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Abstract 
 
Research as well as technological development in the field of organic materials application for solar cells 

was remarkably successful in the last decades, and the highest conversion efficiency reported so far is 

5.2% in single junction organic solar cell. One of the important issues to improve the conversion 

efficiency is to control electrical properties at the interface between metal electrodes and organic 

molecules. Recently, bathocuproine (BCP) is used as a buffer layer between organic material and metal 

electrode to get higher conversion efficiency of solar cells. In case of solar cells composed of 

Zn-phthalocyanine and C60, short circuit current density increased significantly by using BCP buffer 

layer due to an improvement of the electrical properties at the interface between the electrode and C60. 

The insertion of BCP buffer layer is, however, effective only when relatively small work function of 

electrode metal like Ca is used and not effective for higher work function of metals like Au.                              

Electronic structure of the interface between a bathocuproine (BCP) molecule and metal surface was 

studied by density functional theory. The binding energy of BCP with metal surface increased with 

decreasing work function of metals, that is, Au, Ag, Al, Mg, and Ca in this order. The charge transfer also 

increased with decreasing metal work function. It was analyzed that the Fermi level and the lowest 

unoccupied molecular orbital of BCP are composed of both BCP and metal orbital component, and 

electron transport properties across the BCP and metal is discussed based on these analyses.                                                                                           

Electronic structure of the interface between a CBP molecule and metal surface was studied by density 

functional theory. The binding energy of CBP with metal surface decreased with decreasing work function 

of metals, that is, Au, Ag, and Mg in this order. The charge transfer also decreased with decreasing metal 

work function. It was analyzed that the Fermi level and both HOMO and LUMO of CBP are composed of 

both BCP and metal orbital component, and both electron and hole transport properties across the CBP 

and metal is discussed based on these analyses. Finally, the difference in the interaction between CBP 

with metals and BCP with metals is discussed on the basis of their interface properties.                                                                         

The effect of doping on position of interface states for metal doped bathocuproine (BCP) was studied with 

density functional theory (DFT). The doping of Ca atoms with BCP induces the formation of interface 

states with shift in their relative positions from Fermi level towards higher binding energy and 

approximately no shift in HOMO position of BCP molecule. This shift was believed to be due to the 

presence of doping excess electrons from Ca at the interface. However, there was almost no shift in the 

relative positions of interface states from Fermi level for Ag doped BCP and no interface state was 

observed for Au doped BCP. The analysis of modification in intensity of LUMO or interface states or 

Fermi level, suggests the formation of multiply charged anions in heavily doped film. It clearly gives the 

direct evidence for the origin of the doping interface states in organic molecules. The effects of Ca, Ag, 

and Au doping on electrical properties were discussed.   
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Chapter 1 Introduction 
 

1.1 Introduction 
As for a large amount of energy not to be able to lack in economic development, the most part is 
invented with the fossil fuel. Moreover, the consumption keeps increasing with a population 
increase. However, reserves of such a fossil fuel are limited and energy problems are serious 
because it is expected the dryness of coal in 218 years, natural gas in 63 years and oil in 41 
years. Therefore, a new energy source is needed to be going to develop economy in the future 
and to be developed. Moreover, it is hoped that a new energy source is clean energy from the 
viewpoint of environmental problems so that the consumption of the fossil fuel may exhaust the 
heat-trapping gas assumed. Figure 1.1 shows exhaust energy source. On other hand, the use of 
natural energy is paid to attention as a safe and clean energy source.  
Especially, high expectations are in the photovoltaic generation that uses the sunlight energy 
that pours down unlimitedly in daytime and there is a collection. However, the photovoltaic 
generation has not arrived at a large-scale distribution because the power generating cost is very 
high compared with power generation that uses the fossil fuel and nuclear power for Figure 1.2 
as shown. Therefore, the lowering the cost of the power generating cost is an important problem 
to distribute the photovoltaic power generation widely. 

 
Figure 1.1 Amount of CO2 exhaust according to power generation method [1-1] 
New Energy and Industrial Technology Development Organization (NEDO) brought, "Road 
map of the photovoltaic generation for 2030" and showed the research and development target 
to the lowering the cost of the solar battery. Figure 1.3 shows this part. Here, the power 
generation cost will be decreased from a present cost up to 14yen/ kWh by making 
compound-semiconductor solar cell (CIGS) and the solar battery a thin film by 2020, and the 
target to achieve an equal power generating cost seven yen to nuclear power generation/a 
kilowatt-hour in addition by 2030 is set. To achieve this target finally, great lowering the cost is 
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needed with making of the solar battery highly effective by the appearance of the new concept 
solar battery other than an existing material system. Then, the solar battery that uses the organic 
material as a candidate of this new concept solar battery is expected now and the research and 
development is done. As for the solar battery that used this organic material, it was classified 
into two kinds (a dye sensitized solar cell and an organic thin-film solar cell), and each research 
was advanced, and moreover, a latter organic thin-film solar cell was paid attention and 
researched in the present study. Next, the feature of an organic thin-film solar cell is described. 
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Figure 1.2 Power generating cost according to power generation method [1-1] 
Sources: 1-Sunlight, 2-Water power, 3-Oil, 4-Coal, 5-LNG, 6-Nuclear power 
 

 
Figure 1.3 New and Industrial Technological Development Road Map 2030 [1-2] 

1.2 Organic thin-film solar cell 
An organic thin-film solar cell is a solar battery composed by the thin film of the organic 
material such as the coloring matters and polymers. Therefore, the technique of the energy 
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efficient can be manufactured by spreading under the normal pressure. Moreover, because the 
price cutting can be hoped to the material by establishing the synthesis method, it is possible to 
expect it very much as a solar battery of the next generation type. And, it is thought that the 
potential of the business market can not be so good in comparison with an inorganic solar 
battery. The organic material possesses only the property of low cost, easily fabricate and 
flexible. However, it has some weaknesses such as low efficiency and less stability. 
Titania porous semiconductor electrode is made for them to adsorb the sensitizing dye as shown 
in Fig. 1.4(a) and about it is cell structure of the wet type who injected the electrolysis solution 
into both inter-electrode, and similarly, the thickness is a lot of micrometer in the dye sensitized 
solar cell using the organic material. The cell of the conversion efficiency 11% has been 
reported so far and the approach for practical use is done actively. However, there is a problem 
of the leak to use the electrolysis solution, and coexisting of the increase of durability and the 
conversion efficiency improvement of the module becomes a big problem. One side the battery 
for the organic thin film ground is a thin film multilayer structure to have a similar pn junction 
to an inorganic solar battery by the organic semiconductor material that has n type or p type as 
shown in Figure 1.4(b). The thickness has about 100 nm and an extremely thin feature. 
Moreover, the research has been activated from this can the easy application of the technology 
established by researching and developing the organic EL element and the electro-conductive 
polymer for the organic thin film system. 
  Tens of μm                          Many hundreds of nm   

   
Porous quality titania electrode          Metal electrode 
p type organic semiconductor   n type organic semiconductor 

 Electron     
Figure 1.4 Device structure of organic solar battery 
1.2.1 Organic semiconductor 
The organic semiconductor is an insulator electrically in low electric field (<104V/cm), and the 
electrical specification is considerably different from a covalently bonded inorganic 
semiconductor. The mobility of the electron and the hole becomes 10cm2/Vor more, because it 

Metal 

Hole (a) Dye sensitized solar cell (b) Organic thin-film solar cell 
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forms the banded structure in the crystal of a general inorganic semiconductor. On the other 
hand, non-crystalloid structure falls into disorder and the hopping conduction of the next 
intermolecular to which those migratory mechanisms are weakly interactive to each other, is too 
predominant in the organic semiconductor. Therefore, the mobility ranges in the order of 10-3 to 
10-7 cm2/V-s for a feature of very small size [1-3]. The formation of the film is necessary and 
indispensable. Therefore, it is understood that the film thickness of an organic thin-film solar 
cell is about 100 nm and should be also thin. 
The peculiarity in the organic semiconductor is the organic molecule and the highest occupation 
molecule orbit (HOMO: Highest Occupied Molecular Orbital) and lowest non-occupation 
molecule orbit (LUMO: Lowest Unoccupied Molecular Orbital) are designed, and it is generally 
believed that it corresponds to the top of the conduction band and bottom of the valence band in 
inorganic semiconductor. In general, it is thought that an extremely narrow banded structure is 
formed in the energy semi-place neighborhood of HOMO and LUMO along with sets of the 
organic molecules though it is not thought that most of the organic molecule forms the banded 
structure because there is an amorphous substance. Actually, the report that observes this 
banded structure is performed, too [1-4]. Therefore, it is often expressed that the energy 
difference between HOMO and LUMO is energy gap (Eg) as in the case of an inorganic 
semiconductor in the energy level diagram. 
ITO electrode   p-type   n-type   Metal electrode 

 
 
Figure 1.4 Device structure of organic solar battery 
1.2.2 Photoelectric conversion process of organic thin-film solar cell 
The photoelectric conversion process is somewhat different though the structure of an organic 
thin-film solar cell looks like that of the solar battery of the inorganic semiconductor cell. 
Photocurrent is generated by the electron and the hole generated by optical excitation in the 
depletion layer on the pn junction field side diffusing by the internal electric field in an 

1. Photoabsorption and  
exciton generation 

2. Diffusion of exciton 
3. Charge separation 
4. Charge transfer and collection 
+ Hole 
- Electron 
+- Exciton EF 
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inorganic solar battery and reaching each electrode. However, Figure 1.5 shows the 
photoelectric conversion process of an organic thin-film solar cell so that the extension of the 
depletion layer like the inorganic semiconductor may not exist on the pn junction field side and 
only the joint field side neighborhood may contribute to photocurrent in an organic thin-film 
solar cell. 

(i) Photoabsorption and exciton generation 
It starts because the first photoelectric conversion process changes to LUMO in the organic 
semiconductor's absorbing light energy the electron of HOMO, and generates the exciton. 
The organic semiconductor used by an organic thin-film solar cell had the photoabsorption in a 
visible optical area. It has the pi electron. It is a molecule of the pi conjugate system. The pi 
conjugate system is a molecule that places one single bond by the double bond, ranges, and is 
interactive each other. Moreover, in pi conjugate system, the pi electron is interactive through 
the single bond and made non-localization. So, the pi conjugation length is long. By growing 
the pi electron delocalization, π-π* transition occurs from HOMO to LUMO. The electron is 
excited to the energy efficient side and it comes to absorb visible light. Figure 1.6 shows the 
example of the absorption spectrum of the organic molecule. Because the organic 
semiconductor absorbs only light energy corresponding to the energy at the transition moment, 
the absorption domain is narrow.  

 
Figure 1.6 Photoabsorption spectrum of organic thin film 
However, the coefficient of absorptivity in the vicinity of the absorption peak is very much 
approximately about 105cm-1

The electric field separation of exciton arises in pn junction side. The exciton generated in pn 

. It is just high. Therefore, light energy is absorbed enough even if 
the solar battery is a thin film and the exciton can be generated. Moreover, it is also possible to 
expand the used area by light energy by making it to multilayer by using the material with 
different absorption domain.  

(ii) Diffusion of exciton 
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side is the second process, because it happens only in the bonded interface. It is necessary to 
diffuse to the bonded interface. As for the diffusion length of the exciton, it is extremely short 
and generally related to about tens of nm thickness, a peculiar exciton lifetime and the mobility 
of the organic semiconductor. It is understood that the area that contributes from the diffusion 
length of the exciton, short to an optical path is only the area of centering on the pn junction 
field side of tens of nm, and the pellicle formation is necessary and indispensable in the solar 
battery. 

(iii) Charge separation 
In the third process, each hole and electron is handed over to a donor character and an acceptor 
organic semiconductor in which the exciton that reaches on the pn junction field side is adjacent, 
and the charge separation happens. The exciton is assumed to be separated at a probability near 
100% pn junction field side [1-5]. However, the generation mechanism of the electric field 
necessary for the charge separation on the pn junction field side is not clear at the present stage. 

(iv) Charge separation and collection 
In the fourth process, it moves in the organic semiconductor, the charge collection is done by 
the electrode finally, and the charge to which the charge separates is taken out to an external 
circuit. As pi charge is transferred, the hopping conduction is thought. During this hopping 
conduction, pi charge transferred is ionized radical. Generally, though the mobility of the 
organic semiconductor is low, it can be improved by enlarging succession of the pi electron 
orbit. The trapping efficiency of pi charge is organic. It is thought that it is greatly influenced in 
the state of the joint on organic/metallic electrode field side. Therefore, it is organic. It is 
important to control the energy connection on organic/metallic electrode field side, and to 
produce the ohmic contact. 

1.2.3 Research direction in organic thin-film solar cell 
The research of an organic thin-film solar cell continues from 20 years or long. The organic 
thin-film solar cell researched in around 1980, is a Schottky type solar battery where the organic 
semiconductor is placed with the electrode with a different work function [1-6]. 
In this structure, the photo electromotive force has been generated using Schottky barrier 
formed at the interface between the organic semiconductor and the metal electrode. However, 
the charge separation area was several nm and a charge transfer was small. That’s why the 
conversion efficiency 1% was not able to be exceeded. It is Tang to break this wall that 
advanced the development of organic EL. Tang has the function of each layer like luminescence 
and pi charge transport in organic EL. The technique for accumulating them was developed 
[1-7]. This technique was applied to the organic solar cell, and the pn junction type organic 
thin-film solar cell shown in Fig. 1.7 was developed. As a result, the conversion efficiency 1% 
was achieved [1-8]. The research of the film solar battery will be activated. 
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Copper phthalocyanine (CuPc)                              Perylene derivative (PTCBI) 

Molecular configuration of organic material 

                      

                           (b) Device structure and I-V characteristic 
Figure 1.7 Molecular structures, device structures and I-V characteristics of pn junction type 
organic solar battery [1-8] 
In this structure, because the buffer coat is newly introduced between the metal electrode and n 
type semiconductor, the conversion efficiency 2.4% is achieved [1-9]. Moreover, it has large 
quantities and the synthesis technologies of fullerene (C60). In this structure, C60 was 
introduced as n type organic semiconductor and the conversion efficiency has improved up to 
4.2% [1-10]. Afterwards, to increase the pn junction field side and to improve the utilization 
efficiency of light, the technique has developed for using the film that mixes p type organic 
semiconductor with n type organic semiconductor [1-11, 1-12]. The solar battery that introduces 
this mixture film is said a joint type organic solar battery to the bulk. It is reported to exceed the 
conversion efficiency 3% when p-type semiconductor PCBM, that is, poly-phenylenevinylene is 
used with n type organic semiconductor C60 [1-11]. Moreover, p type and n type 
semiconductors are combined [1-12,1-13,1-14,1-15,1-16] as bulk hetero diode layer in which 
both n- and p-type semiconductors got mixed by means of co-deposition method and is 
considered to be i layer that is intrinsic semiconductor, and pin junction structure that inserts i 
layer in interface of pn junction is developed. Figure 1.8 shows the one example of such 

Metal electrode 

PTCBI (n type) 

pn junction field side 

CuPc (p type) 
ITO electrode 

Glass substrate 
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structure.  

 
Figure 1.8 element structure of pin type organic solar battery [1-15] 
The phthalocyanine molecules (CuPc, H2Pc, ZnPc) are used as p-type semiconductors and C60 
as n-type semiconductor. Moreover, there are a lot of PEDOT:PSS films as the hole transporting                                                              

 
(a) Low molecule system [1-16]                 (b) Polymer system [1-17] 
Figure 1.9 Device structure of tandem type organic thin-film solar cell 

 
Figure 1.10 Transition of conversion efficiency of various solar batteries [1-18] 
materials and Bathocuproine(BCP) films as the electron transport material. The BCP is 
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introduced between the organic semiconductor and the metal electrode as a buffer coat. It is 
reported to improve the conversion efficiency up to 3.6% in the p-i-n type device [1-14]. The 
research and development of an organic thin-film solar cell has been activated to this bulk 
further by the introduction of the joint layer, [1-16,1-17] from which research on solar battery 
of structure of making to tandem that both polymers and low molecule systems accumulated 
two cells to series is done in recent years. Figure 1.9 shows one example of the tandem type 
solar battery structure. The conversion efficiency is achieved 6.5% in the structural optimization 
though it is a structure in the low molecule system to make the same cell structure accumulation 
[1-16]. On the other hand, it is a structure to improve the utilization efficiency of light by using 
the material with different photoabsorption area in a forward cell and a rear cell in the polymer 
system. For this structure, the conversion efficiency upto 6.5% is achieved [1-17]. Figure 1.10 
shows the transition of the conversion efficiency of an organic thin-film solar cell and other 
solar batteries. It is a greatly low compared with other solar batteries that have been put to 
practical use and the improvement in the conversion efficiency of an organic thin-film solar cell 
was achieved well by various researches. Therefore, the further improvement in the conversion 
efficiency may be achieved equal to that of a-Si solar battery necessary to put it to practical use 
in the future. 

1.3 Investigative purpose 
The improvement of the conversion efficiency is a problem in the research of an organic 
thin-film solar cell as having described so far. However, the research that experimentally 
clarifies the principle of operation of the device and the improvement mechanism of the 
conversion efficiency is hardly done because of the control of the device structure, the control of 
the impurity addition, and the organic material has been chiefly searched as an approach to 
making highly effective as for many of the researchers. It is thought that it is necessary and 
indispensable to clarify the principle of operation of the device and the improvement of 
mechanism of the conversion efficiency to be going to make highly effective in the future 
further, and to develop a long-lived device.  
The main investigative purpose of this research is to understand the interaction of BCP and CBP 
with metals qualitatively. This research was performed using density functional theory to study 
the mechanism at the interface between organic (BCP, CBP) and metals in terms of interface 
properties i.e. binding energy, charge transfer, density of states and injection barrier to charge 
carriers. This research also clarified the difference in interaction between CBP with metals and 
BCP with metals. Moreover, we tried to investigate the origin of shift in relative position of 
interface states towards higher binding energy with increase in number of Ca atoms (especially 
relatively low work function metals). 
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Chapter 2 Method and Model of Simulation 
 

2.1 Introduction 
 A computer simulation or a computational model is a computer program that attempts to 
stimulate an abstract model of a particular system. Computer simulations have become a useful 
part of many natural systems in physics and chemistry to understand the mechanism or process 
of their operation [2-1]. 
Graphical environments have been developed to design simulations. The open source programs 
have been available in the world to perform simulations in physics and chemistry. A very large 
fraction of simulations in both physics and chemistry is used in solving so called many body 
problems. The reliability and the trust people put in computer simulations depends on the 
validity of the simulation model; therefore, verification and validation are of crucial importance 
in the development of computer simulations. Another important aspect of computer simulations 
is reproducibility of experimental results i.e. a simulation model should not provide a different 
answer for each execution. 
It is very important to perform sensitive analysis and ensure the accuracy of the results so that it 
can be properly understood. For example, the interaction of organic molecules with various 
metals can be understood using density functional theory method along with Hartree-Fock 
method. 

2.2 Density Functional Theory                                               
Density functional theory (DFT) is a quantum mechanical theory used in physics and chemistry 
to investigate the electronic structure (principally the ground state) of many-body systems, in 
particular atoms, molecules, and the condensed phases. With this theory, the properties of a 
many-electron system can be determined by using functionals, i.e. functions of another function, 
which in this case is the spatially dependent electron density. Hence the name density functional 
theory comes from the use of functional of the electron density. DFT is among the most popular 
and versatile methods available in condensed-matter physics, computational physics, 
and computationalchemistry.                                                            
DFT has been very popular for calculations in solid state physics since the 1970s. In many cases 
the results of DFT calculations for solid-state systems agreed quite satisfactorily with 
experimental data. Also, the computational costs were relatively low when compared to 
traditional ways which were based on the complicated many-electron wavefunction, such 
as Hartree-Fock theory and its descendants.  
However, DFT was not considered accurate enough for calculations in quantum chemistry until 
the 1990s, when the approximations used in the theory were greatly refined to better model the 
exchange and correlation interactions. DFT is now a leading method for electronic structure 
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calculations in chemistry and solid-state physics.                                
Despite the improvements in DFT, there are still difficulties in using density functional theory to 
properly describe intermolecular interactions, especially Van der Waals forces (dispersion); 
charge transfer excitations; transition states, global potential energy surfaces and some 
other strongly correlated systems; and in calculations of the band gap in semiconductors. Its 
poor treatment of dispersion renders DFT unsuitable (at least when used alone) for the treatment 
of systems which are dominated by dispersion (e.g., interacting noble gas atoms) or where 
dispersion competes significantly with other effects (e.g. in biomolecules). The development of 
new DFT methods designed to overcome this problem, by alterations to the functional or by the 
inclusion of additive terms, is a current research topic. 

2.2.1 Overview of Method                                                 
Although density functional theory has its conceptual roots in the Thomas-Fermi model, DFT 
was put on a firm theoretical footing by the two Hohenberg-Kohn theorems (H-K) [2-2]. The 
original H-K theorems held only for non-degenerate ground states in the absence of a magnetic 
field, although they have since been generalized to encompass these [2-3,2-4].                                                                 
The first H-K theorem demonstrates that the ground state properties of a many-electron system 
are uniquely determined by an electron density that depends on only 3 spatial coordinates. It 
lays the groundwork for reducing the many-body problem of N electrons with 3N spatial 
coordinates to 3 spatial coordinates, through the use of functionals of the electron density. This 
theorem can be extended to the time-dependent domain to develop time-dependent density 
functional theory (TD-DFT), which can be used to describe excited states.              
The second H-K theorem defines energy functional for the system and proves that the correct 
ground state electron density minimizes this energy functional.         
Within the framework of Kohn-Sham DFT, the intractable many-body problem of interacting 
electrons in a static external potential is reduced to a tractable problem of non-interacting 
electrons moving in an effective potential. The effective potential includes the external potential 
and the effects of the Coulomb interactions between the electrons, i.e. the exchange 
and correlation interactions. Modeling the latter two interactions becomes the difficulty within 
KS DFT. The simplest approximation is the local-density approximation (LDA), which is based 
upon exact exchange energy for a uniform electron gas, which can be obtained from 
the Thomas-Fermi model, and from fits to the correlation energy for a uniform electron gas. 
Non-interacting systems are relatively easy to solve as the wave function can be represented as 
a Slater determinant of orbitals. The exchange-correlation part of the total-energy functional 
remains unknown and must be approximated. 

2.2.2 Formulation                                                             
As usual in many-body electronic structure calculations, the nuclei of the treated molecules or 
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clusters are seen as fixed (the Born-Oppenheimer approximation), generating a static external 
potential V in which the electrons are moving. A stationary electronic state is then described by 
a wave function Ψ (r1, ……, rN Schrödinger equation) satisfying the many-electron  

HΨ= [T+V+U] Ψ= ( ) ( )
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Where H is the electronic molecular Hamiltonian, N is the number of electrons, T is the 
N-electron kinetic energy, Vis the N-electron potential energy from the external field, and U is 
the electron-electron interaction energy for the N-electron system. The operators T and U are 
so-called universal operators as they are the same for any system, while V is system dependent, 
i.e. non-universal. The difference between having separable single-particle problems and the 
much more complicated many-particle problem arises from the interaction term U. There are 
many sophisticated methods for solving the many-body Schrödinger equation based on the 
expansion of the wave function in Slater determinants. For example, the simplest one is the 
Hartree-Fock method.                                              
In DFT the key variable is the particle density ρ, which for a normalized Ψ is given by      

ρ(r) = N ∫ 2
3rd ∫ 3

3rd … ∫ Nrd 3 Ψ*(r, r2, ……., rN)Ψ(r, r2, ……., rN

This relation can be reversed, i.e. for a given ground-state density ρ

)                      

0 (r) it is possible, in 
principle, to calculate the corresponding ground-state wave function Ψ (r1, ……, rN). In other 
words, Ψ0 functionalis a unique  of ρ0 [2-2]. i.e. Ψ0 = Ψ (ρ0) and consequently the ground-state 
expectation value of an observable O is also a functional of ρ0 i.e. O [n0] = <Ψ [n0] |O|Ψ [n0]>                                                      
In particular, the ground-state energy is a functional of ρ0 i.e. E0 = E [ρ0] =                
<Ψ [ρ0] |T+V+U|Ψ [ρ0]>, where the contribution of the external potential <Ψ [ρ0] |V|Ψ [ρ0]> 

can be written explicitly in terms of the ground-state density ρ0 i.e. V [ρ0 ( ) ( ) rdrrV 3
0ρ∫] =          

More generally, the contribution of the external potential <Ψ|V|Ψ> can be written explicitly in 

terms of the density ρ, V [ρ] = ( ) ( ) rdrrV 3ρ∫                                    

The functional T[ρ] and U[ρ] are called universal functional, while V[ρ] is called a 
non-universal functional, as it depends on the system under study. Having specified a system, 
i.e., having specified V, one then has to minimize the functional                         

E [ρ] = T[ρ] + U[ρ] + ( ) ( ) rdrrV 3ρ∫  

with respect to ρ(r), assuming one has got reliable expressions for T[ρ] and U[ρ].  
A successful minimization of the energy functional will yield the ground-state density ρ0 and 
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thus all other ground-state observables. The variational problems of minimizing the energy 
functional E [ρ] can be solved by applying the Lagrangian method of undetermined multipliers 
[2-5].                                                 
First, one considers an energy functional that doesn't explicitly have an electron-electron 
interaction energy term, Es [ρ] = <Ψs [ρ] |Ts+Vs|Ψs [ρ]>, where Ts denotes the non-interacting 
kinetic energy and Vs

( ) ( )rr
def

s ρρ =

 is an external effective potential in which the particles are moving. 

Obviously,  if Vs is chosen to be Vs = V + U + (T – Ts
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Thus, one can solve the so-called Kohn-Sham equations of this auxiliary non-interacting system, 

                                     

which yields the orbitals φi

( ) ( )rr
def

s ρρ =

 that reproduce the density ρ (r) of the original many-body system 
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The effective single-particle potential can be written in more detail as                            
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where the second term denotes the so-called Hartree term describing the electron-electron 
Coulomb repulsion, while the last term Vxc is called the exchange-correlation potential. Here, 
Vxc includes all the many-particle interactions. Since the Hartree term and Vxc depend on ρ(r), 
which depends on the ϕi, which in turn depend on Vs

iterative
, the problem of solving the Kohn-Sham 

equation has to be done in a self-consistent (i.e., ) way. Usually one starts with an initial 
guess for ρ(r), and then calculates the corresponding Vs and solves the Kohn-Sham equations for 
the ϕi

The major problem with DFT is that the exact functional for exchange and correlation are not 
known except for the free electron gas. However, approximations exist which permit the 
calculation of certain physical quantities quite accurately. In physics the most widely used 
approximation is the 

. From these one calculates a new density and starts again. This procedure is then repeated 
until convergence is reached.                                              

local-density approximation (LDA), where the functional depends only on 

the density at the coordinate where the functional is evaluated: [ ] ( ) ( )∫= rdrE xcxc
3ρρερ                                              

The local spin-density approximation (LSDA) is a straightforward generalization of the LDA to 

include electron spin: [ ] ( ) ( )∫ ↓↑↓↑ = rdrE xcxc
3,, ρρρερρ                 
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Generalized gradient approximations (GGA) are still local but also take into account the 

gradient of the density at the same coordinate: [ ] ( ) ( )∫ ↓↑↓↑↓↑ ∇∇= rdrE xcxc
3,,,, ρρρρρερρ                                     

Using the latter (GGA) very good results for molecular geometries and ground-state energies 
have been achieved. Difficulties in expressing the exchange part of the energy can be relieved 
by including a component of the exact exchange energy calculated from Hartree-Fock theory. 
Functional of this type are known as hybrid functionals. 

2.3 Hartree-Fock Method                                              
In computational physics and chemistry, the Hartree–Fock (HF) method is an approximate 
method for the determination of the ground-state wave function and ground-state energy of a 
quantum many-body system. The Hartree–Fock method assumes that the exact, N-body wave 
function of the system can be approximated by a single Slater determinant (in the case where the 
particles are fermions) or by a single permanent (in the case of bosons) of N spin-orbitals. By 
invoking the variational principle, one can derive a set of N-coupled equations for the N spin 
orbitals. Solution of these equations yields the Hartree–Fock wave function and energy of the 
system, which are approximations of the exact ones. The Hartree–Fock method finds its typical 
application in the solution of the electronic Schrödinger equation of atoms, molecules, and 
solids but it has also found widespread use in nuclear physics. The Hartree–Fock method is also 
called, especially in the older literature, the self-consistent field method (SCF). The solutions to 
the resulting non-linear equations behave as if each particle is subjected to the mean field 
created by all other particles. The equations are almost universally solved by means of an 
iterative, fixed-point type algorithm. This solution scheme is not the only one possible and is not 
an essential feature of the Hartree–Fock method. For molecules, Hartree–Fock is the central 
starting point for most ab-initio quantum chemistry methods. The discussion here is only for the 
Restricted Hartree–Fock method, where the atom or molecule is a closed-shell system with all 
orbitals (atomic or molecular) are doubly occupied. Open-shell systems, where some of the 
electrons are not paired, can be dealt with by one of two Hartree–Fock methods: Restricted 
open-shell Hartree–Fock (ROHF) and Unrestricted Hartree–Fock (UHF).  

2.3.1 Hartree-Fock Algorithms                                                 
The Hartree–Fock method is typically used to solve the time-independent Schrödinger equation 
for a multi-electron atom or molecule as described in the Born–Oppenheimer approximation. 
Since there are no known solutions for many-electron systems (hydrogenic atoms and the 
diatomic hydrogen cation being notable one-electron exceptions), the problem is solved 
numerically. Due to the nonlinearities introduced by the Hartree–Fock approximation, the 
equations are solved using a nonlinear method such as iteration, which gives rise to the name 
"self-consistent field method." 
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The Hartree–Fock method makes five major simplifications in order to deal with this task: 
The Born–Oppenheimer approximation is inherently assumed. The full molecular wave function 
is actually a function of the coordinates of each of the nuclei, in addition to those of the 
electrons.                                                
(ii)   Typically, relativistic effects are completely neglected. The momentum operator is 
assumed to be completely non-relativistic.                                            
(iii)   The variational solution is assumed to be a linear combination of a finite number of basis 
functions, which are usually (but not always) chosen to be orthogonal. The finite basis set is 
assumed to be approximately complete.                                         
(iv)   Each energy eigenfunction is assumed to be describable by a single Slater determinant, 
an antisymmetrized product of one-electron wave functions (i.e. orbitals).  
 (v)    The mean field approximation is implied. Effects arising from deviations from this 
assumption, known as electron correlation, are completely neglected.  

2.3.2 Variational optimization of orbitals                                          
The variational theorem states that for a time-independent Hamiltonian operator, any trial wave 
function will have an energy expectation value that is greater than or equal to the true ground 
state wave function corresponding to the given Hamiltonian. Because of this, the Hartree–Fock 
energy is an upper bound to the true ground state energy of a given molecule. In the context of 
the Hartree–Fock method, the best possible solution is at the Hartree–Fock limit; i.e., the limit 
of the Hartree–Fock energy as the basis set approaches completeness. The Hartree–Fock energy 
is the minimal energy for a single Slater determinant. The starting point for the Hartree–Fock 
method is a set of approximate one-electron wave functions known as orbitals. For an atomic 
calculation, these are typically the orbitals for a hydrogenic atom (an atom with only one 
electron, but the appropriate nuclear charge). For a molecular or crystalline calculation, the 
initial approximate one-electron wave functions are typically a linear combination of atomic 
orbitals (LCAO).                                                         
The orbitals above only account for the presence of other electrons in an average manner. In the 
Hartree–Fock method, the effect of other electrons is accounted for in a mean-field theory 
context. The orbitals are optimized by requiring them to minimize the energy of the respective 
Slater determinant. The resultant variational conditions on the orbitals lead to a new 
one-electron operator, the Fock operator. At the minimum, the occupied orbitals are eigen 
solutions to the Fock operator via a unitary transformation between themselves. The Fock 
operator is an effective one-electron Hamiltonian operator being the sum of two terms. The first 
is a sum of kinetic energy operators for each electron, the internuclear repulsion energy, and a 
sum of nuclear-electronic Coulombic attraction terms. The second are Coulombic repulsion 
terms between electrons in a mean-field theory description; a net repulsion energy for each 
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electron in the system, which is calculated by treating all of the other electrons within the 
molecule as a smooth distribution of negative charge.                               
Since the Fock operator depends on the orbitals used to construct the corresponding Fock matrix, 
the eigen functions of the Fock operator are in turn new orbitals which can be used to construct 
a new Fock operator. In this way, the Hartree–Fock orbitals are optimized iteratively until the 
change in total electronic energy falls below a predefined threshold. In this way, a set of 
self-consistent one-electron orbitals are calculated. The Hartree–Fock electronic wave function 
is then the Slater determinant constructed out of these orbitals. Following the basic postulates of 
quantum mechanics, the Hartree–Fock wave function can then be used to compute any desired 
chemical or physical property within the framework of the Hartree–Fock method and the 
approximations employed. The schematic diagram of Hartree-Fock algorithms in terms of Self 
Consistent Field method is shown as in Fig. 2.1. 

 

                     Fig. 2.1 Schematic diagram of SCF method 
2.3.3 Formulation                                                         
Because the electron-electron repulsion term of the electronic molecular Hamiltonian involves 
the coordinates of two different electrons, it is necessary to reformulate it in an approximate way. 
Under this approximation, (outlined under Hartree–Fock algorithm), all of the terms of the exact 
Hamiltonian except the nuclear-nuclear repulsion term are re-expressed as the sum of 
one-electron operators outlined below. The "(1)" following each operator symbol simply 
indicates that the operator is 1-electron in nature i.e. F[{ϕi}](1) = Hcore
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(1) =  is the one-electron core Hamiltonian, Ji 

Coulomb operator(1) is the , defining the electron-electron repulsion energy due to the orbital of 
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the ith electron, Ki exchange operator(1) is the , defining the electron exchange energy. Finding 
the Hartree–Fock one-electron wave functions is now equivalent to solving the eigenfunction 
equation:         F (1) ϕi(1) = Єi ϕi(1) where ϕi

Typically, in modern Hartree–Fock calculations, the one-electron wave functions are 
approximated by a 

(1) are a set of one-electron wave functions, 
called the Hartree–Fock molecular orbitals. 

2.3.4 Linear combination of atomic orbitals                                  

linear combination of atomic orbitals. These atomic orbitals are called 
Slater-type orbitals. Furthermore, it is very common for the "atomic orbitals" in use to actually 
be composed of a linear combination of one or more Gaussian-type orbitals, rather than 
Slater-type orbitals, in the interests of saving large amounts of computation time.                                                        
Various basis sets are used in practice, most of which are composed of Gaussian functions. In 
some applications, an orthogonalization method such as the Gram–Schmidt process is 
performed in order to produce a set of orthogonal basis functions. This can in principle save 
computational time when the computer is solving the Roothaan–Hall equations by converting 
the overlap matrix effectively to an identity matrix. However in most modern computer 
programs for molecular Hartree–Fock calculations this procedure is not followed due to the high 
numerical cost of orthogonalization and the advent of more efficient, often sparse, algorithms 
for solving the generalized eigenvalue problem, of which the Roothaan–Hall equations are an 
example. 

2.4 Selection of basis sets                                                        
In modern computational chemistry, quantum chemical calculations are typically performed 
within a finite set of basis functions. In these cases, the wavefunctions under consideration are 
all represented as vectors, the components of which correspond to coefficients in a linear 
combination of the basis functions in the basis set used. The operators are then represented 
as matrices, (rank two tensors), in this finite basis. In this article, basis function and atomic 
orbital are sometimes used interchangeably, although it should be noted that these basis 
functions are usually not actually the exact atomic orbitals, even for the corresponding 
hydrogen-like atoms, due to approximations and simplifications of their analytic formulas. If the 
finite basis is expanded towards an infinite complete set of functions, calculations using such a 
basis set are said to approach the basis set limit. When molecular calculations are performed, it 
is common to use a basis composed of a finite number of atomic orbitals, centered at each 
atomic nucleus within the molecule (linear combination of atomic orbitals ansatz). Initially, 
these atomic orbitals were typically Slater orbitals, which corresponded to a set of functions 
which decayed exponentially with distance from the nuclei. Later, it was realized by Frank Boys 
that these Slater-type orbitals could in turn be approximated as linear combinations of Gaussian 
orbitals instead. Because it is easier to calculate overlap and other integrals with Gaussian basis 
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functions, this led to huge computational savings (see John Pople). Today, there are hundreds of 
basis sets composed of Gaussian-type orbitals (GTOs). The smallest of these are called minimal 
basis sets, and they are typically composed of the minimum number of basis functions required 
to represent all of the electrons on each atom. The largest of these can contain literally dozens to 
hundreds of basis functions on each atom.                                           
A minimum basis set is one in which, on each atom in the molecule, a single basis function is 
used for each orbital in a Hartree-Fock calculation on the free atom. However, for atoms such as 
lithium, basis functions of p type are added to the basis functions corresponding to the 1s and 2s 
orbitals of the free atom. For example, each atom in the second period of the periodic system (Li 
- Ne) would have a basis set of five functions (two s functions and three p functions). The most 
common addition to minimal basis sets is probably the addition of polarization functions, 
denoted (in the names of basis sets developed by Pople) by an asterisk, *. Two asterisks, **, 
indicate that polarization functions are also added to light atoms (hydrogen and helium). These 
are auxiliary functions with one additional node. For example, the only basis function located 
on a hydrogen atom in a minimal basis set would be a function approximating the 1s atomic 
orbital. When polarization is added to this basis set, a p-function is also added to the basis set. 
This adds some additional needed flexibility within the basis set, effectively allowing molecular 
orbitals involving the hydrogen atoms to be more asymmetric about the hydrogen nucleus. This 
is an important result when considering accurate representations of bonding between atoms, 
because the very presence of the bonded atom makes the energetic environment of the electrons 
spherically asymmetric. Similarly, d-type functions can be added to a basis set with valence p 
orbitals, and f-functions to a basis set with d-type orbitals, and so on. Another, more precise 
notation indicates exactly which and how many functions are added to the basis set, such as (p, 
d).                                                                        
Another common addition to basis sets is the addition of diffuse functions, denoted in 
Pople-type sets by a plus sign, +, and in Dunning-type sets by "aug" (from "augmented"). Two 
plus signs indicate that diffuse functions are also added to light atoms (hydrogen and helium). 
These are very shallow Gaussian basis functions, which more accurately represent the "tail" 
portion of the atomic orbitals, which are distant from the atomic nuclei. These additional basis 
functions can be important when considering anions and other large, "soft" molecular systems. 

2.5 Importance of Hybrid Functionals                                            
The hybrid approach to constructing density functional approximations was introduced by Axel 
Becke in 1993 [2-6]. Hybridization with Hartree-Fock (exact) exchange provides a simple 
scheme for improving many molecular properties, such as atomization energies, bond lengths 
and vibration frequencies, which tend to be poorly described with simple "ab initio" functionals 
[2-7].                                                                        
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A hybrid exchange-correlation functional is usually constructed as a linear combination of the 

Hartree-Fock exact exchange functional ( HF
xcE ) and any number of exchange and correlation 

explicit density functionals. The parameters determining the weight of each individual 
functional are typically specified by fitting the functional's predictions to experimental or 
accurately calculated thermochemical data. For example, the popular B3LYP (Becke, 
three-parameter, Lee-Yang-Parr) [2-8, 2-9] exchange-correlation functional is: 

( ) ( ) ( )LDA
c

GGA
cc

LDA
x

GGA
xx

LDA
x

HF
x

LDA
xc

LYPB
xc EEaEEaEEaEE −+−+−+= 0

3  

Where a0 = 0.20, ax = 0.72, and ac

GGA
xE

 = 0.81 are the three empirical parameters determined by 
fitting the predicted values to a set of atomization energies, ionization potentials, proton 

affinities, and total atomic energies [2-10]; and GGA
cE are generalized gradient 

approximations: the Becke 88 exchange functional [2-11] and the correlation functional of Lee, 

Yang and Parr, [2-12] and LDA
cE is the VWN local-density approximation to the correlation 

functional [2-13]. 

2.6 Electron Density                                                       
Electron density is the measure of the probability of an electron being present at a specific 
location.                                                                     
In molecules, regions of electron density are usually found around the atom, and its bonds. In 
de-localized or conjugated systems, such as phenol, benzene and compounds such as 
hemoglobin and chlorophyll, the electron density covers an entire region, i.e. in benzene they 
are found above and below the planar ring. This is sometimes shown diagrammatically as a 
series of alternating single and double bonds. In the case of phenol and benzene, a circle inside a 
hexagon shows the de-localized nature of the compound. In compounds with multiple ring 
systems which are interconnected, this is no longer accurate, so alternating single and double 
bonds are used. In compounds such as chlorophyll and phenol, some diagrams show a dotted or 
dashed line to represent the de-localization of areas where the electron density is higher next to 
the single bonds 

electromagnetic radiation
[2-14]. Conjugated systems can sometimes represent regions where 

 is absorbed at different wavelengths resulting in compounds 
appearing colored. In polymers, these areas are known as chromophores.                                                                                                     
Mulliken population analysis is based on electron densities in molecules and is a way of 
dividing the density between atoms to give an estimate of atomic charges.               
Spin density is electron density applied to free radicals. It is defined as the total electron density 
of electrons of one spin minus the total electron density of the electrons of the other spin.  
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2.7 Simulation model of this research                                              
In recent years, organic molecule has become promising materials in the device applications. 
For example, bathocuproine (BCP) has been widely used as a buffer layer between an organic 
n-type semiconductor and a metal electrode to achieve the improvement in the efficiency of the 
device [2-15]. On other hand, the use of thin cathode interface layers such as 
4,4’-N,N’-dicarbazol-biphenyl (CBP) has been shown to improve the injection characteristics of 
higher work function metals like Al and Ag [2-16]. In recent years, organic molecules have 
become model molecules in the investigations of the interactions of functionalized polycyclic 
aromatic molecules with metal surfaces. The interaction between organic molecule (BCP, CBP) 
and metals (Ca, Mg, Al, Ag, and Au) is the main focus of our research. Our simulations are 
meant to reproduce the interface that may be obtained experimentally by depositing one organic 
molecule on the metal surface. We focus the electronic structure at organic-metal interface and 
interface properties such as binding energy, charge transfer, density of states and injection 
barrier to electrons and holes [2-17]. 

2.7.1 Simulation model for BCP/metal systems                                      
In our model, Ca (111), Mg (111), Al (111), Ag (111), and Au (111) surfaces were constructed 
using 13 metal atoms having the same arrangement for all metals in x-y axes plane as shown in 
Fig.2.2 (a). The atomic distances were kept constant with 0.394nm, 0.319nm, 0.286nm, 
0.289nm, and 0.288nm for Ca, Mg, Al, Ag, and Au, respectively, which are the same as those of 
the bulk values. The small metal clusters were chosen in our calculations due to the fact that 
their work functions were found to be close to their experimental values and our purpose of this 
research is to investigate the chemical trend in the interaction of BCP with various kinds of 
metals qualitatively. A single BCP molecule was basically kept in parallel with a metal (111) 
surface in a flat-lying manner because there are several works reporting energetically stable 
configuration as flat-lying geometry in polycyclic molecules on metal surface [2-17]. The 
atomic arrangement for the case of BCP on Ca in x-y axes plane is shown in Fig.2.2 (b).         
In the first step of our calculations, we have fixed the metal atoms and moved rigidly the BCP 
molecule in x-y axes plane, keeping it at a constant distance from the metal surface and also 
twisted around at the same time to find the adsorption configuration which minimizes the total 
energy for the system and provide a starting point for a more accurate analysis [2-17] with PC 
general atomic and molecular electronic structure system (PC GAMESS).                                                           
In the next step, we performed our calculations with varying inter-planar distance between BCP 
and metal surface, that is, z-axis, within the density functional theory, where the 
exchange-correlation function has been parameterized according to the generalized gradient 
approximation (GGA) in the Becke [2-11] and Lee-Yang-Parr [2-12] (B3LYP5) flavor using PC 
GAMESS/Firefly version 7.1C and Facio 11.4.1 programs. The hybrid parameter consists of 
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B3LYP as implemented in GAMESS (US), using VWN formula 5 [2-13] correlations. The basis 
set 6-31+G** was chosen for C, N, and H atoms of isolated BCP molecule as well as for metals 
Ca, Mg, Al and core frozen basis set SBKJC+** for Ag, Au junctions with one BCP molecule to 
give the result in consistent with previous ultra-violet photoemission spectroscopy (UPS) results 
[2-15]. These calculations were performed in Restricted Hartree-Fock (RHF) mode for closed 
shell metals such as Ca and Mg; while in Restricted Open Hartree-Fock (ROHF) mode for open 
shell metals such as Al, Ag and Au. The approximate basis set superposition error (BSSE) 
[2-18] for all BCP/metal systems using both basis sets 6-31+G** and SBKJC+**, was 
calculated by counter poise (CP) method and was observed to be negligibly small. 

8 7 6 9

5 3 1 2 4

13 12 10 11

                               
Fig. 2.2 (a) Ca (111) surface and (b) top view of BCP on Ca surface 
2.7.2 Simulation model for CBP/metal systems                                      
In our model, Mg (111), Ag (111), and Au (111) surfaces were constructed using 13 metal atoms 
having the same arrangement for all metals in x-y axes plane as shown in Fig.2.3 (a). The 
atomic distances were kept constant with 0.319nm, 0.289nm, and 0.288nm for Mg, Ag, and Au, 
respectively, which are the same as those of the bulk values. The small metal clusters were 
chosen in our calculations due to the fact that their work functions were found to be close to 
their experimental values and our purpose of this research is to investigate the difference in 
interaction of CBP with metals and BCP with metals qualitatively.  

8 7 6 9

5 3 1 2 4

13 12 10 11

                                                                                                     
Fig. 2.3 (a) Mg (111) surface and (b) Top view of CBP on Mg surface 
A single CBP molecule was basically kept in parallel with a metal (111) surface in a flat-lying 
manner because there are several works reporting energetically stable configuration as flat-lying 
geometry in polycyclic molecules on metal surface [2-17]. The atomic arrangement for case of 
CBP on Mg in x-y axes plane with 900 angle twisting to adsorb CBP completely on metal 

(b) (a) 

(a) 
(b) 
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surface is shown in Fig.2.3 (b).                                                   
In the first step of our calculations, we have fixed the metal atoms and moved rigidly the CBP 
molecule in x-y axes plane, keeping it at a constant distance from the metal surface and also 
twisted around at the same time to find the adsorption configuration which minimizes the total 
energy for the system and provide a starting point for a more accurate analysis [2-17] with PC 
general atomic and molecular electronic structure system (PC GAMESS).                                                          
In the next step, we performed our calculations with varying inter-planar distance between CBP 
and metal surface, that is, z-axis, within the density functional theory, where the 
exchange-correlation function has been parameterized according to the generalized gradient 
approximation (GGA) in the Becke [2-11] and Lee-Yang-Parr [2-12] (B3LYP5) flavor using PC 
GAMESS/Firefly version 7.1C and Facio 11.4.1 programs. The hybrid parameter consists of 
B3LYP as implemented in GAMESS (US), using VWN formula 5 [2-13] correlations. The basis 
set 6-31+G** was chosen for C, N, and H atoms of isolated BCP molecule as well as for metal 
Mg and core frozen basis set SBKJC+** for Ag, Au junctions with one CBP molecule to give 
the result in consistent with previous ultra-violet photoemission spectroscopy (UPS) results 
[2-15]. These calculations were performed in Restricted Hartree-Fock (RHF) mode for closed 
shell metal such as Mg; while in Restricted Open Hartree-Fock (ROHF) mode for open shell 
metals such as Ag and Au. The approximate basis set superposition error (BSSE) [2-18] for all 
BCP/metal systems using both basis sets 6-31+G** and SBKJC+**, was calculated by counter 
poise (CP) method and was observed to be negligibly small. 

2.7.3 Simulation model for metal doped BCP systems                                 
In our model, metal atoms were doped over a single BCP molecule. The doped metal atoms 
were chosen as 3, 4, 5, 6, 7, and 8 in order to get the two new peaks known as interface states as 
well as due to the previous experimental (UPS) investigations that one BCP molecule can 
interact with 3-4 Ca atoms, suggested by saturation of the peak shift around 3-4 mole ratio of Ca 
[2-19]. In starting, these metal atoms were doped over BCP molecule respectively and then 
moved them around BCP molecule rigidly to get the minimum energy configuration. After 
getting this minimum energy configuration, we performed energy calculations for all BCP/metal 
systems using PC GAMESS and Facio programs with hybrid parameter B3LYP5 [2-11,12,13]. 
The basis set 6-31+G** was chosen for Ca and SBKJC+** for Ag, Au. Finally, we analyzed the 
positions of BCP LUMO, interface states and BCP HOMO measured from Fermi level for 
BCP/metal   systems with 3, 4, 5, 6, 7, and 8 metal atoms in their corresponding DFT density 
of states. We observed our result in consistent with previous UPS result [2-19]. The top view of 
optimized structure of Ca doped BCP is shown in Fig.2.4. 
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Fig. 2.4 Top view of Ca doped BCP 
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Chapter 3 Interaction of bathocuproine with metals Ca, Mg, Al, Ag, and Au 
3.1 Introduction                                                           
Organic semiconductors are attracting attention for application to solar cells from the view point 
of low cost and simple fabrication process for large area devices [3-1~3-5]. The efficiency of 
such devices is, however, relatively lower than inorganic devices. One of the important issues to 
govern the conversion efficiency of organic solar cells is charge transport process between 
organic layer and metal electrode [3-6]. It has been pointed out that the electronic structure at 
organic/metal interfaces play an important role in the process of charge transport at these 
interfaces [3-7]. The electronic structures at the interface between organic layer and metal 
electrode have been investigated theoretically and experimentally [3-8~3-19], however, the 
transport properties at the interface are not well understood yet. It is well known that the 
electron transport properties at the interface between organic layer and metal electrode are 
remarkably improved by depositing bathocuproine (BCP) thin layer on metal electrode. Such 
improvement is, however, effective when relatively lower work function metal like Ca was used. 
Despite the technological importance of such transport properties, the mechanisms for the 
improvement in the transport properties related with work function are not well understood yet.                                                      
In this research, electronic structure of a BCP molecule on Ca (111), Mg (111), Al (111), Ag 
(111), and Au (111) surfaces which are composed of 13 atoms was studied by density functional 
theory (DFT). The simulation results were compared with those of experimental results and the 
electron transport properties are discussed based on the electronic structure at the interface.                                             
The chemical structure of BCP is shown in Fig. 3.1. The highest occupied molecular orbital 
(HOMO) of BCP is situated at 6.4eV below the vacuum level and the energy gap between 
HOMO and the lowest unoccupied molecular orbital (LUMO) has been reported to be 4.2eV 
[3-20]. Then the BCP is used as a hole (or exciton) blocking and electron transport material. 
Various metal substrates were chosen to understand the chemical trend of the interaction 
between BCP and metals.  
 
 
 
 
 
 
 
                 Fig. 3.1 Chemical structure of bathocuproine 
In principle, organic-organic molecule interaction induces small broadening of the electronic 
levels of each individual molecule, but does not create an electron density of states in the 

N N
CH3CH3



  29 

molecular energy gap. The interaction between BCP molecule and the topmost layer of the 
metal surface is supposed to be strong. Therefore, we can safely neglect the molecule-molecule 
interaction and consider only a single molecule on metal monolayer surface interaction to 
understand the interface properties qualitatively. 

3.2 Calculations for BCP/metal systems                                            
In order to discuss the validity of metal (111) surface model composed of 13 atoms, the work 
function of Aln
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 clusters, where n was chosen as 3, 5, 7, 9, 11, 13, 15, and 17, was examined. It 
was found that the work function increased with increasing number of atom till n=11 and then 
the work function showed saturation as shown in Fig.3.2. The saturated value of the Al work 
function is about 3.92 eV, and this value is in roughly agreement with the experimental value of 
4.10 eV. It seems to be possible, therefore, to use the 13-atom cluster as surface model for the 
discussion of the characteristics of the interaction with BCP. In our research, we have calculated                        

 
          Fig. 3.2 Work function vs Aln

The structure of BCP on metal was obtained by evaluating binding energy, E

 clusters 
the interface properties of BCP/metal systems in terms of binding energy, density of states, 
charge transfer, mixing of orbitals, generation of interface states and the compared the 
calculated result with previous UPS result observed experimentally. 
3.2.1 Binding Energy Calculation                                                

b(BCP/metal), 
using the equation, Eb(BCP/metal) = Etotal(BCP + metal) - Etotal(BCP) - Etotal(metal),                  
Where Etotal(BCP + metal), Etotal(BCP) and Etotal(metal) denote the total energies of the adsorbed 
system, of the isolated BCP molecule, and of the metal substrate, respectively [3-19]. The 
binding energy versus inter-planar distance, d, was plotted around the equilibrium distances for 
BCP on Ca and Au, and the equilibrium distances were found to be 0.40 and 0.39nm for Ca and 
Au as shown in Figs.3.3 (a) and 3.3 (b), respectively. In the same way, the equilibrium distances 
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for Mg, Al and Ag were obtained to be 0.36, 0.36, and 0.41nm, respectively. The binding 
energies for all BCP/metal systems, corrected by basis set superposition error [2-18] using 
counter poise method, found to be almost similar to the bond energy calculated initially with 
basis sets 6-31+G** for metals Ca, Mg, Al and SBKJC+** for metals Ag, Au. The experimental 
metal-metal distances, calculated equilibrium distances between BCP and metal (111) surfaces, 
optimized binding energies, magnitude of charge transfer calculated according to Mulliken 
population analysis, and calculated and experimental metal work functions, are given in Table 
3.1.                                                    

Table 3.1 Metal atomic distances, BCP-metal equilibrium distances, optimized bond 
energies, magnitude of charge transfer according to Mulliken population analysis, 
calculated and experimental values of metal work functions are listed.   
Substrate   Metal atomic   BCP – Metal      Bond       Charge       Work function 

Metals      distance      equilibrium      energy      transfer   calculated   (experimental)  

            (nm)        distance (nm)      (eV)        (|e|)       (eV)       (eV) 

Ca         0.394          0.40          -0.63      0.64       2.58     (2.90) 

Mg         0.319          0.36          -0.49      0.31       3.08     (3.70) 

Al          0.286          0.36          -0.36      0.21       3.92     (4.10) 

Ag          0.289          0.41          -0.26      0.17       4.04     (4.73) 

Au          0.288          0.39          -0.17      0.02       5.33     (5.20) 

All experimental work function values in brackets are taken from reference [2-19]. 
The calculated work functions of metals were found to be roughly consistent with their 
experimental values [2-19].  
 
                         
 
 
 
 
 
 
 
                   (a)                                   (b)                   
Figs. 3.3 (a) and (b) Binding energy vs interplanar distance 
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Fig. 3.4 Binding energy and the square of transferred charge versus work functions of metals 
Therefore, the cluster model used in this study may be effective to discuss the chemical trend of 
the electronic structure qualitatively. The calculated binding energy, Eb, at the equilibrium 
distance for BCP on Ca is about -0.63eV; the negative value suggests that the process is 
exothermic and therefore energetically more stable than the two separate constituents. The Eb

Figs. 3.5 (a)~(f) show the DFT density of states of Ca (111) surface (a), Mg (111) surface (b), Al 
(111) surface (c), Ag (111) surface (d), Au (111) surface (e), isolated BCP molecule (f) obtained 
according to the molecular levels broadened by Gaussian broadening with the full width at half 
maximum of 0.5eV for each molecular level. The occupied orbitals in DOS shown in Figs.3.5 
are indicated by black arrows. The density of states of Ca, Mg, Al, Ag, and Au obtained by DFT 
are almost the same as those obtained by UPS in the energy range below the Fermi level. The 
experimental HOMO-LUMO gap of BCP is reported to be about 4.2eV [3-20] and the 

 
value decreased with increasing work function of metals and the binding energy for BCP on Au 
is about -0.17eV. Such small binding energy for BCP on Au indicates the less stable system.         
The binding energy and the square of transferred charge versus work functions of metals for 
BCP/metal systems are shown in Fig. 3.4. The binding energy decreases gradually with 
increasing metal work function. The square of transferred charge decreases gradually with 
increasing metal work function similar to the binding energy. Since the square of charge is 
proportional to the Coulomb interaction and since the equilibrium distances between BCP and 
metal surfaces are roughly the same, therefore, contribution of ionic interaction in the bond 
energy between BCP and metals seems to be relatively large. 

3.2.2 Density of States (DOS) 
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calculated value in this work is 4.2eV as shown in Fig.3.5 (f). As mentioned above, calculated 
metal work functions in this work are roughly consistent with the experimental values, and the 
calculated HOMO-LUMO gap is also consistent with the experimental one, therefore, the 
simulation models used in this study can be considered to be good enough to investigate the 
interaction of BCP with metals qualitatively.                                                       
Figs. 3.5 (g)~(k) show the simulation results of BCP on metal systems for BCP on Ca (111) 
surface (g), BCP on Mg (111) surface (h), BCP on Al (111) surface (i), BCP on Ag (111) surface 
(j), and BCP on Au (111) surface (k). It should be noted that peaks indicated as IS1 and IS2 in 
the figures appeared in the HOMO-LUMO gap for BCP on metals other than Au. To confirm the 
appearance of the new peaks, difference spectra between BCP on metal system and metal 
surfaces are shown in Figs.3.6 (a)~(e). The new peaks were clearly observed near the Fermi 
level for BCP on Ca, Mg, Al, and Ag systems; however, no peak was observed for BCP on Au 
system. These results are fairly consistent with the UPS results in which new peaks denoted as 
“interface states” were observed for BCP deposited on Ca, Mg, Al, and Ag substrate and no 
“interface state” was observed for BCP on Au substrate [2-19].  
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(j) 
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   (k) 
Fig. 3.5 Density of states of metals, BCP molecule and BCP on metal systems 
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(c) DOS of BCP on Al – DOS of Al             (d) DOS of BCP on Ag – DOS of Ag 
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    (e) DOS of BCP on Au – DOS of Au 
Fig. 3.6 Difference spectra for BCP on metal interfaces 
3.2.3 Mixing of Orbitals and Generation of Interface States                            
The major atomic components for BCP on metal system for the molecular orbitals of HOMO, 
LUMO, interface states and the Fermi level were examined by analyzing atomic orbital 
coefficient, and atomic component ratio Ai:Zi derived from BCP and metal, respectively, was 

extracted, where Ai was defined as, Ai ∑
µ

µ
2)( iC = , and Cμi is the coefficients of the μth 

basis function in the ith molecular orbital, and the μth basis function is considered only for 

carbon 2s and 2p orbitals of BCP.  Similarly, Zi was defined as, Zi ∑
µ

µ
2)( iC = , and the 

μth basis function is considered only for s and p orbitals of metal. The atomic orbital component 
ratios derived from BCP and metal, Ai:Zi, for the molecular orbitals of HOMO, interface states 
(IS1 and IS2), Fermi level, and LUMO are listed in Table 3.3. 
As shown in Table 3.3, for the BCP on Au system, the HOMO and LUMO are composed mainly 
of BCP derived atomic orbitals, however, a small contribution from BCP to the Fermi level is 
observed. Such less orbital mixing is consistent with the estimation of small binding energy as 
shown in Table 3.1. For BCP on Ca, Mg, Al and Ag system, the orbital mixing becomes 
significant, especially in the Fermi level and LUMO. The mixing of carbon atomic orbitals into 
the Fermi level increased with decreasing metal work function. The contribution of carbon 
atomic orbitals and metal atomic orbitals for LUMO is almost even. When we consider the 
electron transport between BCP and metal electrode, we should remark the continuity of the 
wave function at the interface. For BCP on Ca, Mg, Al, Ag system, the LUMO and Fermi level 
are composed of both BCP and metal derived orbitals, therefore, the wave function at the 
interface is connected continuously between BCP and metal. On the other hand, for BCP on Au, 
the wave function at the interface is hardly connected continuously.Such continuity of the wave 
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Table 3.3 Atomic component ratio Ai : Zi, where Ai and Zi are defined as Ai ∑
µ

µ
2)( iC = , 

and Cμi is the coefficients of the μth basis function in the ith molecular orbital, and the μth 

basis function is considered only for carbon 2s and 2p orbitals in BCP. Zi ∑
µ

µ
2)( iC = , 

and the μth

BCP/metal     HOMO             Interface states         E
 basis function is considered only for s and p orbitals in metal.  

F

                                IS1          IS2 
BCP/Ca       0.93:0.07       0.18:0.82     0.17:0.83    0.42:0.58      0.51:0.49 
BCP/Mg       0.91:0.09       0.25:0.75     0.24:0.76    0.45:0.55      0.50:0.50 
BCP/Al        0.90:0.10       0.24:0.76      0.23:0.77    0.24:0.76      0.49:0.51 
BCP/Ag        0.89:0.11       0.21:0.79      0.19:0.81    0.23:0.77      0.43:0.57 

         LUMO 

BCP/Au        0.98:0.02        ………..       ………..    0.09:0.91      0.93:0.07 
function at the interface between BCP and metal is in good agreement with the results of 
electron transport properties obtained experimentally [2-19].   

3.2.4 Injection Barrier to Electrons                                               
Fig. 3.7 shows the relationship between the experimental metal work function and the energy 
difference of [LUMO-Fermi level] which corresponds to a barrier height for electrons. The 
barrier heights for BCP on Ca, Mg, Al system are roughly 1eV, although the metal work 
function are different each other. The reason for such low and constant barrier height for low 
work function metals is not clear at present; however, interaction between LUMO of BCP and 
the Fermi level of metal may play an important role in determining the barrier height.   
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3.7 Injection barrier to electrons for BCP/metal systems 
3.3 Comparison with UPS Results                                             
The calculated results are fairly consistent with the UPS results in which new peaks denoted as 

2.5 3.0 3.5 4.0 4.5 5.0 5.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

LU
MO

 - E
F(eV

)

Work Function (eV)

 



  37 

“interface states” were observed for BCP deposited on Ca, Mg, Al, and Ag substrate and no 
“interface state” was observed for BCP on Au substrate [2-19]. The positions of the “interface 
states” measured from the Fermi level obtained in this work and UPS results reported 
previously are listed in Table 3.2. The previous UPS results are shown as in Fig 3.8 [2-19]. 

Table 3.2 Positions of the “interface states (IS)” measured from the Fermi level obtained 
by DFT and UPS measurements from reference [2-19].   
BCP/metal       Calculated (DFT) peak positions        Experimental (UPS) peak positions 

cluster system       IS1 (eV)        IS2 (eV)                    IS1 (eV)        IS2 (eV) 

BCP/Ca             1.2            2.1                  1.5             2.8  
BCP/Mg             0.3            2.2                  1.0             2.2 
BCP/Al              0.0            0.8                  0.8             2.0 
BCP/Ag              1.4            2.1                  0.5             1.9 
BCP/Au              ......           .......                 ......             ...... 

 
Fig 3.8 UPS spectra for BCP on metals [2-19] 
3.4 Conclusion                                                               
The electronic structures of the interface between BCP and metal surfaces; Ca (111), Mg (111), 
Al (111), Ag (111), and Au (111) which is composed of 13 atoms, were investigated by DFT. In 
the case of BCP on Au, the binding energy and charge transfer were found to be small, however, 
for BCP on Ca, Mg, Al, and Ag, the binding energy and charge transfer increased with 
decreasing metal work function. Molecular orbitals of LUMO and the Fermi level in BCP on Ca, 
Mg, Al, and Ag systems are composed of both BCP and metal derived atomic orbitals, that is, 
orbital mixing occurred. On the other hand, molecular orbitals of LUMO and the Fermi level in 
BCP on Au system is composed mainly of BCP and Au, respectively, that is orbital mixing does 
not occur. Such orbital mixing may play an important role in electron transport at the interface 
between BCP and metal. 
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Chapter 4 Difference in interaction between CBP/metal and BCP/metal interfaces 
4.1 Introduction 
Organic light-emitting devices (OLEDs) have attracted a great attention during the last decade 
[4-1]. These can be made with visible emission wavelength by choosing an appropriate organic 
emissive material. These devices are very efficient, and are compatible with relatively 
low-temperature deposition processes. Devices may be grown on a large number of substrates. 
These characteristics make OLEDs more attractive for their potential use in inexpensive 
large-area displays. OLEDs contain one or more organic layers sandwiched between two 
metallic contacts: one used as electron injector, and the other as hole injector. The electron-hole 
injecting contacts are typically made from low-high work function metals to minimize their 
respective injection barriers [4-2]. The use of low work-function cathode metals, such as Ca and 
Mg, has been successful, but the resulting devices tend to be unstable due to rapid oxidation of 
the contact material [4-3]. Electronic states within the gap of the organic, formed through 
chemical interactions between the organic and metal, have been found to determine the injection 
properties of some interfaces [4-4~4-6].  
Nowadays the use of thin cathode interface layer, such as 4,4’-N,N’-dicarbazolyl-biphenyl 
(CBP) has been shown to improve the injection characteristics of higher work function metals, 
like Al and Ag. The chemical structure of CBP is shown in Fig. 4.1.                                                           
We have studied the interface properties at the interface between CBP and three metals, Mg, Ag, 
and Au, using density functional theory method. We have used this technique to calculate the 
binding energy, density of states, mixing of orbitals, charge transfer, injection barriers to both 
holes and electrons; and to look for evidence of interface states indicating chemical interaction 
between the metal and the organic. 

 
 
 

Fig. 4.1 Chemical structure of CBP 
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4.2 Calculation for CBP/metal systems                                             
In order to discuss the validity of metal (111) surface model composed of 13 atoms, the work 
function of Aln
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 clusters, where n was chosen as 3, 5, 7, 9, 11, 13, 15, and 17, was examined. It 
was found that the work function increased with increasing number of atom till n=11 and then 
the work function showed saturation as shown in Fig.3.2. The saturated value of the Al work 
function is about 3.92 eV, and this value is in roughly agreement with the experimental value of 
4.10 eV. It seems to be possible, therefore, to use the 13-atom cluster as surface model for the 
discussion of the characteristics of the interaction with CBP.                        

 
          Fig. 4.2 Work function vs Aln clusters 
In our research, we have calculated the interface properties of CBP/metal systems in terms of 
binding energy, density of states, charge transfer, mixing of orbitals, generation of interface 
states and the compared the calculated result with previous UPS result observed experimentally. 

4.2.1 Binding energy Calculation 
The structure of CBP on metal was obtained by evaluating binding energy, Eb(CBP/metal), 
using the equation, Eb(CBP/metal) = Etotal(CBP + metal) - Etotal(CBP) - Etotal

Where E
(metal),      

total(CBP + metal), Etotal(CBP) and Etotal(metal) denote the total energies of the adsorbed 
system, of the isolated CBP molecule, and of the metal substrate, respectively [3-19]. The 
binding energy versus inter-planar distance, d, was plotted around the equilibrium distances for 
CBP on Au and Mg, and the equilibrium distances were found to be 0.30 and 0.28nm for Au and 
Mg as shown in Figs.4.3 (a) and 4.3 (b), respectively. In the same way, the equilibrium distance 
for Ag was obtained to be 0.30nm. The binding energies for all CBP/metal systems, corrected 
by basis set superposition error [2-18] using counter poise method, found to be almost similar to 
the bond energy calculated initially with basis sets 6-31+G** for metals Mg and SBKJC+** for 
metals Ag, Au. The experimental metal-metal distances, calculated equilibrium distances 
between CBP and metal (111) surfaces, optimized binding energies, magnitude of charge 
transfer calculated according to Mulliken population analysis, and calculated and experimental 



  40 

metal work functions, are given in Table 4.1. The calculated work functions of metals were 
found to be roughly consistent with their experimental values [4-7]. Therefore, the cluster 
model used in this study may be effective to discuss the chemical trend of the electronic 
structure qualitatively. The calculated binding energy, Eb, at the equilibrium distance for CBP 
on Au is about -0.69eV; the negative value suggests that the process is exothermic and therefore 
energetically more stable than the two separate constituents. The Eb

                                           
 
 
 
 
 
 

(a)                                    (b) 
Figs. 4.3 (a) and (b) Binding energy vs planar distance 
Table 4.1 Metal atomic distances, BCP-metal equilibrium distances, optimized binding 
energies, magnitude of charge transfer according to Mulliken population analysis, 
calculated and experimental values of metal work functions are listed.   

 value decreased with 
increasing work function of metals and the binding energy for CBP on Mg is about -0.27e V. 
Such small binding energy for CBP on Au indicates the less stable system.  

Substrate   Metal atomic   BCP – Metal    Binding     Charge       Work function 

Metals      distance      equilibrium     energy      transfer   calculated   (experimental)  

            (nm)        distance (nm)     (eV)        (|e|)       (eV)        (eV) 

Au        0.288          0.30         -0.69       0.88       5.33       (5.20) 

Ag        0.289          0.30         -0.47       0.58       4.04       (4.73) 

Mg        0.319          0.28         -0.27       0.17       3.08       (3.70) 

All experimental work function values in brackets are taken from reference [4-1]. 

4.2.2 Density of states calculation 
Figs. 4.4 show the DFT density of states of Mg (111) surface, Ag (111) surface, Au (111) surface, 
CBP on Mg (111) surface, CBP on Ag (111) surface, and CBP on Au (111) surface, obtained 
according to the molecular levels broadened by Gaussian broadening with the full width at half 
maximum of 0.5eV for each molecular level. The density of states of Mg, Ag, and Au obtained 
by DFT are almost the same as those obtained by UPS in the energy range below the Fermi 
level. The experimental HOMO-LUMO gap of CBP is reported to be about 3.10eV [3-20] and 
the calculated value in this work is 3.05eV. As mentioned above, calculated metal work 
functions in this work are roughly consistent with the experimental values, and the calculated                                    
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Fig. 4.4 Density of states for metals and CBP on metals 
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Fig. 4.5 Difference spectra for CBP on metal systems 
HOMO-LUMO gap is also consistent with the experimental one, therefore, the simulation 
models used in this study can be considered to be good enough to investigate the interaction of 
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CBP with metals qualitatively.                   
It should be noted that continuous states in the figure appeared in the gap between HOMO and 
Fermi level for CBP on Au. To confirm the appearance of such continuous states, difference 
spectra between CBP on metal system and metal surfaces are shown in Figs.4.5. The continuous 
states were clearly observed between the Fermi level and HOMO for CBP on Au system; 
however, no continuous state was observed for CBP on Ag and Mg systems. These results are 
fairly consistent with the UPS results [4-7].  

4.2.3 Mixing of Orbitals 
The major atomic components for CBP on metal system for the molecular orbitals of HOMO, 
LUMO, and the Fermi level were examined by analyzing atomic orbital coefficient, and atomic 
component ratio Ai:Zi derived from CBP and metal, respectively, was extracted, where Ai was 

defined as, Ai ∑
µ

µ
2)( iC = , and Cμi is the coefficients of the μth basis function in the ith 

molecular orbital, and the μth basis function is considered only for carbon 2s and 2p orbitals of 

CBP.  Similarly, Zi was defined as, Zi ∑
µ

µ
2)( iC = , and the μth basis function is 

considered only for s and p orbitals of metal. The atomic orbital component ratios derived from 
CBP and metal, Ai:Zi, for the molecular orbitals of HOMO, Fermi level, and LUMO are listed 
in Table 4.2. 

Table 4.2 Atomic component ratio Ai : Zi, where Ai and Zi

 

 
 
 

 are atomic coefficients for 
carbon 2s and 2p orbitals in CBP and for s and p orbitals in metal respectively.  

As shown in Table 4.2, for the CBP on metal systems, both HOMO and LUMO are composed 
the mixture of both CBP and metal atomic components. Such orbital mixing clearly indicates 
that both HOMO and LUMO play role in the formation of continuous states for CBP on Au. 
However, for CBP on Mg, the mixing becomes less. The mixing of carbon atomic orbitals into 
the Fermi level decreased with decreasing metal work function. When we consider the charge 
transport between CBP and metal electrode, we should remark the continuity of the wave 
function at the interface. For CBP on Au system, HOMO, LUMO and Fermi level are composed 
of both CBP and metal derived orbitals, therefore, the wave function at the interface is 
connected continuously between CBP and Au. On the other hand, for CBP on Ag and Mg, the 

CBP/Au         0.47:0.53      0.48:0.52       0.68:0.32 
CBP/Ag         0.52:0.48      0.46:0.54       0.70:0.30 
CBP/Mg        0.87:0.13       0.15:0.85       0.87:0.13 

CBP/metal        HOMO         EF            LUMO 
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wave function at the interface is hardly connected continuously. Such continuity of the wave 
function at the interface between CBP and Au is in good agreement with the results of electron 
transport properties obtained experimentally [4-7].   

4.2.4 Injection Barrier to Electrons 
Fig. 4.6 shows the relationship between the experimental metal work function and the energy 
difference of [LUMO-Fermi level] which corresponds to a barrier height for electrons both for 
DFT and UPS results. The barrier heights for CBP on Au and Ag system are roughly 1eV, 
although the metal work function are different each other. The reason for such low and constant 
barrier height for low work function metals is not clear at present; however, interaction between 
both HOMO and LUMO of CBP and the Fermi level of metal may play an important role in 
determining the barrier height for both holes and electrons.   

DFT Calculation Result UPS Measurement Result

3.8 4.0 4.2 4.4 4.6 4.8 5.0

0.6

0.8

1.0

1.2

1.4

1.6

1.8

In
je

ct
io

n 
ba

rri
er

 to
 e

le
ct

ro
ns

 (e
V)

Work function of metals (eV)

 

S = 1.0

4.3 Comparison between CBP/metal and BCP/metal Interface Properties 
As from table 4.3, the minimum binding energy increases with increase in work function of 
metals for CBP/metal systems, showing the interface of CBP with relatively high work function 
metals seems to be more stable. However, the minimum binding energy decreases with increase 
in work function of metals for BCP/metal systems, showing the interface of BCP with relatively 
low work function metals seems to be more stable. Similarly, the charge transfer is significant 
for CBP/Au system; however, it seems to be significant for BCP/Mg system. Moreover, the 
barrier height for electrons is about 1eV for relatively high work function metals for CBP/metal 
systems; however, injection barrier to electrons is found to be constant about 1eV for relatively 
low work function metals for BCP/metal systems. From the scenario of injection barriers to both 
electrons and holes, it is clearly confirmed that there is improvement in both hole and electron 
transport at CBP/metal interface for relatively high work function metal electrodes, showing the 

Fig. 4.6 Injection barrier to electrons for CBP on metal system 
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CBP molecule bipolar i.e. both hole and electron transporting in nature. However, there is 
improvement in electron transport at the interface for BCP/metal systems for relatively low 
work function metals, showing the BCP molecule electron transporting in nature. 

Table 4.3 Comparison between interface properties of CBP/metal and BCP/metal systems 

Metals Min. Binding 
Energy (eV) 
CBP     BCP 

Charge 
transfer (e) 
CBP   BCP 

Barrier ht. for 
electrons (eV) 
CBP     BCP 

Barrier ht. for 
holes (eV) 
CBP     BCP 

Equilibrium 
distance (nm) 
CBP       BCP 

Mg  -0.27   -0.49 0.17    0.31 0.6       1.0 2.1       3.3 0.28        0.36 

Ag -0.47   -0.26 0.58    0.17 0.8       2.1 1.4       2.8 0.30        0.41 

Au  -0.69   -0.17 0.88    0.02 1.3       3.6 0.3       1.3 0.30        0.39 

4.4 Conclusion 
The electronic structures of the interface between CBP and metal surfaces; Mg (111), Ag (111), 
and Au (111) which is composed of 13 atoms, were investigated by DFT. In the case of CBP on 
Mg, the binding energy and charge transfer were found to be small, however, for CBP on Ag 
and Au, the binding energy and charge transfer increased with increasing metal work function. 
Molecular orbitals of both HOMO and LUMO; and the Fermi level in CBP on Au and Ag 
systems are composed of both CBP and metal derived atomic orbitals, that is, orbital mixing 
occurred. On the other hand, the orbital mixing becomes less significant for CBP on Mg.  
It is clearly confirmed that there is improvement in both hole and electron transport at 
CBP/metal interface for relatively high work function metal electrodes, showing the CBP 
molecule bipolar i.e. both hole and electron transporting in nature. However, there is 
improvement in electron transport at the interface for BCP/metal systems for relatively low 
work function metals, showing the BCP molecule electron transporting in nature. 
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Chapter 5 Effect of Doping on Metal Doped Bathocuproine 
 

5.1 Introduction                                                               
In past few years, more attention has been focused for development of new organic electronic 
devices [5-1~5-3] such as light-emitting diodes, thin film transistors, or solar cells [5-4]. Most 
of researchers have keen interests in the processes at organic-metal interfaces due to the fact that 
these processes mainly control the formation of interface states [5-5]. Electronic structures at 
the interfaces are key factors governing the device performance. In particular, understanding the 
electronic structures of various interfaces is most important for improving the device 
characteristics by engineering interfaces for efficient carrier injection and charge transport 
[5-6~5-11]. The formation of interface states at metal-organic interfaces is defined by charge 
exchange [5-6~5-9], chemistry or modification of metal work function [5-6, 10, 11], and Fermi 
level pinning [5-12, 13].                                                   
Recently, bathocuproine (BCP) has been widely used as a buffer layer between an n-type 
organic semiconductor and a metal electrode in order to improve the electrical and 
opto-electronic properties in light-emitting diodes and solar cells [5-14~5-20]. The metal doped 
BCP has been used to improve the charge injection from cathode to luminescent layer in organic 
light-emitting diodes [5-16, 17, 21]. The chemical structure of BCP is shown in Fig.1. The BCP 
is an electron transporting material with 4.2eV HOMO-LUMO gap and HOMO at 6.4eV below 
the vacuum level [5-22].               
In this research, an electronic structure at the interfaces between BCP and metal was stimulated 
by density functional theory (DFT) and discussed the effect of Ca, Ag, and Au doping on 
improvement of electrical properties and the device performance. 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.1 Chemical structure of bathocuproine (BCP) 
 

N N
CH3CH3
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5.2 Calculation for Ca doped Bathocuproine                                       
An electronic structure at the interface between BCP and metal was stimulated by density 
functional theory (DFT) and discussed the effect of Ca doping on improvement of electrical 
properties and the device performance. 

5.2.1 Positions of HOMO and Interface States                                    
Figs. 5.2(a) and 5.2(b) show the shift of relative positions of interface states for Ca doped BCP 
with increase in number of doped Ca atoms by calculation using DFT and experiment using 
UPS [5-23]. The positions of interface states got shifted towards the higher binding energy due 
to the filling of excess electrons in BCP molecular gap. These interface states were named as 
interface state 1 (IS1) and interface state 2 (IS2). Since the position of HOMO was found to be 
almost constant with increase in number of Ca atoms, while the interface states shifted as 
mentioned, it can be said that the BCP HOMO level is not related with the generation of these 
interface states. Actually, the interface states were formed due to the interaction between Ca (4s) 
and BCP LUMO. 
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                    (a)                                  (b) 
Fig. 5.2 Position of HOMO and interface states for Ca doped BCP by (a) DFT method and (b) 
UPS measurements 

5.2.2 Orbital Mixing                                                          
The major atomic components for BCP on metal system for the molecular orbitals of HOMO, 
LUMO, interface states and the Fermi level were examined by analyzing atomic orbital 
coefficient, and atomic component ratio Ai:Zi derived from BCP and metal, respectively, was 

extracted, where Ai was defined as,  Ai ∑
µ

µ
2)( iC = , and Cμi is the coefficients of the μth 

basis function in the ith molecular orbital, and the μth basis function is considered only for 

carbon 2s and 2p orbitals of BCP.  Similarly, Zi was defined as, Zi ∑
µ

µ
2)( iC = , and the 

μth basis function is considered only for s and p orbitals of metal. The atomic orbital component 
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ratios derived from BCP and metal, Ai:Zi, for the molecular orbitals of HOMO, interface states, 
Fermi level, and LUMO are listed in Table 5.1.                                                              
As shown in Table 5.1, for BCP on Ca 3, 4, 5, 6, 7, and 8 systems, the orbital mixing increases 
gradually, becomes significant especially in the Fermi level and LUMO. When we consider the 
electron transport between BCP and Ca electrode, we should remark the continuity of the wave 
function at the interface. For BCP on Ca 3, 4, 5, 6, 7, and 8 systems, the LUMO and Fermi level 
are composed of both BCP and metal derived orbitals, therefore, the wave function at the 
interface is connected continuously between BCP and Ca. Such continuity of the wave function 
at the interface between BCP and Ca with increase in atomic ratio of Ca as a dopant, is in good 
agreement with the results of electron transport properties obtained experimentally [5-23].  

Table 5.1 Atomic component ratio Ai : Zi, where Ai and Zi are defined as Ai ∑
µ

µ
2)( iC = , 

and Cμi is the coefficients of the μth basis function in the ith molecular orbital, and the μth 

basis function is considered only for carbon 2s and 2p orbitals in BCP. Zi ∑
µ

µ
2)( iC = , 

and the μth

  Interface     HOMO         Interface states         Fermi level (E

 basis function is considered only for s and p orbitals in metal.  

F

  BCP/Ca3    0.98:0.02      0.75:0.25     0.70:0.30      0.75:0.25         0.47:0.53 

  BCP/Ca4    0.97:0.03      0.69:0.31     0.64:0.36      0.71:0.29         0.48:0.52 

  BCP/Ca5    0.96:0.04      0.67:0.33     0.60:0.40      0.64:0.36         0.48:0.52 

  BCP/Ca6    0.95:0.05      0.63:0.37     0.56:0.44      0.60:0.40         0.49:0.51 

  BCP/Ca7    0.93:0.07      0.59:0.41     0.54:0.46      0.55:0.45         0.49:0.51 

  BCP/Ca8    0.91:0.09      0.54:0.46     0.52:0.48      0.51:0.49         0.50:0.50 

)      LUMO 

                            IS1          IS2 

     

5.2.3 Interface Properties                                                      
The Fermi level pinning (W - EF), the charge transfer (△Q), and the barrier height for electrons 
(EF – LUMO) for all BCP/Ca systems with 3, 4, 5, 6, 7, and 8 Ca atoms were calculated as in 
Table 5.2. The plot of charge transfer versus number of Ca atoms and the barrier height for 
electrons versus number of Ca atoms was shown in Fig.5.3. The charge transfer at the interface 
increases gradually with increase in number of doped Ca atoms. It clearly indicates the better 
charge exchange at the interface with increase in number of Ca atoms and tends to attain the 
possible maximum value. On other hand, the barrier height decreases with increase in number of 
Ca atoms. It clearly indicates the better charge transport as well as smaller barrier with increase 
in number of doped Ca atoms showing the tendency of unique value of barrier height around 
1eV. Therefore, the doping of Ca electrode with BCP certainly improves the electrical 
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characteristics of the device and hence forth the device performance.  
Table 5.2 Charge transfer (△Q), and barrier height for electrons (EF

 Interface                 Charge transfer                  Barrier height for electrons 

 – LUMO) for 
BCP/Ca systems 

                            △Q (e)                          EF

     
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3 Plot of charge transfer vs number of Ca atoms and barrier height vs number of Ca 
atoms 
 
5.2.4 Intensity of Interface State, Fermi Level, and LUMO 
Fig. 5.4 shows that the intensity of LUMO, Fermi level and interface states increases with 
increase in number of doped Ca atoms. It clearly gives the direct evidence for the origin of the 
doping interface states in organic molecules. The modification of the intensity of LUMO or 
Fermi level or interface states, suggests the formation of multiply charged anions in Ca doped 
film. 
 

 – LUMO (eV) 
  BCP/Ca3                    0.84                               1.72 
  BCP/Ca4                    0.93                               1.50 
  BCP/Ca5                    0.97                               1.40 
  BCP/Ca6                    1.15                               1.28 
  BCP/Ca7                    1.24                               1.08 
  BCP/Ca8                    1.26                               1.04 
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Fig. 5.4 Plot of intensity of LUMO, Fermi level, and interface states vs number of Ca atoms 
5.3 Position of Interface States for Ag doped Bathocuproine 
Fig. 5.5 shows no shift in the relative positions of interface states for Ag doped BCP. Since 
excess Ag electrons are not easily available for filling in BCP molecular gap, the relative 
position of interface states form Fermi level was not shifted towards higher binding energy as in 
case of Ca doped BCP. The interface states were generated due to the interaction of Ag (5s) with 
BCP LUMO containing C (2p). 

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

0

5

10

15

20

25

30

35

40

BC
P/A

g D
FT

 DO
S p

er 
sp

in 
(1/

eV
)

Energy (eV)

 

IS2
IS1

 

Fig. 5.5 No shift in relative positions of interface states for Ag doped BCP 
5.4 No Interface States for Au doped Bathocuproine                                
Fig. 5.6 shows that no interface state was observed for Au doped BCP. This is due to the fact 
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that the interaction between Au Fermi level and BCP LUMO is very weak. 
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Fig. 5.6 No interface state in case of Au doped BCP 
5.5 Conclusion 
The electronic structure of the interface between BCP and metal was studied by density 
functional theory using 3, 4, 5, 6, 7, and 8 metal atoms. These metal atoms were doped over a 
single BCP molecule. The energy positions of BCP HOMO measured from Fermi level was 
almost constant with increase in number of doped Ca atoms. However, the shift in positions of 
interface states, and BCP LUMO was observed. It was suggested that this shift in positions of 
interface state is due to the presence of Ca-doping induced excess electrons within BCP 
molecular gap. The shift in position of BCP LUMO confirms the interaction of Ca (4s) levels 
with BCP LUMO rather than HOMO to generate interface states near the Fermi level. On other 
hand, there was no shift in relative positions of interface states for Ag doped BCP and no 
interface state was observed near the Fermi level for Au doped BCP. The evolution of increase 
in intensity of LUMO or interface states in DFT spectra gave the most direct evidence for the 
origin of the doping induced interface states as due to the filling of the electrons in gap states 
upto LUMO. It was suggested that, at high doping ratios, the formation of multiply charged 
anions was observed based on the LUMO and interface states intensities. Therefore, Ca doped 
bathocuproine clearly improves the electrical properties and charge transport of the device. 
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Chapter 6 Final Conclusions 
 
In the case of BCP on Au, the binding energy and charge transfer were found to be small, 
however, for BCP on Ca, Mg, Al, and Ag, the binding energy and charge transfer increased with 
decreasing metal work function. Molecular orbitals of LUMO and the Fermi level in BCP on Ca, 
Mg, Al, and Ag systems are composed of both BCP and metal derived atomic orbitals, that is, 
orbital mixing occurred. On the other hand, molecular orbitals of LUMO and the Fermi level in 
BCP on Au system is composed mainly of BCP and Au, respectively, that is orbital mixing does 
not occur. Such orbital mixing may play an important role in electron transport at the interface 
between BCP and metal. 
In the case of CBP on Mg, the binding energy and charge transfer were found to be small, 
however, for CBP on Ag and Au, the binding energy and charge transfer increased with 
increasing metal work function. Molecular orbitals of both HOMO and LUMO; and the Fermi 
level in CBP on Au and Ag systems are composed of both CBP and metal derived atomic 
orbitals, that is, orbital mixing occurred. On the other hand, the orbital mixing becomes less 
significant for CBP on Mg. It is clearly confirmed that there is improvement in both hole and 
electron transport at CBP/metal interface for relatively high work function metal electrodes, 
showing the CBP molecule bipolar i.e. both hole and electron transporting in nature. However, 
there is improvement in electron transport at the interface for BCP/metal systems for relatively 
low work function metals, showing the BCP molecule electron transporting in nature. 
The energy positions of BCP HOMO measured from Fermi level was almost constant with 
increase in number of doped Ca atoms. However, the shift in positions of interface states, and 
BCP LUMO was observed. It was suggested that this shift in positions of interface state is due 
to the presence of Ca-doping induced excess electrons within BCP molecular gap. The shift in 
position of BCP LUMO confirms the interaction of Ca (4s) levels with BCP LUMO rather than 
HOMO to generate interface states near the Fermi level. On other hand, there was no shift in 
relative positions of interface states for Ag doped BCP and no interface state was observed near 
the Fermi level for Au doped BCP. The evolution of increase in intensity of LUMO or interface 
states in DFT spectra gave the most direct evidence for the origin of the doping induced 
interface states as due to the filling of the electrons in gap states upto LUMO. It was suggested 
that, at high doping ratios, the formation of multiply charged anions was observed based on the 
LUMO and interface states intensities. Therefore, Ca doped bathocuproine clearly improves the 
electrical properties and charge transport of the device. 
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