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In this thesis, I utilize first principles density functional theory (DFT) based 

calculations to investigate the structure and electronic properties including charge transfer 

behaviors and work function of two types of materials: pentacene based organic 

semiconductors and ZnO transparent conducting oxides, with an aim to search for high 

mobility n-type organic semiconductors and fine tuning work functions of ZnO through 

surface modifications. Based on DFT calculations of numerous structure combinations, I 

proposed a pentacene and perfluoro-pentacene alternating hybrid structures as a new type of 

n-type semiconductor. Based on the DFT calculations and Marcus charge transfer theory 

analysis, the new structure has high charge mobility and can be a promising new n-type 

organic semiconductor material.  DFT calculations have been used to systematically 

investigate the effect of surface organic absorbate and surface defects on the work function of 

ZnO. It was found that increasing surface coverage of organic groups and decreasing surface 

defects lead to decrease of work functions, in excellent agreement with experimental results. 

First principles based calculations thus can greatly contribute to the investigating and 

designing of new electronic materials. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and Background 

Novel electronic materials are needed to satisfy the requirements of modern devices 

such as flexible electronics, advanced displays and solar cell or photo voltage systems. 

Computer simulations have evolved tremendously as a result of maturing of algorithm and 

improvement of computer power. Computer simulation and modeling have become an 

important part of material research, including investigation of new electronic materials. 

First principle calculations such as density functional theory (DFT) can be a very effective 

tool to study atomic structure and electronic property of these electronic materials. 

  This thesis is based on the investigation of the electronic properties of organic and 

inorganic semiconductor material from first principle based calculations. By following the 

lead, our research is separated by two chapters with different materials: linear backbone 

organic semiconductor, pentacene, perfluoro-pentacene and their hybrid structure in 

Chapter 3; oxygen plasma treatment and surface defect effects on zinc oxide surfaces in 

Chapter 4.  

Ongoing studies in these materials have a main goal to understand the mechanism 

between the material structure and electronic properties which is responsible for the change 

in properties of the material. Based on the fundamental study and understanding, we try to 

approach desired properties by manipulating material configurations. Thus, performance 

can be enhanced in industry applications like field-effect transistor (FET), light-emitting 

diodes (LED), photodiode (Solar cell) and stimulated emission (laser) devices. Compared 
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with traditional inorganic semiconductors, some outstanding properties of organic materials 

give them a head start in portable electronic devices research field. Firstly, organic 

semiconductors are alternatively coated on other advanced material like silicon, 

indium-tin-oxide (ITO) and zinc oxide (ZnO) by modern techniques, including chemical 

vapor deposition (CVD) and other vacuum deposition process, which can manufacture 

organic semiconductor with lower budget than the requirement for processing traditional 

single crystalline inorganic material at high temperature. In addition, combining with native 

flexibility and utilization for large scale use, organic materials attract lots of interests in the 

past a few years. Benefited from these extraordinary advantages, organic semiconductors 

get the potential to replace traditional semiconductors in next generation portable electronic 

device at low temperature working condition. 

The history of organic semiconductor can be traced back to 1862, when Henry 

Letheby obtained a partly conductive material, probably polyaniline by anoxic oxidation of 

aniline in sulfuric acid. Around 1950s, people started to realize the existence of high 

conductivity in several organic complexes indicating organic compounds were capable to 

carry current. Conductivity behavior on linear backbone polymer was firstly reported in 

1963. Since John McGinness and coworkers reported a working organic polymer electronic 

device in 19741, organic semiconductors are now used as active elements in optoelectronic 

equipments such as organic light-emitting diodes(OLED), organic solar cells and organic 

field-effect transistor (OFET). In order to drive these equipments, cooperating work is 

required between different types of organic semiconductors like p-type with hole to be the 

main current carrier and n-type with electron as the main charge carrier. 
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Till now, most of organic semiconductors in use are p-type with holes as the main 

current carrier inside. These materials normally are stable with high electron transfer rate (1.3 

/Vs in pentacene2). N-type semiconductor is also required in order to function devices. 

Compared to p-type, electrons are the current carriers in n-type organic complex, which can 

be used for electron transport layer (ETL) in OLED and for n-channel OFETS. However, 

n-type organic material is restricted by the following limitations. For n-type material, it is 

desired to have its LUMO at 3-4 eV, so it is needed to be contacted with low work function 

substrate. In addition organic semiconductors are sensitive to atmosphere environment, like 

oxygen and water. Due to these limitations, compared with p-type semiconductors, fewer 

researches have been done on n-type organic complex. Now a day, most well known n-type 

substance are made by structure modification, for an example, by replacing 

electron-withdrawing functional groups analogous to p-type and cause increased electron 

affinities, like the relationship between pentacene (PEN) and perfluoro-pentacene (PFP) in 

Figure 1.1. This replacement does change the current carrier, but with a side effect. Charge 

transfer energy barrier increases and lowers the total charge mobility. As a consequence, 

n-type material made through this procedure has lower conductivity compared to the p-type 

one. In the past few decades, there are number of studies dedicated to solve this problem25. 

We approach this problem by using first principle based computer simulations. According to 

the simulation and theoretic study, we hope our work can provide fundamental understanding 

of the mechanism and be used in designing novel organic semiconductor. 
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Pentacene (PEN)                Perfluoro-pentacene (PFP)  

Figure 1.1 Pentacene (PEN) and perfluoro-pentacene (PFP). 
 

In display, flexible electronic and solar cell devices, transparent conducting oxide is 

usually needed as a component that give both transparency in the visible range and 

electrical conductivity as an electrode. One of most well-known inorganic materials is 

indium-tin-oxide(ITO) which is used as channel layer in transparent thin film transistors, 

the active material in light emitting diodes (LED), transparent conducting electrodes (TCO) 

and even as the substrates used to coat organic semiconductor. Limited resource of indium 

in the earth increases the cost of the devices that use ITO21. The need for transparent 

conducting oxide constituted earth abundant elements leads to the search of alternative 

TCOS. ZnO as a promising replacement of ITO due to its high conductivity has stood out. 

The understanding of the surface structure and related electronic properties has become 

vital in practical application of ZnO as transparent conducting material.  For efficiency 

consideration, it is expected the ability to manipulate the charge out coupling rate by 

changing work function of ZnO. Surface orientations, defects and contaminations vary 

these desired electronic properties3, 4 obstructing its use in application. Experimental 

studies have revealed the work function of ZnO can be improved by proper surface 

treatment using Ar sputtering or oxygen plasma. However, there is a lack of understanding 

of the fundamental mechanisms responsible for the change work function and other 

electrical properties as a function of surface conditions. Through the first principle 

calculation, our research were performed to model the effects of surface termination, 
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structure orientation, hydrocarbon contamination and oxygen enrichment on the work 

function of ZnO surfaces, then, based on examining the electronic density distribution and 

density of state, the underlying mechanism of these changes have also been investigated. 

 

1.2 Important Concepts and Definitions  

Scientists and engineers have paid a lot of attention in the enhancement and 

understanding of electronic properties of organic semiconductor. Because devices are made 

of multiple layers of materials including both n-type and p-type organic material contacting 

inorganic substances; thus, deeper understanding of the mechanisms and coefficients are 

needed to understand the nature of material. 

 

1.2.1 Marcus Theory 

For materials with electronic applications, conductivity plays a vital role and is 

directly connected to the working efficiency of the system. When material is operating at 

lower temperature, the charge mobility is restricted by band gap between valence band and 

conduction band. With temperature increasing, vibrations of molecule re-localize the 

charge carrier and trigger the electron hoping mechanism which can be described by 

Marcus electron transfer theory 3, 4. According to the theory, conductivity is related to 

charge transfer rate ( ).  

=    )                    1  

t and λ are the electron coupling integral and reorganization energy. In order to 

obtain high charge mobility,  can be maximized by increasing t and decreasing λ values, 
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ideally, at the same time. Electron coupling rate is molecular or crystal structure dependent, 

especially for lamellar structure where the interaction between molecules is enhanced. 

However in some cases, like the herringbone structure in PEN and PFP crystal, there is 

weak interaction between the molecules so the electron coupling integral is small and the 

reorganized contribution becomes important.   

The reorganization energy is well known as activation energy. It is the energy to 

reorganize the system structure to from the initial to the final form under the same 

electronic state. For material like semiconductor, both charged and neutral state should be 

included. And the total reorganization energy ( ) is the sum of the energy from ground 

neutral state ( ), and the energy to reorganize the charged state ( ). The lower , the 

smaller energy barrier for the current carried flow and higher current transfer rate can be 

obtained. 

= +                              2         

.  

Figure 1.2 Reorganization energy. 
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1.2.2 Ionization Potential and Electron Affinity 

In addition to charge transfer and the conductivity we discussed above, ionization 

potential and electron affinity also play an important role in electronic materials. Ionization 

potential (IP) is the minimum energy required to remove an electron from a many electrons 

system in the gas phase and in chemistry it is referred as enthalpy. For elements or 

molecules, IP tells us the energy needed to remove an electron from electron orbitals and 

serves as a strengthening measurement for electron bonding. Higher IP value indicates it is 

more difficulty to remove electrons from the system. Based on the definition, it can be 

determined by calculating the energy difference between the ground state and the structure 

with one less electron. IP value should be positive all the time. Similarly, electron affinity 

(EA) can be defined. EA measures the energy released when an electron attaches to the 

molecule or atom. EA and IP provide indication of reactivity of a substance. For an 

example, molecule with low EA value can act as electron acceptor and charge transfer 

reaction will take place, once it contacts with an electron donor with high EA value. Both 

of them can be only used for gas, because in the condensed phase, including liquid and 

solid, the energy levels will be changed by contact with other atoms and molecules. In 

some situations, like in cleaved surfaces, both EA and IP vary with surface area, shape, 

thickness and defects in the material as well. 

Ionization Potential (IP) = E (-e) - E (ground)                 3 

Electron Affinity (EA) = E (+e) - E (ground)                 4 

 

1.2.3 Work Function 

Technically, work function is a fundamental electronic property of a solid It 
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measures the minimum energy  to remove an electron from a solid to a point outside the 

solid surface or the vacuum level. In quantum mechanics, because Fermi level presents the 

highest energy state that electrons can occupy, work function is defined as the energy 

difference between the Fermi level and vacuum. System loses one electron in both IP and 

work function. The main difference is, in work function, the removed electron is far from 

the surface on the atomic scale but still closes and affects the solid on the macroscopic 

scale; however, in IP, electron is out of the system completely and incapable to generate 

any effect on the substance. Value of the work function can be measured experimentally 

using ultraviolet photoelectron spectroscopy (XPS/UPS) with UV light treatment; and by 

simulation software as well. 

Work function can also be calculated from electronic structure calculations. This is 

usually performed on a surface with a vacuum slab of 15 – 20 Å thickness. Cleaved sample 

was created on relaxed single cell. Then, the electrostatic potentials calculation are 

calculated and arranged along direction perpendicular to the surface (shown in Figure 1.3). 

Vacuum potential (  value is gained at the half way of the vacuum at which point the 

influence from the adjacent cell is minimized. Fermi energy ( ) of the system can be 

gained directly from electronic state output file. According to the previous definition, the 

work function (  could be determined as the equation:  

                               5 

 

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Fermi_level
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Figure 1.3 Work function calculation on ZnO (100) cleaved surface. 

 

1.2.4 Effect of Surface on Work Function  

As surface related characteristics, work function is sensitive to surface conditions 

including surface atoms arrangements, orientation, termination and contamination by 

adventitious hydrocarbon and hydroxyl species5, 6. Although experiment has verified that 

work function can be improved by proper surface treatment, such as Ar sputtering and 

oxygen plasma, the driving mechanism is still unexplored. It is believed that dipole moment 

change on the surface is responsible for the work function value change8. Dipole moment 

measures the electrical polarity of a system. According to Wigner and Bardeen’s theory 7, it 

has appeared in the form of surface dipole barrier which is formed by the redistribution of the 

electron density on the surface. For a crystal surface without change of the charge distribution 

on the surface, the dipole barrier equals to zero. On metal oxide, surface is usually native 

oxygen terminated with a negative dipole moment pointing to the bulk. Smoluchowski 

mentioned that there are two effects existing on the dipole layer: if the surface is attached by 

absorbates with larger electron value than the surface, we get an increasing work function 
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value; otherwise, work function decreases with attached absorbates with lower electron value 

than the contact plane. The reason for this is when the surface is attached with more 

electronegative atoms, the negative dipole is formed as the surface is more electronegative 

than the inside introducing negative charges setting on the outside shell, strengthening the 

original dipole moment. The contact with lower electron value group forms a positive dipole 

moment weakening the original one and decreasing the work function value. However, this 

law is not strictly applied to all systems. In order to investigate the relationship between work 

function change and dipole moment and to understand the reaction mechanism on the surface, 

DFT simulations were performed. 

According to T. C. Leung and C. L. Kao’s study 8, density of dipole moment can be 

presented as a function of work function as  

                    6 

 is the energy at  point along Z axis and P is the dipole moment. In the Chapter 4, 

we will plot the graphic of absorbate-induced change in work function ( ) 

versus the absorbate-induced change in surface dipole density ( ) where 

 and are the parameters under standard condition. 

 

1.2.5 Surface Energy  

Thermodynamically, we usually use Gibbs free energy or Helmholtz to describe the 

stability of a substance at certain condition. For idea material, like monomer in gas phase or 
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single crystal cell, most proper structure configuration has the lowest total energy. For 

semiconductors which are normally in condensed phase with contacting surface, stability is 

described by surface energy per area. Experimentally, most stable orientations are 

determined by slow quenching process. In simulation, we believe the most stable 

configuration had the lowest surface energy per area which is defined as: 

                               7                                             

 presents the surface energy per area, A is the area of the cleaved surface,  is the 

total energy of the sample and  stands for the total energy of a unit cell in the bulk 

where remains the perfect crystal structure. n is given by: 

                     8 
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CHAPTER 2 

SIMULATION 

Compared to experiments, lower costs and shorter time of simulation have attracted 

a lot of attention. In the past few decades, advanced theories were invented to improve the 

simulation accuracy making it feasible to model systems close to real system. Computer 

simulation is widely used in fundamental studies including thermodynamics, electronics, 

mechanics and other researches of native material properties and provides a guideline for 

further industry applications like synthesis and fabrication. First principle calculations 

based on density function theory (DFT) has received lots of attention due to its high 

accuracy. Through those simulations, basic understanding of the structure along with the 

electronic properties can be obtained.  

 

2.1 Quantum Mechanics and Schrödinger Equation 

Classic physics equations present the particle behavior of matters which won’t be 

able to provide accurate results for small particle with high speed motion. Dislike classic 

physics laws treating wave and particle behavior separately, quantum physics provide a 

mathematical description of the wave-particle duality of matter and energy. In 1926, 

Austrian physicist Erwin Schrödinger formulated an equation in use to describe how the 

quantum state of a wave function changes in time. It gave the birth of density function 

theory simulation. In statistic simulation, it assumes the properties of atomic system stay in 

stationary situation and independent of time which led us to time independent Schrödinger 

equation.  
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                           9 

In kinetic energy operator, , ħ is the planct constant, m is the mass of the 

particle and  stands the Laplace operator in three dimensions, , where x, y, 

and z are the Cartesian coordinates of the space. V(r) is the time-independent potential 

energy at the position r. Ψ(r) is the wave function for the particle at position r. This 

equation can provide us with the electronic energy states and their energies can be 

determined. 

 

2.2 Ab initio Quantum Simulation 

Ab initio quantum simulation is a computational method based on quantum 

chemistry and was firstly used by Robert Parr and coworkers9. In 1958, Roothaan,C10 

named it first principles calculations because all the calculations are based on quantum 

mechanics. The quantum systems are presented by vectors bearing the observable 

properties like energy E, position r and momentum p. These vectors specify the state of the 

system. 

                   1 

In this equation, the state can be presented by a set of state vector with energy E, 

position r and momentum p. In the classic theory, an elementary particle is presented by 

series of points that follows a path of certain action. The path of the particle is the location 

of the point. In quantum mechanics, the very particle is presented by a vector with most 

probable path of the action, and the path is the orientation of the vector22.  
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 Classic theory                    Quantum Mechanics 

Figure 2.1 Difference between classic theory and quantum mechanics in describing 
particle motion 22. 

 

2.3 Density Functional Theory 

At the beginning, density functional theory (DFT) was just a guide line rather than a 

research tool until 1990, when approximation was added in the theory and since then, DFT 

was refined to better model the exchange and correlation interactions. In condensed phase, 

it can handle structures with hundreds or even thousands of atoms at high accuracy in 

energy, force and electronic structure analysis. According to DFT theory, the total energy 

of a system is dependent on the distribution of electron density. For a system consisting of 

electrons moving under the influence of an external potential, two basic laws exist 

(Hohenberg-Kohn theorems11): total energy of a system is a unique function of the density; 

ground state energy can be obtained variationally, the density that minimizes the total 

energy is the exact ground state density. The basic theory of DFT was proposed by Kohn 

and Sham 12 who simplified the multi-body Schrödinger equation (Equation 11) in a 

fictitious system (the "Kohn–Sham system") where electrons exist in a mean field and the 

Schrödinger equation is redeem to one electron Kohn-Shan equation:   
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                  11                       

               12                     

 is the Kohn–Sham potential,  is the coulomb energy and 

 presents the exchange and correlation functional, like local density approximation 

(LDA) or generalized gradient approximations (GGA). 

 

2.3.1 Basis Set 

In order to perform the first principles calculations, electron waves have to be 

represented first, usually in the way of molecular orbitals. The set of functional to create 

the orbitals is called basis set. In localized basis set, the atomic orbitals are centered on 

atoms with some addition corrections. In addition, plane wave basis sets are also commonly 

used in first principles calculations, especially in solid state or systems with the periodic 

boundary conditions. 

 

2.3.1.1 Localized Orbital Basis Set 

In localized orbital basis set, numerical orbitals are used as the basis functions and 

each function is corresponded to a specific atomic orbital. Benefited from the functions, 

more details of orbital distributions are revealed. Instead of the series, analytical functions 

in plane wave basis, localized orbital basis functions are given numerically as values on an 

atomic-centered spherical-polar mesh which made the calculation easier with less 

simulation time, particularly in solid state systems. Because the use basis functions from 
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atomic orbital, in localized basis set monomer or molecular calculations can also be 

performed directly without using straining cell. 

 

2.3.1.2 Plane Wave Basis Set 

In general, a plane wave is a constant-frequency wave whose wave fronts are 

infinite parallel planes of constant peak-to-peak amplitude normal to the phase 

velocity vector. 

 
Figure 2.2 Plane wave 23. 

 

At 0K, for ions in a perfect crystal arranged in a periodic way, wave functions will 

be infinite in the basis set and it has to be calculated for each of the infinite number of 

electrons which fulfilled the entire space. Bloch's theorem can help us to handle this 

situation. In the theorem, periodic condition can be used to reduce the infinite number of 

wave functions from one electron to the number of electrons in the unite cell of the crystal. 

In that case, the wave function can be presented as a product from the cell periodicity part 

and a wavelike part24. 

                         13                                           

First part is the wavelike part and the second one is the cell periodic part of the wave 

function which can be represented as a finite number of plane waves. 

                         14                                         

http://en.wikipedia.org/wiki/Wavefront
http://en.wikipedia.org/wiki/Amplitude
http://en.wikipedia.org/wiki/Phase_velocity
http://en.wikipedia.org/wiki/Phase_velocity
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The G stands for the reciprocal lattice vectors. In order to limit the number of plane waves, 

it is necessary to impose a cutoff on the kinetic energy as the kinetic energy of an electron 

with wave vector k. 

                               15                                                    

The accuracy of plane wave calculations can be systematically improved by 

increasing the number of plane waves or the kinetic energy cut offs. The plane wave basis 

set is widely used in calculations involving periodic boundary conditions, like crystal.  

 

2.3.2 Generalized Gradient Approximations 

DFT theory requires expressing the exchange and correlation functional in the on 

electron Hamiltonian. Exact form of the   does not exist so it is commonly approximate 

based on the electron density. The commonly used  terms are local density 

approximation (LDA) or the generalized gradient approximation (GGA). Even with these 

approximations, the DFT give very accurate description of ground state energies and 

interaction force. Then the approximation part,  in equation 12 presented as the 

exchange and correlation functional, is brought out and permits the calculation of certain 

physical quantities with high accuracy. In our simulation, we use Generalized Gradient 

Approximations in which functional depend on both the density at the coordinate and the 

gradient of the density as well. This approximation leads to significant improvement over 

LDA results and can handle the extreme situation where the density undergoes rapid changes 

like in molecules. As other approximation, scientists dedicated themselves to consummate the 

theory in past several decades. The Most popular one is announced by John P. Perdew and his 

http://en.wikipedia.org/wiki/Periodic_boundary_conditions
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coworkers in 199613. By adding an enhancement factor  over local exchange, this new 

formula can present any GGA exactly when the relative spin polarization is independent of r.   

               16 

 is the local Seitz radius (n=3/4π ), ζ = (n↑ + n↓)/n presents the relative spin 

polarization and  is exchange-correlation energy density. This latest formula is simpler 

and easier to understand, apply, and improve. 

 

2.4 Simulation Software Packages 

Multiple software packages were employed in the research, one was vienna ab 

initio simulation package (VASP), and others were the castep and dmol3 modulus in 

material studio 5.0. Both VASP and castep come from a same develop group and they are 

served as softwares performing ab-initio quantum-mechanical calculation combining with 

pseudopotentials and plane wave basis set. The difference is VASP is more powerful in 

simulation with less vivid and friendly interface than castep. Dmol3 modulus, a localized 

basis set based method, was used to explore orbital distributions because highest occupied 

molecule orbital (HOMO) and lowest unoccupied molecule orbital (LUMO) cannot be 

accurately presented in plane wave basis. In these simulations, interaction between ions and 

electrons is described using the projector augmented wave method (PAW). This technique 

allows a considerable reduction of the necessary number of plane-waves per atom saving 

budget and simulation resources. 

We modified our structures in VASP, meanwhile castep and dmole3 were used as a 

visualize tool to observe the structure changes and electron properties. 
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2.4.1 Structure Relaxation 

By taking the advantage in simulation, structures can be relaxed in different ways. 

We can either modify the atoms’ positions with fixed cell size or shape by ISIF2 code; 

otherwise, in ISIF3 code, both the atom position and volume of the cell are allowed to 

change under same cell symmetry. We can also relax all of the variables by other 

commands. However, the initial structures are usually determined by X-ray or other 

techniques from the experiment from which the results is already close to its native form. 

Due to this fact, it is not necessary to change the shape of the sample and our research was 

based on ISIF2 and ISIF3 mode. 

Plane wave basis can be only applied on periodic condition, in order to calculate 

electron properties of monomer; we put the monomer in the center of a unit cell which is 

large enough to minimize the influence from adjacent (Figure 2.3). Meanwhile, simulations 

can be directly applied on the monomer with localized orbital basis. In the paper, both of 

the methods were included with the discussion of the difference. 

 
Figure 2.3 Pentacene monomer calculation in plane wave basis. 
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CHAPTER 3  

PENTACENE, PERFLUORO-PENTACENE AND HYBRID STRUCTURES 

3.1 Introduction 

Pentacene (PEN) is a polycyclic aromatic hydrocarbon consisting of five 

linearly-fused benzene rings which has been widely used in industry applications. As a p-type 

semiconductor material, it is stable at room temperature and has hole mobility as high as 

0.042 /(V s)14. Its per-fluoridation product is Perfluoro-pentacene (PFP), an n-type 

material, by replacing hydrogen group with fluorine (F), the atoms with higher electron 

affinity. Like we mentioned, the replacement does switch the current carriers but also 

introduces complicated internal force in the cell increasing the energy barrier for current flow. 

PFP is also more sensitive to the environment like oxygen and water than PEN. Compared to 

p-type organic semiconductor which has been made many advanced improvements in the 

applications, the research pm n-type organic semiconductor is much limited due to the 

reasons mentioned above. The purpose of this work is to find a new approach to design 

desired n-type semiconductors with high stability and high conductivity using first principles 

DFT calculations. Based on systematic studies of PEN and PFP, we proposed several possible 

hybrid structures as novel n-type organic semiconductors and predicted their properties 

through DFT calculation.  

 

3.2 Pentacene and Perfluoro-Pentacene Molecules  

3.2.1 Simulations 

As mentioned in previous section, large unit cell is required to perform single 

http://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
http://en.wikipedia.org/wiki/Benzene
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monomer calculation to avoid interaction of molecules with those from adjacent cells in 

periodic DFT calculations. Both PEN and PFP were put in a cubic cell box (25Åx25Åx25Å).  

 

3.2.2 Results 

 

 

(a) Pentacene 

 

 
(b) Perfluoro-pentacene 

Figure 3.1 Ground state of (a) PEN and (b) PFP. 
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Because of their similar back bone structures, PEN and PFP had identical structure 

characteristics including planar configuration and D2h symmetry in the chain. It is obvious 

fluoridation made PFP 0.52 Å longer and 0.47 Å wider than PEN which is 14.152 Å in length 

and 5.01 Å in width. These parameter changes were distributed by the replacement of C-F 

bonds and the back bones almost remained untouched all the time. We had 1.09 Å for C-H 

bond in PEN and 1.35 Å for C-F bonds in PFP which fitted the common sense well. 

Per-fluoridation has deeper impact on the system rather than a simple replacement of 

one atom with another. The orbital analysis showed that only carbon back bones contributed 

to the HOMO and LUMO forming 1.157eV band gap because of the lack of electron on H. 

Energy difference between HOMO-1(LUMO+1) and HOMO (LUMO) is significantly large 

indicating no degenerating energy states exist around the band gap. In PFP case, HOMO and 

LUMO are distributed among fluorine ions as well as the back bones ending up with band 

gap at 0.966 eV. Reduced band gap might be due to the orbital overlapping from additional 

electrons in F atoms. As shown in Table 3.1, fluoridation not only increased the EA value 

from PEN to PFP, it also created large energy barrier blocking current carrier flow. In PEN, 

energy barrier for holes transport was much lower than the barrier for electrons. However, 

both the energy barriers almost got tripled in PFP. It explained why the conductivity of PFP 

was always much lower than that in PEN. Our results were in a good agreement with theory 

and experimental observation26.   

Table 3.1 Energy calculation in PEN and PFP molecule. 

Energy 
(eV) 

IP 
(Vertical) 

EA
（Vertical） 

IP 
(Relaxed) 

EA 
(Relaxed） λ+ λ- 

PEN 4.785 -3.164 4.753 -3.212 0.066 0.101 
PFP 5.310 -3.802 5.229 -3.884 0.156 0.172 
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HOMO 

 
LUMO 

(a) PEN                                 (b) PFP 
Figure 3.2 HOMO&LUMO distribution in (a) PEN and (b) PFP. 

 

3.2.3 Summary 

Both of PEN and PFP in gas phase having small bandgaps are semiconductor 

materials. Higher energy barrier in PFP in charge transfer decreased the conductivity. Band 

gap and ionization energy of PEN agreed well with the literature confirming the reliability of 

our calculation2. 

 

3.3 Pentacene and Perfluoro-Pentacene Crystal 

3.3.1 Simulation 

Because of the complexity in Crystal structure, discussions were made 

independently for individual materials. Reciprocal space K point sampling for integrations 

was performed on 3x3x2 grids for both PEN and PFP. In order to achieve the full geometry 

optimization of the material, multiple simulation methods were used here. Both crystals 

underwent standard ISIF2 (fixed unit cell, atom positions are allowed to move) and ISIF3 
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(both unit cell volume and atom positions are allowed to move) relaxation (Table 3.2). 

Since the GGA functional does not include van der walls attraction, by following R.G. 

Endres and his coworker’s research2, we also relaxed the atoms except three in each chain 

based on the purpose to fix the planes of the molecules. In Figure3.3, constrained atoms 

were presented in red. This relaxation was performed in ISIF2 code with name restricted 

ISIF2 sample. Another relaxation has been performed as a comparison.  

Table 3.2 Relaxation code in VASP. 

ISIF Relax ions Change cell shape Change cell volume 

2 yes no no 

3 yes yes yes 
 

In dmol3, system constraint can be used that the fully existing symmetry of the 

lattice in which charge density, bond distances and total energy per atom will be the same 

no matter how the unit cell is defined, then, additional two relaxation samples were 

prepared for PFP in the modules with fully applied symmetry. Moreover, according to our 

research, plane wave basis loses accuracy in charged electronic state in solid phase. 

Reorganization energy discussions were made in localized orbital basis only. 

    
Figure 3.3 Initial structure of the sample with constrained atoms. 

 

3.3.2 Pentacene (PEN) 

As one of the most well known p-type organic semiconductor materials, a lot of 

research has been done on PEN crystal in the past a few years. People have found four 
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distinct stable polymorphs of PEN at room temperature. Among these polymorphs, difference 

in spacing length between two parallel monomer planes along c direction (14.1 Å, 14.4 Å, 

15.0 Å and 15.4 Å15) is one way to identify them. The phase with 14.1 Å in periodicity is the 

stable phase and normally seen in crystal, we chose it as a start point in our research. PEN has 

herringbone structure with two non-equivalent molecules, one staying at the corner of the cell 

and another one is the face centered. It belongs to the triclinic system with primary P1 

symmetry.  

 
a=7.93 Å; b= 6.14 Å; c= 16.03Å; α=101.9 º; β=112.6 º; γ=85.8 º; 

 Volume = 705.068  

Figure 3.4 PEN crystal cell. 
 

Table 3.3 Relaxation analysis for PEN 

 Initial ISIF2 ISIF3 ISIF2 
(Control) 

ISIF2 
(Restricted) 

Band gap 
(eV) 1.01 0.925 0.925 0.980 0.980 

Total energy 
(eV) N/A -499.404 -499.675 -499.351 -499.772 

Distortion False False False False True 
 

Results of relaxed crystals were listed in Table 3.3. Because the control sample 

underwent a lower accuracy, it was not mentioned in the discussion list. Moreover, 

unexpected data in restricted ISIF2 sample also made this method out of the table. Unlike the 
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literature, in which constraining treatment increased the band gap value making it close to the 

real data without any sacrifice in molecule configuration in the crystal; it did not work out in 

our case. After relaxation, carbon back bone on each individual molecule was twisted about 

0.3°to 2° in torsion angel along with sabotaged planar structure. Besides the structure changes, 

improvement of the band gap was also limited. The result was not helpful in the simulation. 

So even if it had lowest total energy among all of the samples, it was still out of discussion. 

 
Initial                        Relaxed 

Figure 3.5 Distortion in relaxed PEN restricted ISIF2 sample. 
 

In the relaxation, as a compensation of volume change, sometimes lower total 

energy in ISIF3 is accompanied with unexplainable structure configuration change. For 

conservative view, people tend to believe results from standard ISIF2 relaxation are more 

reliable than the one relaxed using ISIF3 code. However, experimentally obtained lattice 

parameters might be influenced by defects in the crystal, such as vacancy and grain 

boundary, and might n9t be the o9west energy state. Through our study, in PEN standard 

ISIF3 relaxation case, we observed the shrinking phenomenon on the volume (Table 3.4). 

In fully relaxed case, cell volume shrunk about 1.62% and molecule configuration barely 

changed. Because of small volume change and the lower total energy of the system, the 

relaxed structure was the most proper one and it was chosen for the ionization calculation. 
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Table 3.4 PEN parameters in standard ISIF2&ISIF3 relaxation 

 ISIF2(standard) ISIF3(standard) 
Lattice(Å) a=7.93 

b=6.14 
c=16.03 

a=7.86 
b=6.14 
c=15.92 

Angle(º) α=101.9 
β=112.6 
γ=85.8 

α=102.01 
β=112.62 
γ=85.68 

Volume ( ) 
705.07 693.67 

Symmetry P1 P1 
 

After standard ISIF3 relaxation, cell shrunk a little bit but maintained the original 

P1 symmetry. Compared with molecule in gas phase, periodicity contributed little on the 

molecule configuration including similar bond length and planar molecule structure 

(Figure3.6). Orbital distribution followed the same pattern as in gas phase that no 

degeneration energy states were detected on HOMO and LUMO and both of them were 

only on back bones atoms rather than H atoms. We obtained 0.925eV band gap on band 

structure graphic (Figure 3.7). The direct band gap provides sufficient efficiency without 

little energy loss in the electron transition between the band gaps. In density of graphic, 

broadening effect from the software did provide better visualization but, as a consequence, 

the band gap was not observed on the DOS as well. 

 
Figure 3.6 Monomer configuration in crystal. 
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.  

(a) Band Gap = 0.925eV (0.034 Ha) 

 

(b) Density of State 
Figure 3.7 (a) Band structure and (b) Density of state of PEN crystal. 

 

3.3.3 Perfluoro-Pentacene (PFP) 

Crystal structure of perfluoro-pentacene was from Cambridge Structure Database 

(CSD)1. Per-fluoridation process changed the crystal from triclinic in PEN to monoclinic in 

PFP with a higher symmetry P21/C, resulting an expansion in the volume from 705.068  

in PEN to 797  in PFP (Figure 3.8). Due to the cell changes, angles between the 
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herringbone molecules increased from about 55º in PEN to almost 90º in PFP. Like its 

parent, there are two non-equivalent but face centered molecules in the shell. Introducing of 

the F atoms doubled the complexity of the crystal. Like we mentioned previously, besides 

following the same relaxation strategy on plane wave basis, other relaxation methods from 

localized orbital basis were added. 

 
a=15.510 Å; b= 4.49 Å; c= 11.449Å; α=90 º; β=91.567 º; γ=90 º 

Volume=797  

Figure 3.8 Crystal structure of PFP. 
 

In ISIF2 restricted relaxation, similar bending tendency was observed and became 

enormous indicating the treatment did not suit in PFP either (Figure3.9). Because of the 

twisted back bones, discussions were focused on standard relaxed samples. DFT provided 

convinced results in PEN simulation. Unfortunately conventional DFT misses the attractive 

outer part of the Van der Waals force and loses accuracy in complex structure like PFP 

where strong electron attractive element, F, co-exists with rich π–electron clouds. In all the 

simulation samples, planar molecular structure was sabotaged with 0.5 º to 1.6 º twisted 

backbones and at least 2 º rotated C-F bonds pointing to the π-electron clouds on the 

adjacent molecule. Being a deeper impact of the orientation change, band gap value 

decreased from 0.544 eV in initial structure to 0.054 eV in ISIF2 mode and eventually not 
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observed in ISIF3 mode. The results gained from VASP presented PFP belonging to 

conductor rather than a semiconductive material which was against common sense and 

experiment data. 

Table 3.5 Relaxation analysis for PFP 

 Initial ISIF2 ISIF3 ISIF2 
(Control) 

ISIF2 
(Restricted) 

Band gap 
(eV) 0.544 0.054 0.000 0.054 0.027 

Total 
energy 
(eV) 

N/A -506.901 -506.840 -506.900 -511.175 

Distortion 
(Backbone) False True True True True 

Distortion 
(C-F bonds) False Small Large Large Large 

 

 
Initial                        Relaxed 

Figure 3.9 Distortion in relaxed PFP restricted ISIF2 sample. 

      
Initial structure                 Standard ISIF3 relaxation 

 
Figure 3.10 C-F bond bending in PFP crystal. 
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Table 3.6 PEN parameters in standard ISIF2&ISIF3 relaxation 

 ISIF2(standard) ISIF3(standard) 

Lattice(Å) 
a=15.51 
b=4.49 
c=11.45 

a=15.03 
b=4.05 
c=10.88 

Angle(º) 
α=90 

β=91.57 
γ=90 

α=90 
β=92.24 

γ=90 

Volume ( ) 797 673.67 

Symmetry P21/C P21/C 
 

 
Figure 3.11 Band structure of PFP under ISIF3 relaxation. 

 

Lack of effectiveness of VASP calculations led us to seek our way in dmol3 

modules in material studio 5. In this localized orbital basis method, crystal was relaxed in 

the similar ways like we did in VASP. Two samples were prepared; one of them underwent 

constrained volume and cell shape relaxation, meanwhile, another one was performed 

under fixed cell shape only. In order to prevent the bond bending, we applied the fully 

symmetry in both of the relaxation. 

When sample was relaxed with fixed cell parameter, molecules kept planar structure 
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and torsion angles in the backbone were reduced to 0.4±0.02; even C-F bonds bended only 

0.18 degrees pointing out of the plane. As we expected, less distortion was obtained. 

According to the band gap graphic, energy difference between conduction band and 

valence band was 0.49eV, 0.02 eV lower than the data from literature16. 

 
Figure 3.12 PFP monomer in crystal with constant cell relaxation. 

 

 
Figure 3.13 Band structure and density of state of PFP crystal with constant cell relaxation. 
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Simulation was pushed to the limit when constraint on cell volume was removed. In 

this fully relaxed sample, PFP crystal still stood at P21/C symmetry and volume expended 

from 797.009  to 974.146 , about 22% larger than the initial structure. As a result of 

the expansion, angle between the herringbone molecules decreased to 85º. Like in the gas 

phase, F participated in both HOMO and LUMO as well as back bones. Significant 

increasing in band gap value (0.844 eV) was observed from the larger cell size and planar 

molecular configuration. Because this system had lowest total energy, it was brought into 

reorganization energy calculation. 

Table 3.7 Crystal parameter in PFP 

 Standard Fully relaxed 

Lattice(Å) 
a=15.51 
b=4.49 
c=11.45 

a=16.065 
b=5.06 

c=11.987 

Angle(º) 
α=90 

β=91.57 
γ=90 

α=90 
β=91.335 

γ=90 

Volume ( ) 797 974.146 

Symmetry P21/C P21/C 
 

 
Figure 3.14 PFP monomer in crystal with fully relaxation. 
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Figure 3.15 Band structure and density of state of PFP under fully relaxation. 

 

3.3.4 Reorganization Energy  

 We observed that the PEN structures were very similar in relaxed charged states 

and their energy values were almost identical. In the PFP case, more relaxation was found 

during the process giving 0.3 eV energy difference between vertical and relaxed charged 

electronic states indicating more energy was needed in the origination procedure generating 

higher energy barrier for current flow. The conclusion was verified by the organization 

energy value. For PEN, periodicity decreased the energy barrier for both hole and electron 

transfer and less energy was required for hole transportation. At the same time, PFP crystal 
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increased the energy barrier resulting in low conductivity in the crystal form. 

Table 3.8 Re-origination energy of PEN & PFP in crystal. 

 
Energy 

(eV) 

Ionization 
Potential 
(Vertical) 

Electron 
Affinity

（Vertical） 

Ionization 
Potential 
(Relaxed) 

Electron 
Affinity 

(Relaxed） 

λ+ 
(Positive 
Charged) 

λ- 
(Negative 
Charged) 

Pen 
(Crystal) 1.395 -0.554 1.383 -0.557 0.026 0.042 

PFP 
(Crystal) 1.386 -0.458 1.094 -0.753 0.272 0.279 

 

 

3.3.5 Summary 

In this section we performed multiple DFT calculations for both PEN and PFP 

crystals. It was found that the crystal structures have narrower bandgaps as compared to the 

molecular forms. Fluoridation leads t0 an increase of reorganization energies that explains 

decreased charge mobility in PFP. 

 

3.4 Hybrid Structure 

3.4.1 Simulation  

 
(a) PEN+PFP-C                   (b) PEN+PEN-E 

       

(c) PFP+PEN-C                  (d) PFP+PEN-E 
Figure 3.16 Hybrid structures. 
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Previous research verified disadvantages of fluoridation. In this section, we have 

performed the simulations to understand if the low energy barrier can be achieved in an 

n-type semiconductor material with only partial fluoridation process. Hybrid structures 

were created by replacing the two individual molecules step by step with PFP/PEN 

monomer in PEN/PFP crystal. Depending on the replaced molecule, sample was named 

PEN+PFP-C, in which replacement was induced for face-centered PEN in PEN crystal, and 

PEN+PFP-E, in which the corner PEN was substituted in PEN cell. Following same pattern, 

PFP+PEN-C and PFP+PEN–E samples were created (Figure3.16). 

 

3.4.2 Results 

All samples were relaxed with ISIF2 (fixed unit cell, atom positions are allowed to 

move) and ISIF3 (both unit cell volume and atom positions are allowed to move) relaxation 

in order to see the difference. In our simulation, periodicity in PEN-based samples led to a 

small distortion in chains and the energy could not converge in charged state. Therefore, 

compared to ISIF2 relaxations, structure relaxations were easier to be achieved in ISIF3 

processes. Fully relaxed PFP-based samples were chosen to pursue further calculations of 

electronic properties. In all of the hybrid structures, HOMO was found individually located 

on PEN molecule and LUMO was observed to be located on PFP chain only (Figure 3.17). 

Sample PEN+PFP-C, PEN+PFP-E and PFP+PEN–E shared similar band gap at 0.57 eV at 

ground states. 
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    HOMO                            LUMO 

Figure 3.17 Orbital distributions in PEN+PFP-E. 

As the Figure 3.17 presents, connected HOMO between neighboring PEN 

molecules led to undetectable band gap value in PFP+PEN-C (Figure 3.20). This 

convergence suggested the potential of strong π-π electron cloud interaction and possible 

electron coupling through this linkage in the system which can lead to improvement in 

conductivity. Lower reorganization energy in the analysis (Table 3.9) also supported our 

assumption that making this structure to be promising conductive material in electronic 

application. 

    
Figure 3.18 Distance and electron density distribution in PFP+PEN-C 

       
HOMO                           LUMO 
Figure 3.19 Orbital distribution in PFP+PEN-C. 

 
Figure 3.20 Band structure of PFP+PEN-C. 
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Table 3.9 Ionization energy of hybrid structure. 

Energy 
(eV) 

IP 
(Vertical) 

EA 
(Vertical) 

IP 
(Relaxed) 

EA 
(Relaxed) 

λ+ 
 

λ- 
 

PFP-Pen-E 4.661 -4.067 4.55 -4.177 0.085 0.099 

PFP-Pen-C 4.661 -4.033 4.581 -4.056 0.072 0.068 

 

3.4.3 Summary 

Based on our fundamental researches on PEN and PFP, hybrids structures were 

created for the purpose to achieve higher conductivity in n-type semiconductor material. 

Configuration, PFP+PEN -C seems had the potential to exhibit high charge transfer rate 

because of the strong π-π electron clouds interaction and low energy barriers. According 

our simulation studies, the ongoing perfluoridated hybrid structures can be an effective way 

to obtain high charge mobility n-type organic semiconductors.  

 

3.5 Conclusion  

First principles DFT calculations have been performed on both gas and condensed 

phases of PEN and PFP. Hybrid structures were contributed and studied in detail. And 

based on the understanding on these structures, our results were in a good agreement with 

literature. We have identified a hybrid structure that can have high electron mobility, hence 

a promising n-type organic semiconductor.  
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CHAPTER 4 

WORK FUNCTION OF ZINC OXIDE (ZnO) 

4.1 Introduction 

The wurtzite crystal structure of ZnO is the most thermodynamically stable form 

among other polymorphs under ambient conditions. Therefore is the most common form in 

electronic devices as wide band gap semiconductor or as transparent conducting oxide. It 

exists with several none polar surfaces termination, including (111), (100), (010) and (110) 

with zinc and oxygen hybrid termination, and the surface can also be terminated by 

O-termination or Zn-terminated surfaces along (001) direction forming polar surfaces 

resulting in termination dependent chemical reactivity directly connecting to its electronic 

properties17. Usually in the experiment, ZnO surface was contaminated by hydrocarbon and 

hydroxyl species once it was exposed under atmospheric conditions. Presence of these 

chemisorbed and physisorbed groups leads to changes of the electronic properties. It is 

reported that if the surface contamination is removed by UV-ozone, Ar sputtering and 

oxygen plasma, sometimes unpredictable changes to the electrical properties take place. 

However, experiment won’t be able to dig deep enough to approach these specific 

mechanisms that are responsible for the changes in surface electrical properties. In order to 

understand the clarity over the same, first principle calculations based on density functional 

theory (DFT) were performed to model the effects of hydrocarbon contamination and 

oxygen enrichment on the work function of ZnO surfaces. 
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4.2 Simulations  

Cleaved surfaces were prepared based on fully relaxed super cells, each with eight 

layers of Zn, eight layers of O, and a 15 Å thick vacuum above the cleaved surface. In 

order to mimic the bulk structure beneath the surface, atoms of the bottommost 2 layers 

were fixed while the upper layers were allowed to be fully relaxed until the forces acting on 

each atom was smaller than 0.01 eV/Å. Due to the difference in cell sizes of the simulated 

surfaces, reciprocal space K point sampling for integrations was performed on 4x2x1 grids 

for neutral surfaces (e.g. (110)) and on 4x4x1 grids for polarized surfaces (e.g. (001)). We 

used methyl groups as a surface carbon source to investigate the effect of hydrocarbon 

contamination. The methyl groups were attached to part or all of the surface oxygen atoms 

on the relaxed surfaces, and subsequently geometry optimization was performed.  In order 

to understand work function changes associated with non-stoichiometric surface effects that 

could result from the surface Ar or oxygen plasma treatments described above, oxygen or 

zinc atoms were gradually removed from the surface to represent an oxygen or zinc 

deficient surface. 

In addition, DFT based on standard GGA functional can describe valence band well 

in ground state and give reasonable description in bulk structure of ZnO. However, it is 

well known standard GGA functional underestimates the band gap value of semiconducting 

and insulating materials. Methods such as hybrid functional and DFT+U have been 

employed to improve the band gap description of semiconductor. In addition, strong 

electron correlation in transition metals has been also been addressed using DFT+U method. 

U is the e-e interaction and is in terms of Slater’s integrals. In practice, these interaction 
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integrals are used as parameters which are adjusted to reach agreement with experiment 

data. So, GGA+U27 was employed where U was a experimental value from which we could 

individually adjust s, p or d orbital for each element and match these calculated wave pecks 

with the experimental one in density of state graphic in solid structure. This new method 

was proved well in bulk material and it also was used here comparing with the results from 

standard GGA functional. Through the comparison, better understanding of the zinc oxide 

could be obtained. 

 

4.3 Results on Bulk ZnO  

Wurtzite crystal structure of ZnO was shown in Figure 4.1 and Zn-O bonds were 

also shown. In geometry relaxation using standard GGA functional, the Zn-O bond 1 was 

1.973Å and bond 2 was 1.992Å. Fig 4.3.2 shows the calculated bond structure of ZnO. The 

band structure was found to be 1.14 eV. From Fig 4.3.2, it can be seen that ZnO is direct 

band gap explained its outstanding working efficiency and the sharp curve of bands 

claimed the small effective mass value leading to a faster electron mobility and great 

conductivity. In the density of state (DOS) plot (Fig 4.3.3), broadening effects reduced the 

band gap to the range 0.315 eV to 0.63 eV. In addition, the peak located at -6eV belongs to 

be 3d electrons. This peak was found to be located at around -7.5eV from experimental 

studies. I have performed DFT+U calculations to correct this. We also hope to improve the 

band gap description and to find out the DFT +U on work function. 
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a=3.249 Å; b= 3.249 Å; c= 5.205Å; α=90 º; β=90 º; γ=120 º 

Volume=797  

Figure 4.1 Wurtzite structure of zinc oxide. 

 
Figure 4.2 Band structure of zinc oxide from standard GGA functional simulation. 
 

When GGA+U approximation was employed, through modifying the d-orbital of 

zinc (U=9), energy peak stood around -7.5 eV instead of setting around -6 eV in standard 

GGA relaxation structure on the DOS graphic in agreement with the literature study18. Due 

to the orbital modification, Zn-O bonds increased to 1.976 Å in plane (Zn-O, Fig-4.3, 

Point-1) and the bond between two planes (Zn-O, Fig-4.3, Point-2) decreased to 1.982 Å. 

Band gap gained from the DOS shown that the significant increasing was obtained. It 

reached the range from 1.235 eV to 1.543 eV and because of the software limitation, we 
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were unable to gain the band structure of GGA+9 relaxed cell with the same functional. 

However, considering DOS with broadening effect always underestimates the band gap. 

The real band gap value of the material should be larger than the one we gained from DOS 

graphic and might be close to the experimental data. GGA+U did the expected job in bulk 

material simulation with higher band gaps and little atom arrangement 

 
Figure 4.3 Density of state of zinc oxide under GGA+U. 

 

4.4 Results on Cleaved Surfaces  

4.4.1 Non-Polarized Surfaces  

Zn and O were mixed terminated on the surface. Dipole moment was formed on the 

surface and was eventually neutralized by Zn-O net interaction. So far, it was reported four 

stable non-polarized surface, including (100), (010), (110) and (111), existing in the 

atmospheric environment. Among these cutting planes, surface (100) and (010) are 

identical which was verified by our research that both of them had same crystal 

configuration, total energy and work function value. In the further sections, only (100) was 

discussed in convenience.  
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Figure 4.4 None-polarized surfaces of ZnO. 
 

Interesting results came with the relaxation. Thermodynamically, surface tends to 

shrink its area to minimize the total energy which increases with the number of broken 

bonds. We found on the surface, Zn atoms on the first plane had the tendency to sink 

toward the bulk material leading sort of distortion on the Zn-O bonds. Distortion decreased 

the Zn-O bond (2) length to 1.869 Å, around 0.13 Å less than the idea in the bulk.  

 
   Initial                            Relaxed 

Figure 4.5 “Sinking” phenomena of Zinc atoms on the (100) cleaved surface. 
 

This displacement formed O terminated surface and sabotaged the dipole moment balance. 

Impact of surface rearrangement was significantly reduced on the second layer and 

vanished in the bulk. Because O atoms had more electron than Zn, negative dipole moment 

was formed pointing in to the surface. This observation made us believe that as a nature of 
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ZnO, polarization always exists even on the non-polarized cutting surface. In addition, our 

results were in good agreement with the literature, that most of the zinc oxide cleaved 

surfaces prepared in experiment were O terminated. 

In experiment, (100) and (110) surfaces are commonly seen on the sample with low 

quenching rate. This phenomenon can be explained by our simulation study. Benefitting 

from less broken bonds on the surface with low surface rearrangement rate, (100) and (110) 

cleaved planes had lowest surface energy per area and were preferred by the crystal. 

Meanwhile, surface energy on (111) plane was donated by more broken Zn-O bonds on the 

surface and was almost twice as large as other two. Combining with more surface 

rearrangement tendency, (111) surface cannot be formed easily and required more specific 

technique to be experimentally observed. In standard GGA calculation, we found work 

function increased with increasing surface energy. The value was obtained at 4.931 eV for 

(100), 5.224 eV for (110) surface and 5.293 eV on (111) plane matching the experiment 

data well19, 20.  

Table 4.1 Work function and surface energy of Neutral surfaces. 

Cleaved Surface Work function 
(eV) 

Surface Energy 

(eV/ ) 

(111) 5.293 0.238 
(110) 5.224 0.125 

(100)(GGA) 4.931 0.124 
(100)(GGA+9) 4.811 0.166 

 

In order to save the calculation resources, only (100) sample was brought into 

GGA+U functional analysis. Structure was formed and relaxed by following the same 
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modification listed previously. Same sinking tendency was found that Zn-O bonds on the first 

layer were displaced and zinc atoms shrunk to the bulk. Compared to the standard GGA 

procedure, Zn-O bond was about 0.5 Å less in the length giving a more compact system with 

lower rearrangement rate on the cutting plane. Despite this approximation worked as 

expected in band structure analysis, its improvement in work function was limited. Its 

different structure configuration led to a lower work function at 4.810 eV, almost 0.13 eV 

smaller the number from standard GGA relaxation. 
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Figure 4.6 Vacuum potential on (100) sample.  

 

4.4.2 Results of Polarized Cleaved Surface  

Unlike non-polarized surface, dipole moment was formed by nature from alternatively 

terminated Zn and O layers. Most of the metal oxides are not stable with polarized 

termination, like MgO which prefers Mg and O atoms mixed terminated surface with O 

atoms rather than form single Mg or O layer. However, it is experimentally proved that ZnO 

crystal can be grown along [001] direction and exist in this polarized form as one of the most 

famous semiconductive materials in electronic devices. In simulation, we cut the crystal and 
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formed (001) cleaved surface in Figure 4.7. Two different Zinc (Oxygen) terminate samples 

were gained with distinct cutting position. They were named zinc/oxygen terminated sample 

1 along the red cutting line and zinc/oxygen terminated sample 2 along the blue cutting 

position. Different surface terminations and configurations led variable work functions. 

 
Figure 4.7 Polarized surfaces of ZnO. 

Compared between the two cutting plane, lower surface energies in samples cut from 

position one were close to the value of the most stable non-polarized surfaces made them to 

be the promising surface configurations for polarized cleaved surface. Based on Table 4.2, at 

the first glance, we found Zn terminated surface tended to more stable by setting in ever 

lower energy state. However, with a close look, enormous surface rearrangement was 

observed in Figure 4.8. After the relaxation, in this Zn terminated structure, Zn-O bonds 

between the first zinc/oxygen layer and the second one increased from 1.984Å to 2.341Å and 

eventually disappeared cutting of connection between them and generating a new Zn 

terminated surface below. The impact affected even deeper to the Zn-O bond 2 between the 

second layer and third one with extended spacing at 2.293 Å. As a compensation, Zn-O bonds 

1 were stretched to 1.894 Å on the surface. From simulation view, whole structure underwent 
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sorts of self degradation indicating this termination was sensitive to the environment and is 

unstable. For O terminated sample 1, the degradation phenomenon was vanished and whole 

sample remained in the one piece with little bonds distortion on the surface. It shows that the 

O-terminated structure 1 was the most stable structure we had and could be the vary structure 

prepared in the lab. We got the work function at 4.747 eV for this structure. Meanwhile, other 

two high surface energy sample remained same surface configuration after relaxation. Based 

on the results listed above, we believed ZnO still preferred O-terminated on the polarized 

surfaces. 

                                     
Initial Structure                      Relaxed Structure 

Figure 4.8 Broken bonds in Zinc terminated sample 1.  
 

Table 4.2 Work function of ZnO polarized surfaces. 

Cleaved Surface Work function 
(eV) 

Surface Energy 

(eV/ ) 

(001) Zn Terminated 1( GGA) 5.134 0.192 
(001) Zn Terminated 2( GGA) 6.696 0.563 
(001) O Terminated 1( GGA) 4.747 0.184 
(001) O Terminated 2( GGA) 6.846 0.559 

(001) O Terminated 1( GGA+9) 4.452 0.213 
(001) O Terminated 2( GGA+9) 5.758 0.513 
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As we seen ZnO polarized cleaved surfaces preferred oxygen terminated, so we only 

brought two oxygen terminated surfaces in GGA+U simulation. We had already known that 

new approximation would reduce the bond length between Zn and O then and shrunk the 

system one step further. Compared to results from standard process, in O-terminated structure 

1, the only observed change was the smaller volume. The total energy increased a little and 

the atoms rearrangement decreased the work function to 4.452 eV. As a side effect of the 

orbital modification, surface rearrangement was abnormal in O terminated sample 2. After 

relaxation, on the surface, O atoms re-bonded to another zinc atom forming bridging oxygen 

net work. Work function reduced to 5.758 eV, 1.1 eV less than the results from the standard 

GGA relaxation. So far, we could tell GGA+U approximation did expected work in 

describing band structure of material, but in cleaved surface, improvement was rare. By 

holding this fact, standard GGA functional was hired to pursue our further research. 

 

Figure 4.9 Surface rearrangement of relaxed O-terminated sample 2 in GGA+U. 
 
 

4.5 Results of Surface with Absorbates 

Idea clean surfaces are rare in real life and samples normally are contaminated once 
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been exposed in atmosphere condition. These chemisorbed and physisorbed groups will 

decrease desired electronic properties. In our simulation, we used methyl groups to simulate 

these contaminators and put them on the both non-polarized and polarized surfaces in order to 

investigate the reaction mechanism. Only standard GGA functional was employed and 

discussions were restricted on clean (100) surface and (001) O-terminated 1 surface. These 

surfaces were listed as contrast and presented as good opportunity to investigate the response 

from different type of surfaces. Surface (100) and (001) shared similar structure having four 

available O atoms setting as out shell on the surface. 

We identified available O atoms on (100) surface in Figure 4.10. Methyl groups were 

attached on the surface step by step. According to our research, work function was 

independent of the substituted position when one O was contaminated by methyl groups. This 

pattern was followed even when three out of four O atoms were occupied by methyl groups. 

In order to lower the total energy, CH3 group reoriented by forming 13 degree angle along 

vertical direction.  

 
Figure 4.10 (100) surface structure. 

Different observations were observed when 2 CH3 were induced in the system. When 

In O (1) and O (2) were occupied, methyl group by staying close to each other lead to more 

surface rearrangement and high total energy. At this situation, methyl groups preferred 

rotating 16° to opposite direction. This impact even penetrated deeper to the next Zn-O bonds 
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and distorted them as well. If O (1) and O (3) were contaminated, methyl groups can be fully 

relaxed with the longer distance and space. As a result, little surface relaxation and lowest 

total energy was obtained. Due to these different surface configurations, work function 

changed as a function of surface energy. Higher the surface energy per area, higher value of 

work function was observed. 

As in Figure 4.12, work function decreased once the surface was contaminated and 

decreased to lower value with increasing contaminator coverage. Compared to the clean 

surface, contaminated non-polarized surface came with at least 1eV lower work function than 

the clean one. 

                       
(a) One methyl group                   (b) Two methyl groups 

Figure 4.11 Surface rearrangement (100) surface. 
 

 
Figure 4.12 work function on (100) contaminated surface. 
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For polarized cleaved sample, its surface area was smaller than (100) cleaved one. 

As shown in the graphic, we had four empty O atoms on the surface with three different 

substituted positions. We can see on the surface, the first nearest O atoms set 3.249Å way 

from each other like O (1) and O (2). The second nearest O atoms, (O(1) and O(3)) stayed 

with the distance at 5.628 Å. The reason behind this observation may be due to the highly 

symmetric and polarized surface, if only one methyl group was connected to the surface, 

methyl group preferred staying perpendicularly to the surface rather than rotating to some 

degree in another direction. 

 
Figure 4.13 (001) surface structure. 

 

With increasing the methyl group coverage, interaction was enhanced between 

different molecules. If two methyl groups were induced, no matter what kinds of 

orientation they were, the methyl groups ended up with one setting on Trans form and 

another one staying on Cis form by which the total energy was minimized. Because of 

restricted surface area, even the methyl groups located on the second nearest O atoms, like 

O(1) and O(3), they still rotated and repelled each other to fit the structure. This impact was 

strong enough to repel another methyl group on the opposite direction leaving around 16° 

torsion angle. A same phenomenon was detected on other cases as well. If surface was 

contaminated by three methyl group, only certain surface orientation was allowed resulting 

in low work function value among all of the samples. However, surface was not sufficient 
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enough for full contamination. If 4 CH3 groups were put on the surface, one of the methyl 

groups left the surface with connected oxygen. This structure change increased the vacuum 

potential and higher work function value was observed. Considering the surface destruction 

in fully contaminated case, we believed this polarized surface could only get three methyl 

groups. 

In Figure 4.16, work function decreased with increasing methyl group coverage. 

Compared to the non-polarized, work function on polarized surface was more sensitive to the 

environment. 

                   
       (a) Two methyl groups 1              (b) Two methyl groups 2 

             
   (c) Three methyl groups                (d) Four methyl groups  

Figure 4.14 ZnO surfaces with certain coverage. 
 

 
Figure 4.15 Surface destruction on fully contaminate surface 
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Figure 4.16 Work function on (100) contaminated surface 

 

4.6 Non-Stoichiometric Surface (100)  

Besides the surface contamination, defects on the surface affected the work function 

as well. The non-polar (100) surface which has the lowest surface energy was used to 

simulate the effect of oxygen plasma treatment. The non-polar (100) surface which has the 

lowest surface energy was used to model the effect of oxygen plasma treatment. We 

considered the two most likely scenarios that could result from oxygen plasma treatment 

taking into account: (1) removal of oxygen resulting in an oxygen deficient, zinc rich 

surface (ZnO(1-x)) or (2) addition of oxygen creating an oxygen enriched surface (ZnO(1+x)) 

i.e. oxygenation. Figure 4.17 shows the work function acted a function of composition for 

both types of surfaces. The zinc rich (ZnO(1-x)) surface was created by generating oxygen 

vacancies on the surface. It was found that the work function decreased with increasing 

levels of oxygen deficiency as Figure 4.17 (a) shows. On the other hand, the work function 

increased with increasing levels of oxygen excess (Figure 4.17 (b)). Both types of surfaces 

suggest that the surface work function increases with increasing oxygen to zinc ratio. These 

findings are consistent with the UPS and XPS data.   
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Figure 4.17 Work function variation with Zn:O ratio of the first 2 surface layers (a) ZnO(1-x) 

and (b) ZnO(1+x). 1:1 is the stoichiometric value. 

 

4.7 Origin of Work Function Change 

In order to understand the change in work function due to the presence of surface 

absorbates, we calculated the change of surface work function as a function of the change 

of surface dipole moment density by using equation (6). 

An increase in surface absorbates is equivalent to an increase in surface dipole 

moment density in the model. It was found that for both non-polar (100) and polar (001) 

surfaces, the change of work function show a linear relationship with the change of surface 

dipole moment (Figure 4.18 (a) and (b)). The larger the dipole moment density increase, 
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the more the work function decreased. This trend is in agreement with the literature. Thus 

the change of work function of ZnO surfaces can be understood in terms of absorbates or 

defect induced surface dipole moment density changes. 

  
(a)  

 

(b) 
Figure 4.18 Effect of absorbate/defect induced change of surface dipole moment density on 

the work function for (a) ZnO (100) surface and (b) ZnO (001) surface. 
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4.8 Conclusion 

In summary, we investigated the surface structure and the work function value on 

different ZnO surfaces by performing DFT calculations. It is found that O-terminated 

surfaces are energetically more favorable and calculated work function is around 5 eV on 

clean oxygen terminated surfaces. According to our theoretical research, we found linear 

relationship between work function and surface dipole moment density. We also observed 

that work function was not only a function of the type of absorbates, but also related to that 

absorbate configuration and geometry on the surface. Our results are in a good agreement 

with experimental studies and provide insight to the underlying mechanisms of work 

function change. 
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CHAPTER 5  

CONCLUSION 

In this thesis, I utilized first principles density functional theory (DFT) based 

calculations to investigate the structure and electronic properties including charge transfer 

behaviors and work function of two types of materials: pentacene based organic 

semiconductors and ZnO transparent conducting oxides, with an aim to search for high 

mobility n-type organic semiconductors and fine tuning work functions of ZnO through 

surface modifications. 

Based on DFT calculations of numerous structure combinations, we proposed a 

pentacene and perfluoro-pentacene alternating hybrid structures as a new type of n-type 

semiconductor. According to our research and Marcus charge transfer theory analysis, the 

new structure has high charge mobility and can be a promising new n-type organic 

semiconductor material. 

DFT calculations have been used to systematically investigate the effect of surface 

organic absorbates and surface defects on the work function of ZnO. It was found that 

increasing surface coverage of organic groups and decreasing surface defects lead to 

decrease of work functions, in excellent agreement with experimental results. 
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CHAPTER 6  

FUTURE WORK 

Electron transfer rate can be also enhanced by π-π, π-M (metal) or M (metal)-M 

(metal) interaction between two molecules in planar crystal structure. In further work, I will 

pursue my study in novel organic semiconductor materials including  

2,3,6,7,10,11-hexabromotriphenylene (Br6) and bis[3,5-bis(2-pyridyl)-1,2,4-triazolato] 

platinum (pt(ptp)2). First principles based calculations can help us to understand the 

structures of these materials and investigate their intrinsic and extrinsic electronic 

properties. 
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