)) adsorbed on noble metal surfaces by using first-principles calculations, to clarify
the origins of the interface dipoles.

We employed the semiempirical van der Waals (DFT-D) methods and the van der Waals density
functional (vdW-DF) methods to include the long-range vdW interactions. The DFT-D method can
reproduce the accurate distance between the molecule and the substrate. In contrast, the vdW-DF
method systematically overestimates the distance. On Ag and Au, the distances for the adsorbed system
are almost the same, reflecting that the Ag and Au surface are chemically inert. On the other hand,
on Cu, the adsorption distances are different for different adsorbate. In particular, the distance for the
pentacene/Cu interface is smaller than that for the benzene/Cu interface, reflecting that pentacene is
more chemically reactive than benzene. In contrast, the distance for the PFP/Cu interface is larger than
that for the pentacene/Cu interface, although PFP is more chemically reactive than pentacene. This is
presumably because of the repulsion between 2p electrons of F atoms and electrons of substrate. Thus,
these results indicate that functional group can control adsorption distance. The work function change is
sensitive to the molecule-substrate distance, and thus the molecule-substrate distance is a key parameter
for the interfacial electronic state. The calculated work function changes at the molecule-substrate
distances calculated by DFT-D are in good agreement with the experimental values, which shows that the

DFT-D method can predict the vacuum level shift of organic/metal interfaces accurately. The analysis
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of slope parameter shows the electronic and the geometric contribution to the interface dipole. For
benzene-adsorbed systems, the geometric factors are the main origin, whereas for pentacene-adsorbed,
PFP-adsorbed systems, not only the geometric factors but also the electronic factor contribute to the
interface dipole. Moreover, for the PFP-adsorbed system, the intramolecular dipole also contributes to
the interface dipole. The calculated electronic structures show that for Au, a physical factor dominates
the molecule-substrate interaction whereas for Cu and Ag, a chemical factor contributes to the interaction
if the molecule is rather chemical reactive such as pentacene and PFP.

We have examined the induced density interface states (IDIS) model by using first-principles calcu-
lation. The IDIS model can describe well if the molecule-metal interaction is weak. On the other hand,
it cannot describe if the interaction is strong, because of the back-donation from the substrate to the
adsorbate. Thus, we partition the interface dipole into physical component and chemical component,
and we examine the dependence of each component on the electron affinity of the adsorbate. On each
surface, the adsorption distances are almost constant with any adsorbate, because of the balance between
the chemical reactivity and the repulsion of electrons of the adsorbate with those of the substrate. We
consider that the physical component of the interface dipole is independent on adsorbate, and conse-
quently that the chemical component depends on adsorbate. Then, we extract the chemical component
by coinciding the geometric factors with those of the benzene-adsorbed systems. The results show that
the chemical component depends on the electron affinity of the adsorbate. Moreover, the back donation
can be estimated from the chemical component. Therefore, these results indicate that the chemical trend
can predict the vacuum level shifts of organic/metal interfaces.

In future, we need to investigate the effect of electric field and impurities on the interfacial electronic

structures toward the design of the electrode for real organic devices.
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Appendix A

Density functional theory

A.1 Hohenberg-Kohn theorem

Hohenberg and Kohn [122] established the density functional theory (DFT) in which the many body
system can be expressed in terms of single particle density. The Hamiltonian of an electronic system in

which there are interacting N-electrons in the external potential given by

H = T+U+V, (A1)
N 1 9 N

= DI D Venlr), (A-2)
i i Y i

where the first term is the kinetic energy, the second term is the electron-electron Coulomb repulsion,
and the third term is the interaction with the external potential including the electrostatic potential
with the fixed nuclei. It should be noted that in this section we employ the system of Rydberg atomic
unit to describe the mathematical expressions.

The DFT is consist of two theorems.

The fist theorem is: The external potential is a unique functional of the electron density n(r) and the

energy is described by a unique functional of n(r). Thus, the energy, E[n] is given by

Eln] = Fln] + / Vi [n(x)]dr, (A3)
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where F[n] = (|T 4+ Uly), and 1 is a wave function of the ground state. This theorem expresses that
if the electron density n(r) is given, all quantities of the ground state are determined uniquely.

The second theorem is: For a given Veyt, the correct charge density of the ground state minimizes the
energy functional (The energy variational principle). Thus, if the universal functional F[n] were known,
it would be relatively simple to use the variational principle to determine the energy and charge density
of the ground state for any specified external potentials. However, the exact form of the functional F[n]

is unknown.

A.1.1 Kohn-Sham equation

To enable practical use of Hohenberg-Kohn theorem, Kohn and Sham [123] redefined F[n] as follows;
1 2 !
Fln] = Ty[n] + 3 // Mdrdr’ + Exc[n], (A.4)

where the first term is the kinetic energy of non-interacting electron system, the second term is the
classical Hartree term, and the third term is called the exchange-correlation energy.
Using the variational principle, the problem of searching the ground state is reduced to solving

one-particle equations (Kohn-Sham equation);
[V + Ver (£)]9hi(r) = egai(r)], (A.5)

which gives the exact charge density of the ground state n(r). The density n(r) is given by

N

n(r) = 3 [(r)? (A.6)

(2

The effective potential is given as;

Verr (r) = / )+ Vet (1) 4 ixe (1), (A7)

v —r'|
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where pix.(r) is the exchange-correlation potential defined as
NXC I —_— . 1&..8
(r) on(r) (A8)

A.1.2 Approximation for the exchange-correlation energy

In order to solve the Kohn-Sham equation in practice, we introduce approximations for the exchange-
correlation energy.

One of the approximations is the local density approximation (LDA). The exchange-correlation energy
is given by

XcC

EEPMn] = [ P fn(w)ln(r)dr, (A.9)

if we assume that the exchange-correlation energy behaves locally as in a homogeneous electron gas

system. The exchange-correlation potential is given as follows;

VEDA (p) = Zoxe UM (A.10)

LDA

Useful estimates of ey

[n(r)] and the corresponding potentials Veyt(r) have been given by Hedin and
Lundqvist [124], von Barth and Hedin [125], and Gunnarsson and Lundqvist [126]. This approximation
was designed to work with systems in which the electronic charge density is expected to be smooth.
It typically provides good agreement with experimental results of structural and vibrational proper-
ties. However, it usually overestimates bonding energies and underestimated equilibrium bond distances
compared with experimental values.

In order to overcome the difficulties of LDA, generalized gradient approximation (GGA) were intro-
duced. Within GGA, the exchange-correlation energy is a functional not only of the density but also of

its local spatial variations;

ES:GA = /5SCGA[n(r), |Vn(r)|]n(r)dr. (A.11)

Several expressions of the exchange-correlation energy have been described in different formulations of

the GGA functionals. Among these, the Perdew-Burke-Ernzherof (PBE) expression was chosen in this
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work [65]. The exchange-correlation potential is expressed as:

VIGA(r) = 5555(;[”]. (A.12)

The GGA is actually able to cure the defect of LDA, and generally provides better description of the
structural properties of covalent materials. In particular, it improves significantly the binding energies
of covalent materials, whereas LDA completely tends to fail. For example, for bulk iron, GGA can
accurately predict that it has a ferromagnetic bce ground state, whereas LDA wrongly predicts that it
has a paramagnetic fcc one.

However, LDA and GGA are not able to describe long-range van der Waals (vdW) interactions. In

order to include the vdW interactions, the correction of vdW to the energy should be taken.

A.1.3 Pseudopotential method

In order to solve the Kohn-Sham equations by practical calculations, we need to transform the original
integro-differential problem into a more tractable algebraic one. This can be achieved by expanding the
electronic wavefunctions on a basis set and using this representation in all operators in the Hamiltonian.
The plane wave basis set [127] is chosen in this work, and it takes advantage because of efficient algorithms
such as the fast Fourier transform (FFT). The Bloch electronic wavefunction can thus be represented

as:
1

Tt 2 Cum e, (813

Yik(r) =

where Ngey is the number of the unit cell, Qcen is the volume of the unit cell, and the ¢;,, (k) are

orthonormal vectors in the discrete index m of the reciprocal lattice vector G, in the following:

Zcz,m(k>ci’,m<k) = 0,4 (A.14)

m

Using this expression, the Kohn-Sham equations can be written in reciprocal space as:

D Hy g (K) s s (K) = €3(K) i (), (A.15)

m’
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where H,, (k) = |k + Gnl?0m.m + Ver (G — Gpr).  Here we have labeled the eigenvalues and
eigenfunctions i = 1,2, ..., for the discrete set of solutions of the matrix equations for a given k. As
we are studying the ground state properties of the system, for each k point only a finite number of the
lowest-energy electronic states are required to be calculated to obtain the charge density. The obtained
charge density is then used to construct a new guess of the potential to be reintroduced in the Kohn-Sham
equations for the successive step of the iterative diagonalization. Of course, the plane wave expansion
is exact in the limit of infinite number of G vectors. In practice, one can deal with only a finite number
of plane waves, and usually chooses those contained in a sphere of maximum kinetic energy Fg,t, the
energy cut-off:

lk + G| < Fews. (A.16)

The accuracy is determined by Eeyut, and the space resolution is 27 /v/Eeyt-

Unfortunately, the plane wave expression uses the same resolution in each region, and thus we
would need an intractably large number G,, vectors if we described the ionic core accurately. The
pseudopotential technique can overcome the difficulty, given that the most relevant physical properties
are brought about by the valence electrons whereas the ionic core can be considered as frozen in their
atomic configurations. The valence electrons thus move in the effective external field produced by these
inert ionic cores. The pseudopotential technique tries to reproduce the interaction of the true atomic
potential on the most external state without explicitly including the core states in the calculations.
The internal electrons remain frozen, whereas for external ones a pseudo wavefunction can built to be
smooth and nodeless inside the core. Note that it keeps the total valence charge in this region conserving
(norm conserving pesudopotential). Because of the smooth and nodeless of the pseudo wavefunction,
the calculations can be performed with a reasonable number of plane waves.

In order to reproduce the scattering properties of the all-electrons (AE) wavefunctions of several
angular momenta, it is usually necessary to split the pseudopotential into the two part, i.e. a local part
(matching the real full potential outside core) and a nonlocal one (vanishing outside the core). Note that
the nonlocal part acts in different ways on different angular momentum channel. The first expression

for this nonlocal part was given in a semi-local form [128, 129, 130, 131], where the non-locality is built
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just on angular coordinates:
V(r,r") = Vipe(r)d(r — ') + Z Vi(r)o(r — ') Py(r, 1), (A.17)

where Vi is the local part, V; is the nonlocal I-dependent model pseudopotential, and P, is the projector
operator onto the [ angular momentum subspace. In order to make the plane wave calculations more
efficient, Kleiman and Bylander (KB) [132] replaced the above semi-local expression with a fully separable

form:

V(1) = Vioel0)0(r =1/) + 3 i) Vil (A.18)

where V; is the KB potential and the wavefunctions |i) are atomic pseudo-states. |i) are modified
such that the KB potential reproduces the action of the original semi-local one on the reference atomic
pseudo-wavefunctions.

Vanderbilt introduced the most complete generalization of the scheme, and found an ulatrasoft
pseudopotential method to increase the transferability of the pseudopotentials [67]. The region of energy
corresponding to occupied states in the crystals is sampled with more than one projector so that the
index in Eq. (A.18) runs not only on the atomic reference states but also, for each angular momentum,
on a set of energy values around them used to reproduce the correct scattering properties of the ion.

This requires a generalization of the expression (A.18), in which the nonlocal part is described as:
Vo = Z Bi;18:i)(Bil, (A.19)
(]

where the functions |3;) are built by the chosen pseudowavefunctions, the matrix B;; is an hermitian
operator built by using the same quantities. The ultrasoft pseudopotential relaxes the norm conserving
condition, and thus the pseudowavefunction inside the core can be as smooth as possible. This is possible

by introducing a generalized overlap operator:

S=1+ Z%,j|@><ﬂj|» (A.20)

2%
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so that the orthonormality condition to be satisfied in the solution of the Kohn-Sham equations is:
(¥ilS]5) = bij. (A.21)

In these expressions, ¢; ; is the integral of the augmentation charge density,

%Gj = /eri,j(r)7 (A.22)

Qii(r) PP () R (r) — S () e S (), (A.23)

where the wavefunctions 1 *F(r) and ¢!5(r) are the all-electron ones and the pseudo ones of the atomic
states, respectively. Because of this generalization, the charge density is required to be completed with

the augmentation part on the ionic cores:

n(r) =Y fir | [ixl® + D Q1 (r =R (wind 81 (B [vi) | (A.24)

i,k Lij

where f; x is the fractional occupation of the state, I is the index of the ions, R; is the position of the
ions, Q is the augmentation charge for the ions. The modification in n(r) also involves the expression

of the potential in the Kohn-Sham equations. The external potential is described by

V(r,r') = Vie(r)d(x — ') + > Do |81) (1], (A.25)

I1,i,5

In this expression, the coefficients D:f’;"l need to be calculated as:

piert = / drVeg (r)Q! ;(r — Ry), (A.26)

2¥)

I I I
Di; = Bi;+eid; (A.27)

This finally leads to the generalized eigenvalue problem:

~VE Y DEBNB] + Verr | ik = iS5 (A.28)

1,i,j

98



As evident from the last expression, the pseudopotential needs to be updated at each iteration, and this
makes it participate to the screening process, further increasing its transferability. Although we can
obtain the advantages introduced by ultrasoft pseudopotentials, we need a very large cut-off energy to
describe the augmentation charge density. However, this term affects only the calculation of n(r), and

does not the diagonalization process.
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Appendix B

van der Waals corrections to the
density functional energy

calculations

B.1 semiempirical van der Waals method

Grimme [52] proposed the semiempirical van der Waals (DFT-D) method, which is based on a damped
atom-pairwise dispersion corrections of the form CgR™%, where Cg represents the dispersion coefficient
for a given atom pair, and R is the distance between the atoms. The DFT-D total energy is give by
Eq.(2.1).

E%isP i5 a semiempirical dispersion correction given by

Edisp —S6 Z Z 6 fdamp )» (Bl)

i=1 j=i+1 U

where N is the number of atoms in the system, Céj denotes the dispersion coefficient for atom pair ij,
56 is a global scaling factor that only depends on the density functional used, and R;; is an interatomic

distance. In order to avoid near-singularities for small R, a damping function, fiamp, must be used,
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which is given by

1
fdamp(Rij) = W, (B2)

where d = 20, and R, is the sum of atomic vdW radii. These values are derived from the radius of the
0.01a, 3 electron density contour from ROHF/TZV computations of the atoms in the ground state.

The combination rule for C’éj is defined as

Ccy =n/cicy, (B.3)

where C} and C’g are the atomic Cg coefficient. The Cj coefficient for atom a (in Jnm® mol~!) is given
by

C2 = 0.05NI%a®, (B.4)

where N has values 2, 10, 18, 36, and 54 for atoms from rows 1-5 of the periodic table, I is the
atomic ionization potential which is based on the DFT/PBEO calculations, and « is the static dipole
polarizabilities. The Cg parameters and van der Waals radii R, for elements H-Xe are summarized in
Table 1 in Ref. [52].

The sg scale factors have been determined by least-squares optimization of interaction energy devia-
tions for the 40 noncovalently bound complexes, and are found to be 0.75 for the GGA-PBE exchange-

correlation functional.
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B.2 van der Waals density functional

The van der Waals density functional (vdW-DF) procedure [58, 59] is in short

Exc[n] = EJ%[n] + Ec[n], (B.5)

that (i) is to take an appropriately selected GGA exchange functional, (ii) to develop a properly con-
structed nonlocal correlation functional that includes an account of vdW forces, and (iii) to perform
calculations with some efficient and accurate electron structure scheme, for instance, with plane-wave
and real-space codes. The computational cost for vdW-DF [58, 59] are comparable to ordinary DFT. By
using the functional derivative of E. with respect to the density n(r) as a component of the Kohn-Sham
electron potential [123], the calculation are made fully self-consistent.

The revPBE exchange [133] is usually chosen because it best eliminates the spurious bonding from
exchange alone, but the fact that it is not perfect is reflected in the slightly longer bonds obtained with
it. Nevertheless it has proved a good match for the vdW-DF correlation functional in giving better
equilibrium energies than when HF exchange is used. The search for an improved exchange functional
has high priority.

The correlation energy is split into short- and long-ranged parts:

Ee[n] = E[n] + E'[n], (B.6)

where E?[n] is the short-ranged term and E»![n] is the long-ranged term. E? is evaluated in LDA, which
implicitly uses the exact dielectric function. The long-ranged term, EP! depends nonlocally on the
density, and contains the principle vdW terms. It is also much smaller in magnitude and in positional
sensitivity, so it can be evaluated with a lower accuracy. in particular, in the vdW-DF, it is evaluated
with a simple model dielectric function.

As a matter of fact, in the vdW-DF, the key ingredients of this long-range (nonlocal) part of the
correlation functional are (i) the adiabatic-connection formula [126, 134, 135] as the starting point,

(ii) an approximate coupling-constant integration, (iii) which as in the planar case [136] is exact for
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the asymptotic long-range vdW term, (iv) the use of an approximate dielectric function ¢ in a single-
pole form, (v) which is fully nonlocal and satisfies known limits, sum rules and invariances, (vi) whose
pole position is scaled to give exact electron-gas ground-state energy locally, including the appropriate
gradient correction (the pole strength is determined by a sum rule) and (vii) the lack of empirical or
fitted parameter.

The form of the general-geometry functional for E*'[n] derived in [58] is

B = //drdr’n(r)K(r,r’)n(r'), (B.7)

where the kernel K(r,r’) has been derived based on the adiabatic connection fluctuation dissipation
theorem, the random phase approximation (RPA), and using a plasmon pole model for the polarizability.
The short-range part is treated in LDA whereas the long-range part has nonlocal component. This is

why double counting is avoided.
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