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anocrystals often show novel physical and chemical properties different

from those of the corresponding bulk material. Zinc Oxide powders are

extensively used in a variety of applications such as optoelectronics, semiconductors,

luminescent devices, pigments and components for cosmetics industries, sunscreens and

rubber, etc.

ZnO have diameters less than 100 nanometers. It has a large surface area relative to its

size and high catalytic activity. The exact physical and chemical properties of zinc oxide

nano-particles depend on the different ways it is synthesized. Some possible ways to produce

ZnO nano-particles are laser ablation, hydrothermal methods, electrochemical depositions,

sol–gel method, chemical vapor deposition, thermal decomposition, ultrasound, microwave-

assisted combustion method, two-step mechano-chemical–thermal synthesis, co-precipitation,

and precipitation processes using solution concentration, pH, and washing medium. ZnO is a

wide-band gap semiconductor with an energy gap of 3.37 eV at room temperature. [1]

ZnO nanostructures are believed to be one of the most produced materials. They are very used

because they effectively absorb ultraviolet light, but to be completely transparent to visible

light. [2]

ZnO is a wide-band gap semiconductor of the II-VI semiconductor group. The native

doping of the semiconductor due to oxygen vacancies or zinc interstitials is n-type.[3] Other

favorable properties include good transparency, high electron mobility, wide band gap, and

strong room-temperature luminescence. Those properties make ZnO valuable for a variety of

emerging applications: transparent electrodes in liquid crystal displays, energy-saving or heat-

protecting windows, and electronics as thin-film transistors and light-emitting diodes.

Zinc oxide crystallizes in two main forms, hexagonal wurtzite.[4] and cubic zinc-

blende. The wurtzite structure is most stable at ambient conditions and thus most common.

The zinc-blende form can be stabilized by growing ZnO on substrates with cubic lattice

structure. In both cases, the zinc and oxide centers are tetrahedral, the most characteristic

geometry for Zn (II). ZnO converts to the rock-salt motif at relatively high pressures about 10

GPa.[3] The many remarkable medical properties of creams containing ZnO can be explained

by its elastic softness, which is characteristic of tetrahedral coordinated binary compounds

close to the transition to octahedral structures .[5]

ZnO has also been considered for spintronics applications: if doped with 1–10% of magnetic

ions (Mn, Fe, Co, V, etc.), ZnO could become ferromagnetic, even at room temperature. Such

room temperature ferromagnetism in ZnO: Mn has been observed. [6] But it is not clear yet

whether it originates from the matrix itself or from secondary oxide phases.

N
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ZnO has a rich defect and dopants chemistry that can significantly alter properties and

behavior of the material. [7]. Doping ZnO nanostructures with other elements and molecules

leads to a variety of material characteristics, because the addition or vacancy of atoms

changes the energy levels in the band gap. [8]. Native defects due to oxygen and zinc

vacancies or zinc interstitials create its n-type semiconductor properties. Carriers created by

doping have been found to exhibit a strong dominance over native defects. [7]

My research is dedicated to examination of the effect of (C and Si) Co-doped ZnO

with intrinsic point defects, performing the different simulation techniques based on the

useful concept of “Density Functional Theory”.

The principal objectives of this thesis are:

*To study and understand the structural, electronic and optical properties of ZnO Co-doped

Carbon and Silicon.

**To understand how the microscopic properties of the Co-doping material deviates with its

intrinsic defect.

**To test the effectiveness of the simulations employed using the functional GGA.

Our brief will be structured around three chapters:

The first chapter includes the results of a bibliographic search exclusively directed

towards the study of the properties of ZnO, experimental and theoretical Background and

intrinsic defects points and conductivity control.

In the next chapter, we discuss thoroughly the density functional theory and its

evolution. This chapter 2 is written in the aim of getting insight about the fundamentals of the

density functional theory, which is crucial as our entire computations are based on it.

The third chapter is divided into two parts. The first part is showed our results of the

structural, electronic and optical properties of Co-doped ZnO films and the second part of this

chapter has been dedicated to the view the impact of native point defects on the various

properties of Co-doped ZnO films.

During this scientific research, i got an Erasmus + grant from the European Union,

where i headed to “Jan Dlugosz university” ,faculty of science and technology, department of

theoretical physics in Czestochowa, Poland to do a training on: investigations optical

properties of solids by computational methods.

The detailed program of this traineeship period is:

-Get acquainted with computational methods which would allow to predict the optical

properties of materials from the chemical composition / crystal structure.
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-Investigation relations between the electronic, optical, elastic and thermodynamic

properties of chosen compounds to their structural parameters.

After the mobility, we demonstrated practical skills of using computational packages

for independent solving of problems in the field of quantum chemistry of semiconductor

materials for applications in solar cells; in particular the impact of crystal structure defects

occurring in real materials. It has necessary theoretical basis for the interpretation of the

obtained results.

Finally, we end this manuscript with a general conclusion on the theoretical analysis

results obtained.
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This chapter is devoted to a general description of zinc oxide ZnO. In part one,

presenting us with a state of the art of its main properties. Then we let's look at its fields of

application.

1.1 Crystal Structure:

Zinc oxide (ZnO) is a challenging material to study for any beginner in material

science. The principal reason is that it is a multifunctional material with multiple properties,

many of which are unique and distinct. It is one of the most studied semiconductors and thus

investigation on this material provides a solid foundation to study any other material in future

[1] due to its excellent properties for various applications.

ZnO exists in wurtzite, rock-salt, and zinc-blende crystal structures; however, at

ambient conditions, the thermodynamically stable phase is the wurtzite structure, Fig.1 (A)

with ionicity at the borderline between covalent and ionic semiconductors. The hexagonal

wurtzite crystal structure belongs to the P63mc class in the Hermann–Mauguin notation or to

the class in the Schoenflies notation. The ZnO primitive unit cell contains two formula units,

which each zinc ion surrounded by four oxygen ions Fig.1(B) in a tetrahedral coordination

and vice versa [2]. The non-Centro-symmetric tetrahedral coordination in ZnO results in the

piezoelectric properties, crystallographic polarity, and is also a key factor in crystal growth

and defect generation.

The wurtzite ZnO has four common crystal faces, including the polar Zn-terminated

(0001) and O-terminated (0001)faces (c-axis oriented), and the non-polar (112 0) (a-axis)

and (1010)faces which both contain an equal number of Zn and O atoms. The polar and the

(1010) surfaces are found to be stable; however, the (112 0) face is less stable [3]. The lattice

parameters, commonly measured at room temperature by X-ray diffraction (XRD), are a =

3.25 Å and c = 5.20 Å with the ratio c/a = 1.6 in an ideal wurtzite structure. The a-parameter

typically ranges from 3.2475 to 3.2501 Å and from 5.2042 to 5.2075 Å for the c-parameter.

The variation in lattice parameters depends on the concentration of foreign atoms, defects,

external strains, and temperature [2].
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Fig.1: The hexagonal unit cell of ZnO (A) and (B) tetrahedral coordination where the green

atoms are Zn and the red atoms are O.

Table.1: The physical parameters of ZnO.

Physical Parameter Value

Crystal structure Wurtzite

Lattice constant a=b=3.24 Å and c=5.20 Å

Molar mass 81.3g/mol

Density 5.606g/cm3

Melting point 2248K

Bond length 1.977μm 

Energy gap 3.4 eV direct

Refractive index 2.008,2.029

Dielectric constant ϵ0=8.75 and ϵ∞=3.75

Effective mass Electron=0.24 and hole=0.59

Exciton bending energy 60meV

Electron-hole mobility 200cm2V1s1

Ionicity 62%

Thermal conductivity 60W/mK

Heat capacity Cp=9.6cal/mol.K

Breakdown voltage 5×106Vcm-1

Heat of crystallization 62KJ/mol

Yung modulus(bulk ZnO) 111.24.7 GPa

Bulk modulus(polycrystalline ZnO) 142.23GPa
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1.2 Physical Properties: The physical parameters of ZnO at room temperature (300K) are

shown in Table.1 [63]

1.3 Electronic Properties:

ZnO has been widely investigated due to their excellent electronic and optical

properties, non-toxicity, and low cost [4–5]. As a kind of II-VI compound semiconductor,

ZnO can also serve as a high-activity semiconductor photo catalyst because it has high

chemical stability, high carrier mobility, large exciting binding energy (60meV), mature

synthesis technology, and tunable properties [6–7]. However, the wide band gap (3.37 eV) of

ZnO will result in low absorbability (4%) under sunlight irradiation [8], which is not

conducive to the photo catalytic utilization of ZnO in the visible light region.

The band structure and electronic states of wurtzite ZnO have been calculated by

several theoretical approaches and determined experimentally [2]. Fig.2 shows the band

structure calculation using the Local Density Approximation (LDA) and incorporating atomic

self interaction corrected pseudo potentials (SIC-PP) [9 -10]. In the valence band, bands

located between -10 and −5 eV correspond to the Zn 3d levels, while the upper 6 bands from 

−5 eV to 0 eV are mainly O 2p orbital’s. The first two bands in the conduction band (CB) 

correspond to empty Zn 4s levels. The band gap value obtained from this calculation was

reported 3.77 eV [9]. Further studies on other properties of ZnO; have been reviewed by other

researchers [11-12]

Fig.2: Band Structure of ZnO Wurtzite using LDA method [9 -10].
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We notice that the maximum of the valence band and the lowest of the minimum of

the conduction band at point Г (k = 0), indicating that ZnO is a direct gap semiconductor. 

The advantage associated with this band gap is the use of ZnO as a material in intense

electric fields, circuit breakers. [13], in nanometric-scaled applications such as bio-logical

tracers and optoelectronic devices, as we shown in Fig.3. [14-15].

Fig.3: Technologies enabled by high-performance and thin-film transistors over the past 25

years. (Top) Silicon transistors have driven the microprocessors used in computational

devices ranging from low-power gadgets to large servers. (Bottom) Various forms of cheaper

silicon enabled the display revolution, now being shared by IGZO. (Right) Nano-materials

may be the next transistor material for enabling a new generation of technologies [15].

1.4 Optical properties:

The fundamental optical properties of ZnO, such as refractive index and dielectric

constants, have been determined by a number of previous studies [16-17]. The measurements

are performed using ellipso-metry. The determined values of the dielectric constants of ZnO

are summarized in Table.2 [17], and the refractive index of ZnO under the wurtzite structure

is m=2.008 et ne=2. [18].
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Table.2: Values of static (ϵ0) and high frequency (ϵ∞) dielectric constants [17].

The work of Meyer et al, gives us a very clear treatment and an analysis of the spectrum of

exciton emissions obtained for massive ZnO, n-type ZnO, and certain defects reported in the

spectral characteristics, such as the emission of donor-acceptor pairs (DAP) [19].

Fig.4: Photoluminescence spectrum of massive n-type ZnO (He-Cd excitation) showing

donor-acceptor pairs [19].



Chapter1 : Fundamentals of ZnO

11

1.5 Electrical Properties:

ZnO is an intrinsically n-type semiconductor due to the deviation from stoichiometry

and the presence of intrinsic defects such as oxygen vacancies (VO), zinc interstitials (Zni),

and zinc vacancy (VZn). Doping of ZnO provides a method for controlling its structure, and

consequently optical, electrical, and magnetic properties, which leads to a range of changes,

including band gap value, transparency, room-temperature ferromagnetism, piezoelectricity

and magneto-optical properties [20-21-22].

The n-type doping of ZnO with a donor state, achieved by replacing atoms with one or

more electrons in the outer shell compared to the substituted element (Zn or O) in ZnO.

Consequently, the substitution of group-III elements on Zn sites and group-VII elements on O

sites, produces highly conductive n-type ZnO. These group VII elements, F, Cl, Br and I are

also donor dopants by substituting for oxygen atoms. It has been reported that fluorine F

doping can increase the conductivity of ZnO by chemical spray techniques [23]. The p-type

doping of ZnO with an acceptor level is provided by substitution of group-I elements on Zn

sites and group-V on O sites. Although, ZnO can be easily n-type doped, efforts to obtain

reliable p-type doping are still a problem due to the low solubility, much higher ionization and

formation energy of p-type dopants [24-25].

1.6 p-types Conductivity:

1.6.1 Historical Background:

The increase in the world population and industrial growth has led to an increased

need for new technology, another direction to solve environmental problems and a clear

future vision. Obtaining p-type doping in ZnO has proved to be a very difficult task [26], one

reason is that the fact there is very few candidate shallow in ZnO. Now, several groups have

p-type ZnO reported. [27]

Theoretically, the group I elements, Li and Na, are good acceptors for ZnO when they

occupy Zn sites, but it is often stated that doping with Li always produces semi-insulating (SI)

ZnO [28]. This is due to the interstitial Li LiI has a formation energy than LiZn in n-type

ZnO, and LiI is a donor. Therefore, a sample with a high concentration of Li may have a self-

compensation problem, placing itself between LiZn and LiI, giving a Fermi level very close to

the middle of the gap, and thus producing a semi-insulating material. The same problem arises

for the Na

The elements of group V, N, P, As and Sb, are important for the realization of the p-type ZnO.

Nitrogen N can be a good acceptor, since its core electronic structure and ionic radius are

similar to those of oxygen O and it easily replaces O atoms.
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However it seems difficult to make p-type ZnO through doping by N atoms. It would

be very promising to produce good p-type materials using other group V elements such as P,

As and Sb with different mechanisms. Using density functional theory (DFT), Limpijumnong

et al find that a complex, AsZn-2VZn, has a low energy of formation to act as acceptors in the

host structure of ZnO [29].

Experimentally, Joseph et al [30] have reported p-type ZnO through codoping using N

(in the form of N2O) with Ga as a codopant. They reported suspiciously high hole

concentrations of 4 × 1019 cm−3 and low room temperature resistivity of 2_cm. Yan et al 

[31] have proposed an alternative interpretation of the results, in terms of the chemical

potentials of the gases used during growth. More recently, Yan et al [32] suggested that co-

doping would be effective in the case of ZnO only for very high Ga and N concentrations so

that an impurity band (caused by neutral Ga +N complexes) would form above the ZnO

valence band, leading to a significant reduction of the ionization energy of the excess N

impurities. We note, however, that the experimental results for co-doping in ZnO have not

been reproduced.

More interesting, the co-doping has been suggested to be an effective method of

achieving p-type conductivity in ZnO. The term co-doping means that, along with the

acceptors that are incorporated to produce holes, donors are also incorporated during the

growth [33].

1.7 ZnO as a photo-catalyst:

ZnO nanostructures with different morphologies and properties have attracted much

attention for photo-catalytic applications, in both environment and energy fields.

Up to now, more than 2500 papers have been published on the photo-catalytic

performance of ZnO nanostructures. All of this research investigated the influence of different

factors, such as preparation method, composition, morphology, size, specific surface area,

porosity, and crystalline phase. Fig.5 shows the trend of publications of ZnO nanostructures

as a photo-catalyst in the last 15 years. It shows an evolution and an exponential growth of

research for both pure and doped ZnO nanostructures. [34]
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Fig.5: The photo-catalytic applications of the ZnO nanostructures in the environment and

energy fields. (b) The number of publications of ZnO and doped ZnO as a photocatalys from

1 January 2000 to 22 May 2015 in the Scopus citation database using keywords in title section

"photo-cataly" and "Zinc Oxide" or ZnO.

1.8 ZnO on Spintronic:

In the current time, spin-tronics is an emerging technology that exploits not only the

charge but also the spin of the electron to encode information. The spin, which was totally

neglected in the applications of classical microelectronics, gives rise to new physical

phenomena which offer interesting perspectives in terms of integrability, speed of

communication, consumption and non-volatility of information. It is in this sense that

spintronics have aroused great interest in the scientific community as an alternative to

conventional electronics which today face major physical obstacles due to further reduction in

the size of the components. In 1988, the teams of Albert Fert and Peter Grünberg discovered

giant magneto-resistance (GMR), which can be considered as the starting point of the field.

Traditionally, ZnO is used as important diluted magnetic semiconductors. A large

number of experimental studies [35–36] have shown that the ferromagnetism of ZnO strongly

depends on the preparation of samples, and the point defects in the systems may play an
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important role. Thus, how to effectively control the point defects in the experiment becomes a

very interesting and challenging problem. [37]

Spin-tronics has important applications, the most widespread being the reading of hard

disks by the giant magneto-resistance (GMR), the tunnel magneto-resistance (TMR: Tunnel

Magneto-Resistance) and writing magnetic memories (MRAM: Magneto-resistive Random

Access Memories) in our computers.

1.9 Nonmetal Doping of ZnO:

Nonmetal doping of ZnO, which is expected to substitute for oxygen atoms, has been

intensively investigated. In this regard, hybridization of nonmetal dopants orbital and O 2p

states of ZnO raise the upper edge of the valence band and thus narrow the band gap.

Elements with lower electro-negativity than oxygen and similar size to that of lattice O atoms

are two main requirements for effective nonmetal dopants [38]. ZnO doping with nonmetals,

such as carbon (C), nitrogen (N), and sulfur (S) can lead to the formation of intermediate

energy levels and extend the valence band [39-40]. Details of ZnO doping process by one

most popular nonmetals Carbon and consequent results are discussed in the third chapter.

1.9.1 Carbon doped ZnO:

Carbon doping is the one most popular approach for nonmetal doping of ZnO and has

received considerable interest during recent years. Pan et al. [41] have studied the structural

and magnetic properties of pure and C-doped ZnO by DFT calculations. The formation

energies of carbon doping have been calculated and the results show that carbon incorporation

occurs with carbon oxidation number ranging from -4, by replacing an oxygen atom (CO), to

+4 by the formation of carbonate species (CZn+2Oi). [34]. Carbon substitutional doping on Zn

sites (CZn) and interstitial carbon (Ci) are also observed [42]. Tan et al. [42] calculated the

formation energy of C doping by ab initio methods and showed that the formation energy of

CZn and CZn+2Oi increased with decreasing of oxygen partial pressure and the formation of

CO/CO2 species occurred in an oxygen rich ambient.

Comparing XRD lattice constants showed a lattice expansion in C doped ZnO, which

indicated that C4- with larger ionic radius of 260 pm is substituted instead of smaller O2- with

140 pm ionic radius [43-44]. In contrast, in the other work, the lattice constant of C doped

ZnO became smaller, which indicated C4+ with an ionic radius of 16 pm is substituted for the

larger Zn2+ with an ionic radius of 74 pm (see ref [45-46]). Moshfegh's group [45] recently

utilized multi-walled carbon nano-tubes (MWCNTs) as a source of carbon doping in C-doped

ZnO nano-fibers applied as a photo-catalyst.
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As evidence for visible-light activity and band gap narrowing of C-doped ZnO, band

gap energy was also calculated using Tauc‘s formula. Based on data analysis, band gaps of

3.13 and 3.01 eV are obtained for pure and MWCNT-doped ZnO.

Recently, Doping with non-metal elements such as C has been reported to reduce the

band gap of a wide-band semiconductor by enhancing a number of properties but not limited

to ferromagnetism, magnets to transport properties and p type conduction properties [47-48]

1.10 Transition metal Doping in ZnO:

Transition metal doping in ZnO crystal lattice is one of the well-known strategies for

tuning the band gap of ZnO to modify the morphology, particle, crystallite size of ZnO host

and make it a visible-light-active photo-catalyst [49-50]. It is well established that transition

metal doping inhibits ZnO growth, which leads to the production of smaller nanostructures

with higher surface area [51]. Substitutions of transition metal cations modify the

environment of Zn in ZnO lattice and change its electronic band structure and introduce many

crystal defects such as oxygen vacancies. Oxygen vacancies may act as efficient electron traps

and lead to an enhancement in photo-generated electron/hole separation efficiency [52]. The

ZnO optical absorption edge extends into visible-light region after transition metal such as

Ag, Mn, Cu, Fe, Ni and Si doping. Actually, the transition-metal-doped Si, Ge, and Li

semiconductors were hardly applied because their Curie temperatures were lower than room

temperature. Studies on hexagonal wurtzite ZnO as diluted magnetic semiconductors are

active, and effective transition-metal-doped ZnO can achieve a Curie temperature higher than

room temperature [53-54].Several studies confirm that the doping affects luminescence of

ZnO, e.g. red emission in Co doped ZnO [55], yellow-orange-red emission in Mn doped ZnO

[56], blue emission in Cu doped ZnO [57], orange emission in Si doped ZnO [58] etc.

1.10.1 Silicium doped ZnO:

In the previous report with pure Si doping (substitution ≤ 3%) it has been presented 

that Eg band gap increased from about 3, 28 to 3, 44 eV at different doping concentrations.

[59]. In addition, the optical properties of doped ZnO, in particular with silicon Si, have been

systematically investigated with ab initio calculations based on the density functional theory

(DFT) [60].
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1.11 Co-doping of ZnO:

Moreover, the co-doping of ZnO is one of the best chemical methods for advanced

applications and may modify considerably its physical properties. Indeed, Park et al. [61]

have noticed that the electrical properties were enhanced with aluminum–gallium co-doping

of ZnO nano-fibers fabricated by electro spinning technique. [62]. In the final chapter, we

will depicted the original ZnO:C:Si structure reveals promising optical and electronic

properties, and it can be investigated as good candidates for practical uses as transparent and

conducting electrodes in solar cell devices.

1.12 Intrinsic Defects points:

However, in real life, there is always deviation in the crystal lattice structure. Besides

iconicity and lattice stability, the major cause of such deviation in a lattice structure is the

defect or the deviation of the periodicity of atomic arrangement in the crystal. These defects

are either point defects like zinc anti-sites and oxygen vacancies or extended defects like

dislocations which increase the lattice constant of ZnO. The principal cause of defect in the

crystal is the thermal agitation which increases anhar-monicity in the lattice vibration and to

maximize the entropy, atoms/ions may be delocalized from their lattice points. We are

particularly interested in native point defects in ZnO, especially; vacuum, interstitial and the

discussion of other kinds of defects are beyond the scope of this thesis. A defect in a crystal is

a thermodynamic necessity. Such as the oxygen point defect in ZnO is the delocalization of an

oxygen ion from its lattice point. Whenever an oxygen ion leaves its lattice point, it creates

holes of charge plus two. As a result, the four zinc ions dangle within the lattice point causing

anhar-monicity in the overall lattice vibration. These holes in the lattice point create an

electric potential in the crystal. Since, ZnO is an n-type semi-conductor; there is always the

availability of the mobile electrons in the crystal. As a consequence, if this Coulomb’s

potential attracts two electrons, then the lattice point becomes neutral or zero charged; if it

attracts one electron, then the lattice point charge becomes plus one. Otherwise, the lattice

point charge becomes two plus if there is no interaction between holes and electrons [63].

Henceforth, the native oxygen point defect in ZnO is classified as three kinds:

(i) Oxygen point defect with zero charged state.

(ii) Oxygen point defect with plus one charged state.

(iii) Oxygen point defect with plus two charged state.

Fig.6, Fig.7 and Fig.8 explain their formations. Among these three kinds of oxygen point

defects,
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Fig.6: A systematic diagram of formation of the Zero ZnO (V0
O).

Fig.7: A systematic diagram of formation of the One ZnO (V+
O).
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Fig.8: A systematic diagram of formation of the Two ZnO (V2+
O) [63].

In our research, we are interested in the tow important native point defects:

1/Oxygen and Zinc Vacancies:
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2/Oxygen and Zinc tetrahedral interstitials:

Fig.9: Different native points [64]

1.12.1 Some Experimental and Theoretical Background:

During preparation, ZnO will exhibit intrinsic defects, such as zinc vacancy (VZn) and

oxygen vacancy (VO), and the role of these vacancy defects in the optical properties of ZnO

has been explored experimentally and theoretically [65–66]. It is suggested that zinc

vacancies are a possible source of the often-observed green luminescence in ZnO [33].Tang et

al. [65] found that VO narrowed the band-gap of ZnO, and the results of photo-catalytic

experiments reflected that VO can not only act as impurity levels in the band structure of ZnO

but also function as electron traps to accept the photo-generated electrons. Wang et al. [67]

prepared pristine ZnO films, and found that the introduction of the green luminescence is

correlated with the formation of the Zn vacancy-related defect (VZn). Theoretical studies of

the effect of vacancy defects in metal element-doped ZnO were performed in [68–69]. Bai et

al. [68] studied the electronic and optical properties of 2D ZnO:Mg/Be with VO or VZn. The

results indicated that VO will cause a blue-shift, whereas VZn will cause a red-shift in the

optical absorption spectra. Alessandra et al. [70] presented a first-principles study on the

effect of native point defects in Al:ZnO transparent conductive oxide. They found that VO

defects maintain the electrical properties but worsen the transparency of native Al:ZnO,

whereas VZn defects are strong electron acceptors that can destroy the metal-like conductivity

of the system. Meng et al. [71] studied the formation energies, electronic, and optical

properties of pure ZnO and Er-doped ZnO with and without incorporating the intrinsic point
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defects (IPDs). The strong interactions between the Er dopants and acceptor-type IPDs in

ZnO were perceived as one of the important reasons for the strong light absorption in the

visible and infrared regions. For the yttrium element, Li et al. [69] calculated the electronic

and ferromagnetic properties of a Y-doped ZnO (0001)-Zn polar surface with and without

point defects. The calculated results showed that VZn is an acceptor that can trap electrons to

balance the electrovalence, and VO can introduce an impurity level in the band-gap near the

Fermi level.

Native or intrinsic defects are imperfections in the crystal lattice that involve only the

constituent elements [68]. They include vacancies (missing atoms at regular lattice positions),

interstitials (extra atoms occupying interstices in the lattice) and anti-sites (a Zn atom

occupying an O lattice site or vice versa). Native defects can strongly influence the electrical

and optical properties of a semiconductor, affecting doping, minority carrier lifetime and

luminescence efficiency, and are directly involved in the diffusion mechanisms connected to

growth, processing and device degradation [68–71].

The other native defects (zinc anti-sites, oxygen interstitials and oxygen anti-sites)

have higher formation energies and, therefore, are not expected to play a role in ZnO under

near-equilibrium conditions. The ZnO anti-site is a double donor in n-type ZnO, but its high

formation energy indicates that it is an unlikely source of unintentional n-type conductivity.

Recent first-principles calculations revealed a large off-site displacement of the Zn atom by

more than 1Å from the substitutional lattice site toward two next-nearest-neighbor oxygen

atoms along the [1 0 .1 0] direction, as shown in fig.9 [72]. The resulting ZnO–O inter-atomic

distances are only 8% larger than the equilibrium Zn–O bond length. At this equilibrium

configuration we find three ZnO– Zn distances of ∼2.4Å and one ZnO–Zn distance of ∼2.8

Å.

Most of the calculations agree that oxygen vacancies and zinc vacancies are the lowest

energy defects, followed by the Zn interstitial and the ZnO anti-site. Oxygen interstitials and

OZn anti-sites were found to be high in energy [33].
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Fig.10: Calculated local atomic geometry for (a) the Zn vacancy; (b) the zinc interstitial and

(c) Calculated local atomic geometry of the zinc anti-site .[33] ,where the blue atom is O and

the green atom is Zn.

1.12.2 Intrinsic Defects Points and Conductivity Control:

Due to the native defects in ZnO, n-type conductivity can be readily acquired while obtaining

p-type ZnO is still a challenge. Nowadays, the complexity of doping behavior in ZnO has

attracted much attention. Group I and group III are popular dopants for fabricating p-type and

n-type ZnO, respectively. [73-74]. Carbon is a group IV element that can be expected acting

as a donor or double acceptor in ZnO depending on the doping concentration and the growth

conditions.[75] To investigate carbon impurities is of importance since it cannot be avoided

during the sample fabrication processes. Up to now, not many studies were focused on the

effect of carbon impurities on the properties of ZnO [76].

Understanding the incorporation and behavior of point defects in ZnO is therefore

essential to its successful application in semiconductor devices. Native defects are, in general,

related to the compensation of the predominant acceptor or donor dopants, i.e. donor defects

are easier to form in p-type material [33].

1.13 Experimental approach and Ab initio approach:

The different methods used for the production of undoped and doped ZnO thin films

are: the sol gel method, chemical vapor deposition, molecular beam epitaxy (MBE), pulsed

laser ablation (PLD) and sputtering. ab inition calculations are used to predict the type of

materials and determine the nature of the electronic interactions brought into play. Much

software has been explorer to compute these properties such as: Expresso, ab inition, Vasp,

Elker, Wien2k and Materials Studio into CASTEP code.

In the second chapter, we choose the Materials studio based on DFT approximation as

a primary method in our research.
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1.14 Conclusion:

In this chapter we have presented the main properties and applications of Zinc Oxide:

electronic, optical and electrical, .We then discussed the main applications of this transparent

semiconductor: optoelectronic, photocatalys and spintronic. Doped ZnO appears to be a

promising candidate for the development of metal-oxide semiconductors (MOS) because of

its high performance, good stability, transparency, and flexibility and their influences on the p

type order. Experimental and theoretical work carried out so far on the electronic properties of

ZnO doped with different non metals and transition metals and especially Carbon and

Silicium have been cited.
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As a start, the discipline condensed matter physics is widely described as material

science, thus, making the latter an interdisciplinary subject. After the Second World War, the

role of computer simulation in testing various mathematical models generates attention in

various disciplines of science. The integration of computer simulation is very pronounced in

material science for computing the properties as well as visualizing and mimicking the

structure of the material. The innovation of different varieties of software and computing tools

has swiftly augmented theoretical research in material science. Many complex structures of

crystal can be computed with great accuracy with the aid of a supercomputer. This structure

involves the many body Schrödinger problem and the analytical solution of it is mostly a

cumbersome process. In the year 1964, Hohenberg and Kohn introduced”Density Functional

Theory” [1], which approximates many body Schrödinger problem with the numerical

solution.

Between the years 1989 to 2004, the development of computer simulation packages

were built and upgraded, which are widely used in modeling material in the atomic domain. In

the early twenty-first century and then, this simulation package is used as an important tool

for theoretical scientists to calculate the electronic, optical, vibrational, thermal and magnetic

properties of the various materials. Likewise, many other powerful computational tools are

evolving in this century. As a result, a lot of research journals in the field of material science

are published with the aid of these computational tools and thus, creating a new discipline

called computational material science. Today, it is one of the prime branches of science [2].

2.1 Some history of science:

The calculations of the electronic structure are the major backbone problem of the

material scientists. After the discovery of the electron in 1896-1897, the theory of electronic

structure is the central issue for all the theoretical physicists. In the year 1897, J.J. Thomson

not only discovered the electron at the Cavendish Laboratory in Cambridge [3] but also came

up with the conclusion that the electron is a negatively charged particle. Based on this study,

he proposed the”plum pudding model” of the electronic structure which was soon modified

by his student Ernest Rutherford.

In 1910 Rutherford showed that the atom was made of a small positively charged nucleus and

number of negatively charged electrons revolving around the nucleus making the atom

electrically neutral, he presented a model of an atomic structure known as nuclear atom [4].

His model was like the planetary model where the gravitational force is analogous to the

electrostatic force. However, there were several experimental issues that are incompatible

with this model. Among them, the most important issue was the violation of Maxwell’s law
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which states that the accelerated charged particle radiates electromagnetic energy. An electron

revolving around the nucleus should lose energy by emitting electromagnetic radiation and

finally collapse into the nucleus making the atom unstable. In the year 1913, Neil Bohr tried

to solve the contradiction of Rutherford model by simply stating that the physics of atomic

scale could not be addressed by the classical mechanics and electromagnetism, but required a

set of new laws which later became quantum mechanics [5]. Bohr postulated that the electron

revolves around the nucleus only in specific orbit having specific energy and radius and that

in such quantum orbits it does not emit radiation. This postulate was in accordance with the

Planck’s theory of black body radiation and verification of the dependency of frequency

absorbed/emitted by electrons with the difference in the energy levels of the orbits provide a

robust foundation for the development of the quantum mechanics.

Thus, it is always paradoxical that the search for the electronic structure creates

quantum mechanics or the quantum mechanics is created for the search of electronic structure.

Nevertheless, the electrons serve as the testing ground for the quantum mechanics. In the year

1926, Schrödinger formulated the mathematical language of quantum mechanics which is the

basis for the electronic structure calculation and it was soon applied to multi-electronic atoms

(Heitler and London, 1927) and polyatomic systems (Bloch, 1928) [6]. With the quantum

theory, many intrinsic properties of the electrons were discovered as well as tested

experimentally. In 19300s, the band theory for independent electrons was formed [7] leading

to the classification of the materials as conductors, insulators and semiconductors. The use of

Schrödinger equation in calculating the many-body systems is quite cumbersome and

impractical in real life. For instance, in order to calculate the electronic configuration of CO2,

the Schrödinger equation becomes a 66 dimensional problem (if we neglect the nuclear

dynamics) as the total number of electrons in CO2 is 22 and for three degree of spatial

orientation (neglecting spins), the configuration is represented by the wave function ψ(r1;

r2;…….; r66). Since, the presence of one electron in space influences the behavior of the other

electrons, the wave function cannot be expressed as the product of the wave functions of the

individual electrons, i.e., ψ(r1; r2;…….; r66) ≠ ψ (r1)× ψ (r2)×….×ψ (r66). Such difficulty in

quantum mechanics is often described as the quantum many-body problem. Thus, the exact

solution of Schrödinger equation in the case of CO2 involves an equation in 66 degrees of

freedom. Further, it is always complicated to understand the two body Coulomb interaction in

this multiple number of electrons.

As a result, the solution of Schrödinger equation in quantum many-body problem must

resort to some approximations. The first approximations to be used is Born Oppenheimer
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approximation which states that atoms have heavy nuclei and therefore can consider them as

stationary sources of electrostatic potential. This approximation is vital to reduce the nuclei

factor from the Hamiltonian function of the quantum multi-body system. After that, one may

use either Hartree-Fock Method (HF) or Density Functional Theory (DFT). In HF method,

one can treat the many body wave function as the combination of some standard base

functions, i.e., ψ(1; 2; :::;N) = φ(1)×φ(2)×……. ×φ(N) and can make the Hamiltonian 

function as separable. Though this method does not treat the anti-symmetric condition for

electrons wave function, one can easily use the Slater determinant to incorporate the Pauli

Exclusion Principle [8]. On the other hand, DFT approximates the many body wave functions

to electron probability density function which is only the function of spatial coordinates and

thus reducing any N dimensional problem to a 3 dimensional problem. The mathematical

details of this reduction of N dimensional problem to 3 dimensional functions are shown in

step-wise details subsequently in further sections.

Density functional theory was proposed by Hohenberg-Kohn in 1960 [9] and due to the

unavailability of the powerful computer between 1960 and 1990, the use of DFT in the

calculation of electronic structure of the material is limited. However, after 1990, due to the

advent of the powerful supercomputer, the DFT has revolutionized the field of material

science by not only calculating the properties of the materials but also providing an alternate

method of investigation instead of using traditional experimental ways. In the current time,

DFT undoubtedly one of the techniques most used in computing electronic structures.

The major benefits of DFT calculations can be summarized as follows:

1* DFT calculation is the first-principle or ab-initio calculation as it calculates the properties

of the material without using any adjustable parameters.

2* DFT can obtain the structure of the materials beyond the capabilities of experiments.

3* DFT predicts the properties on a microscopic scale and to such a depth which is currently

inaccessible to experiments.

In this chapter, we will outline the foundations on which DFT is based, discussing the

different levels of approximations required to solve the Schrödinger equation. In the

following, the approximations used for the calculation of the energy and the exchange-

correlation potential will be presented. Finally, the foundations and various examples of the

pseudo-potential approximation will be described.

The principle of DFT consists in reformulating a quantum problem with N bodies, in

a mono-body problem (function of the spin) with the electron density as variable.
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2.2 Quantum Many-Body Problem:

From a mathematical point of view, the Schrödinger equation appears to be a separate

problem, quite delicate, since it has both parabolic and hyperbolic aspects [10].

Understanding the structural, electronic, optical and magnetic properties of materials

involves studying the system of electrons and strongly interacting nuclei that constitute it. In

1929, Dirac declared that solving the Schrödinger equation for such a system is extremely

difficult

Ĥψ=Eψ                                                                                                                   (1)

Where Ĥ is the Hamiltonian operator, ψ is the wave function and E is the total energy 

of the system.

A solid is a collection of positively charged heavy particles (nuclei) and negatively

charged light particles (electrons). If we have N cores, we are faced with a problem of (N +

ZN) particles in electromagnetic interaction. It's a multi-body problem. For a system

composed of N ions of Rሬሬ⃗୨�coordinates of charge Z, of mass M and of n electrons of r⃗୧

coordinates and of mass m, the exact Hamiltonian for this system is:

۶ = ∑
સܑ
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۷ୀ + ∑
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The first two terms represent the kinetic energies of ions and electrons respectively

and that the following terms denote the potential energies of Coulomb electron-electron

interaction (νୣି ୣ )    ion – ion (νି ) and (ν
ୣି 

) electron-ion respectively.

The equation (2) allowing to calculate the internal energy of the system is a (N + n)

body problem. Its solution is only possible analytically for a two-body system and is only

numerically feasible for a very small number of particles (considering the system and is only

numerically feasible for a very small number of particles (considering the current means of

calculation). The rest of this paragraph will therefore present reasonable approximations

allowing the resolution of this problem. [11].

2.3 The Born-Oppenheimer approximation:

The BO approximation treats this system as the electrons in the potential of the

stationary nuclei by assuming nuclei are massive and slow in motion with respect to electrons

and suppose there is a large difference in mass between nuclei and electrons and a difference

in scale of time between electronic and nuclear movements. Therefore, it is possible to

decouple the motion of nuclei from that of electrons and write the wave function as the

product of two wave functions, one nuclear and the other electronic:
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ૐ൫ܠሬ⃗,܀ሬሬ⃗൯= ૐ൫ܠሬ⃗,܀ሬሬ⃗൯൫܀ሬሬ⃗൯ (3)

Where:

ψ൫xሬ⃗, Rሬሬ⃗൯is the wave function of electrons.

χ൫Rሬሬ⃗൯is the wave function associated with the nuclei.

So:

Total energy is written then as the sum of a nuclear and electronic contribution:

E =E nucl ൫܀ሬሬ⃗൯�+ E elec ൫܀ሬሬ⃗൯ (4)

This therefore amounts to calculating the energy by solving the electronic Schrödinger

equation:

∑
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ܖ
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Solutions of this equation (eq 5) represent the energies ܖ۳ of the electronic states n.

These depend on the positions ሬሬ⃗of܀ the ions (here considered as external parameters)

and for a given atomic configuration, the electrons are assumed to be in their ground state

which corresponds to the energy ۳ of the system (adiabatic approximation).

Hence, the importance of BO approximation lies in the separation of motion of electrons and

nuclei. The picture of electrons dynamics in the static potential of the nuclei is the beginning

point for DFT.

Several methods exist for solving equation (5). The first are those of Hartree-Fock [12]

based on the free electron hypothesis. These methods are very used in quantum chemistry to

process atoms and molecules, but they are less precise for solids. DFT turns out to be a more

modern method and probably more powerful. Its history goes back to the first thirties of the

20th century but it was formally established in 1964 by the two theorems of Hohenberg and

Kohn [13]. These authors demonstrated that all aspects of the electronic structure of a system

in a state non degenerate fundamental are completely determined by its electron density at

place of its wave function.

2.4 Hartree and Hartree-Fock approximations:

Historically, the resolution method proposed by Hartree is at the origin of more recent

methods used especially in solid-state chemistry. This approximation is based on a different

vision. In Hartree-Fock, the central element is the mono-electronic wave function. [14]

The introduced approximation consists in writing the electronic wave function as the

product of the mono-electronic wave functions:
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ૐ =�   … … ܖ = મ ୀܑ�
ܖ  ܑ (6)

Note that this form of the electron wave function would be correct for a system of

independent electrons (from a statistical point of view). Equation (5) is then transformed into

a system of mono-electronic equations:

�ቂ−



સܑ
 + ܍ૅି ሬሬ⃗,ܚ�൫ۼ +ሬሬ⃗൯܀ ܍ૅି ܍ �ቃ�(ܚ⃗) ൫ܑ܀,ܠሬሬ⃗൯=�۳ ൫ܑ܀ሬሬ⃗൯ ൫ܑ܀,ܠሬሬ⃗൯ (7)

܍ૅି ܍ = �ૅ ۶ = ∫
หܒ(ܚ′ሬሬ⃗)ห



หି⃗ܚ ሬሬ⃗ห′ܚ
′ܚ܌ = ∫

ૉ(ܚ′ሬሬ⃗)

หି⃗ܚ ሬሬ⃗ห′ܚ
:′ܚ܌ is the potential associated with the Coulomb

interaction with the other electrons of the gas (also called "Hartree potential") and νୣି  that

with the ions.

Writing a relation such as (equation 7) goes against the Pauli exclusion principle and if

we try to calculate the probability of finding two electrons at the same position at the same

time, we will find it non-zero. The Hartree-Fock method then introduces these quantum

effects designated under the nomenclature "exchange".

In this method, the wave function ૐ can be described as a Slater determinant:

ૐ .ܠ)ܖ, … . (ܖܠ, =


!ܖ√
�ቮቌ

 (ܠ) �(ܠ) … �(ܖܠ)
 (ܠ) (ܠ) …  (ܖܠ)
ܖ (ܠ) ܖ(ܠ) … (ܖܠ)�ܖ

ቍቮ (8)

This way of expressing the wave function of an n-electron system from the single-electron

wave functions satisfies the Pauli Exclusion Principle because ψ is antisymmetric with 

respect to the exchange of two electrons. Equation (5) is, in this case, replaced by a system of

Hartree-Fock equations:

−



સ + ܍ૅି +ሬሬ⃗൯܀,ܚ�൫⃗ۼ ∫

ૉ(ܚ′ሬሬ⃗)

หି⃗ܚ ሬሬ⃗ห′ܚ
൨�′ܚ܌ ∑(ܚܑ⃗) ો઼ ,ܑોܒ��� ∫

ܒ�
∗ቀܚ′ሬሬሬ⃗ቁ (ሬሬ⃗′ܚܑ)

หି⃗ܚ ሬሬ⃗ห′ܚ
ܒஷܑ′ܚ܌ �ܒቀܚ

′ሬሬ⃗ቁ= ۳ (ܚܑ⃗) (9)

While the Hartree method does not take into account the impossibility for two

electrons of the same spin to be in the same quantum state, the Hartree-Fock method fills this

gap by introducing an exchange term (last term of equation (9). Each electron then tends to

surround itself with an electron hole and this repulsion decreases the energy of the system.

The difference between the ground state energy of the system determined from equation (7)

and that determined from equation (9) is the exchange energy.
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Recall that electron-electron interactions are described, in the model, as the

interactions of each electron with an average field due to the other electrons. This does not

take into account the strong correlation that exists between two electrons of opposite spins

and that keeps them at a distance from each other. The difference between the true ground

state energy and that determined from equation (9) is the correlation energy. A "post Hartree-

Fock" treatment allows filling in the lack of correlation by refining the model with a linear

combination of Slater determinants to describe the poly-electronic wave function.

The Hartree-Fock method quickly becomes numerically very expensive when the

number of electrons increases. The different terms involved in the solution of the electronic

Schrödinger equation (kinetic energy of a system of non-interacting electrons, Hartree

potential, exchange and correlations) were introduced by the Hartree-Fock method. They will

be taken up in the Density Functional Theory which is less costly.

2.5 Density Functional Theory:

The Density Functional Theory, DFT, was introduced in the mid-sixties by Hohenberg

and Kohn [13], Kohn and Sham [15]. The contribution of Walter Kohn through the density

functional theory in the explanation of electronic properties, in particular in condensed matter

physics, was rewarded by the Nobel Prize in Chemistry in 1998[11]. This theory allows an

efficient application of the basic principles of quantum mechanics in numerical calculation

codes called ab-initio to determine the electronic properties of atomic groupings [16].

The electronic structure is fundamental because it determines directly or indirectly all

the properties of a group of atoms, in particular the energy of its fundamental state.

The basis of the density functional theory (DFT) was developed in 1927 by Thomas

[17-18] and Fermi [19] who calculated the energy of an atom by representing its kinetic

energy as a function of the electron density. In 1928, Dirac [20] introduced the exchange term

predicted by Hartree but there was still no account of the electronic correlation that was

finally added by Wigner, but this theory established by Hohenberg and Kohn 1964 [13-21] is

improved in 1965 by Kohn and Sham [22], its main purpose is the modeling of the electron-

electron interaction, it describes the behavior of electrons strongly bound in the presence of

the electrostatic field of ions. Thus the electron is immersed in a non local effective potential.

As a result, many electronic calculations are performed with the DFT, making it very popular

in the investigation of the structure and properties of the matter. Walter Kohn was awarded

with Nobel Prize for DFT in 1998.

In DFT, the total energy is decomposed into three contributions:
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1*The kinetic energy.

2*The coulomb energy: due to electronic interactions between all charged

particles in the system.

3*The exchange and correlation term: due to multi-electron interactions.

So, the principal of the DFT theory indicates that each state has a total energy of a

system of interacting electrons in an external potential that is represented as an electron

density functional ρ of the ground state. 

This decomposition is formally accurate, but the expression of the exchange and

correlation term is unknown. In this theory the electrons are considered as electron densities

constructed from the wave functions of an electron (LDA) [23-24]. These wave functions of

an electron are similar to those of the Hartree-Fook theory. Several works performed using

LDA [25-26], have shown that this approach gives good results and provides better

information on the properties of metals and transition metal.

It is therefore possible to express the energy as a simple functional of Vୣ ୶୲ (r, R):

۳ = [|۶|] (10)

۳ = ܍܂]∫ + ܍܍܄ + ܌ૉ[ܜܠ܍܄
ܚહ (11)

The Hohenberg and Kohn functional is defined by(eq12),if we dropping the zero indices:

ܜܠ܍܄۳ = ۴[ૉ] + ∫ૉ(ܚ)ܚ܌ܜܠ܍܄ (12)

More interesting, the DFT allows not solving the problem. But to reformulate it

.Therefore, other approximations on F[ρ] are needed. 

2.6 Equations of Kohn and Sham:

The Kohn-Sham approach imposes on the exchange-correlation term to take in charge,

in addition to all this the correction of the kinetic energy term. Indeed, even if the density of

the considered fictitious system is the same as the real one, the determined kinetic energy

determined is different from the real energy, because of the artificial independence of the

wave functions. The Kohn-Sham theory [15] is based on the hypothesis that it is possible to

reproduce the density of the fundamental state of a system of N interacting particles by an

auxiliary system of independent particles. The real system of interacting electrons is replaced

by a set of fictitious and independent particles evolving in an effective an effective potential.

Kohn and Sham propose a writing of F[ρ] in three terms [15]: 



Chapter 2: Fundamentals of the Density Functional Theory

40

۴[ૉ] = [ૉ]ܛ܂ + ۳۶[ૉ]۳۱܆[ૉ] (13)

Where the first two are calculable and explainable by simple approximations and the third

contains all the complicated and difficult to evaluate elements.

EH or Hartree energy is associated with the self-interaction of each electron is defined by:

�۳۶[ૉ] =



∫
ૉ൫ܚᇲ൯ૉ(ܚ)

ܚି| |ᇲܚ
ܚ܌ᇱܚ܌ (14)

Ts is the kinetic term of a fictitious system of non-interacting electrons immersed in an

effective potential which is that of the real system:

=܍܄ ۶܄) + ۱܆܄ + [(ܚ)ૉ](ܜܠ܍܄ (15)

The Hamiltonian is written:

ቂ−
ℏ

ܕ
સ + ቃ(ܚ)܍܄ (ܚܑ) = ۳ ܑ (ܚܑ) (16)

Then, the density of states is written:

ૉ(ܚ) = ∑ |ܑ ܑ|(ܚܑ) (17)

Where ܑ and  ܑare the occupation number and eigenvalue associated with the state ܑ

respectively.

The exchange and correlation term Eଡ଼େ is defined by the associated potential.

۱܆܄ =
۳۱܆[ૉ]

(ܚ)ܖ
(18)

۱܆܄ = −܍܍܄) [ૉ](۶܄ + −܂) [ૉ](ܛ܂ (19)

It is the only one that cannot be treated exactly. The term "exchange" comes from the

necessity for a system containing fermions to have anti-symmetric wave functions with

respect to the exchange of any pair of fermions of the same nature (for example two

electrons). This anti-symmetry in turn results in a spatial separation between wave functions

of electrons of the same spin which contributes to the energy of the system. In general, the

wave functions of the electrons are spatially separated because of the columbic interactions

between the electrons. The associated energy is called electronic correlation. Equations (20),

(21) and (22) are called: Kohn-Sham equations. The table.1 displays the three Kohn-Sham

equations.

Now, the calculation of the energy and the exchange-correlation potential is based on a

number of number of approximations.
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1* The generalized gradient approximation (GGA):�۳ۯ۱۵۵܆[ૉ] = ()���������������������������ܚ܌[(ܚ)ܖસ,(ܚ)ૉ]∫

2* The local density approximation (LDA):�۳ۯ۲ۺ۱܆[ૉ] = [ૉ]܆۳ + ∫ૉ(ܚ)۳۱ [ૉ(ܚ)]܌ܚ��������������������������������()

“The quantum Monte-Carlo calculations by Ceperley and Alder [27] have also enabled to

obtain precise values of the Eଡ଼େ
ୈ[ρ].”

3* The approximations of the local density and the generalized gradient with the

Hubbard correction (LDA+U and GGA+U). Fig.1 has shown the different approximations

basis.
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Tab.1: The three Kohn-Sham equations.

۶ = (ܘ)܍܂ + (ܚ)܍܍܄ + (܀,ܚ)ܜܠ܍܄

The first approximate solution of equation was obtained in 1928 by Hartree [28]:

Making the approximation that

electrons experience only an

average effective potential

resulting from all of their

neighbors, the N-electron wave

function is separable into a

product of single-electron wave

functions ૐ (ܑri) for which the

Hamiltonian is written:

��ቈ−
ℏ

ܕ
સ + +ܜܠ܍܄  ܑૐ (ܚܑ) = ۳ ૐܑ ૐ(ܚܑ) ܑ ()

The term being the Coulomb

potential obtained by the

Poisson equation:

સ ܑ= ૈ∑ หૐ หܒ


ஷܑܒ ()

In 1930 Fock [29] showed that

the solutions of this

Hamiltonian reject the Pauli

exclusion principle because it is

not anti-symmetric with respect

to the exchange of any two

electrons. He proposed to add a

fourth term representing the

exchange potential which

according to Fock [29] is

written:

܆܄ (ܚܑ) =  න
 ܚ)ܒ

′) ܑ
(′ܚ)∗ ܒ

(ܚ)∗

−ܚ| |′ܚ
ஷܑܒ

ܛ઼ܑ ܌ܒܛ,
ܚ′ ()
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Fig.1: The different approximations basis.

2.7 Hubbard Correction U : In strongly correlated systems where 3d, 4d, 4f and 5f

electrons are localized and very close to Fermi energy, the LDA and GGA approximations fail

as these approximations are independent of the electrons states. The electrons in these states

are self interacting and to account for this-orbital dependent potentials are introduced for these

d and f electrons. The main aim of Hubbard correction U is to correct the effects of self

interaction due to the localization of the states. The effective value of U is chosen in such a

way that these localized states are pushed away from the Fermi level so that these states have

no interaction with the bonding states [2]. The strong intra-site Coulomb screened interactions

between d electrons have been introduced according to the approach referred to as the DFT+U

method which combines the DFT method (LSDA or GGA with spin polarization) with a

Hubbard Hamiltonian, Ĥ hubbard[30-31]. Thus, we used a simple version of DFT+U, proposed

by Dudarev et al. [32] based on a Hamiltonian of the form:
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  Ĥ hubbard =
܃


+ ∑ ਪ̂ܕ ,ોਪ̂ܕ ′,ିો +

(۸ି܃)

ܕ ܕ, ′,ો ∑ ਪ̂ܕ ,ોਪ̂ܕ ′,ିોܕ ஷܕ ′,ો (25)

Where ৶Ƹ୫ , is the operator which gives the number of electrons occupying a number

orbital magnetic quantum m and spin σ at a particular site, U is the Hubbard parameter 

spherically averaged, which describes the energy cost to place an electron additional on a

particular site. U=E(ܖା + (ିܖ)۳ − ۳(ܖ�). J represented the energy of exchange

screened. U depends on the spatial extension of the wave functions and screening, J is an

approximation of the Stoner exchange parameter. U and J parameters characterize intra-site

Coulomb repulsion.

The Mott-Hubbard Hamiltonian contains the contributions of energy already recorded

by the DFT function. After subtracting terms counted twice from the energy given by the

classical DFT method, the energy of the functional DFT+U in spin polarization of Dudarev et

al. [31-32] is obtained:

EDFT+U= EDFT +
(۸ି܃)


∑ (ਪƸ

ܕ ,ો
− ਪƸଶܕ ોܕ ો ) (26)

In this approach U and J do not intervene separately but by their difference (Ueff = U-J).

However, experience shows that the best results are achieved when the U parameter is

allowed to vary depending on the property of interest. CASTEP therefore does not calculate

the value of U but uses it as an input parameter.

This chapter 2 is written in the aim of getting insight about the accurate differences in

the computational capacities of these functionals.

2.8 Kohn and Hohenberg theorem:

This theorem shows that there is a one-to-one correspondence between the ground state

Φ(rଵ, rଶ, … , r୬)and the local charge density ρ(r) defined by: 

� (ܚ) = ∑ ∫ −ܚ઼⃗) (ܒܚ⃗ | |ܒ ૌ܌ (27)

and therefore that E = ⟨Φ│H│Φ⟩ also. Thereby:

��۳[ૉ] = [ૉ]܂ + ܍۳ି [ܑૉ] + ۳۶[ૉ] + [ૉ]܆۳ + ۳ܑି [ܑૉ] (ૡ)
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T is the kinetic energy.

Eୣି ୧ the electron-ion interaction term.

Eଡ଼�the exchange term of purely quantum origin.

Eୌ the classical electronic interaction term

E୧ି ୧the term of ion-ion interaction.

So, by minimizing the functional, the fundamental energy becomes:

�۵[ૉ] = ۳[ૉ] − ૄ(න  −ܚ܌(ܚ) ۻ ) (ૢ)

2.9 The solution of the one-particle Kohn-Sham equations:

Kohn and Sham; in order to get around the difficulty of writing the terms Eଡ଼�and T as

functionals of the density Φ (r), will introduce an equivalent particle system, without 

interaction, and whose ground state is characterized at all points by the same form:

܁۶ =  −


∆ܒ
+ ൯ܒܚ൫܍܄

ܒ

()

The wave function of such a system can be expressed in the form of the product of N

individual functions. These individual functions make it possible to determine the electron

density at any point in space. Kohn-Sham orbitals are described by:

� (ܚܑ) =  ۱ હܑહ(ܚ) ()

Where:

۱ હܑ Are the coefficients of the expansion and હ are the basic functions.

Finally, this iterative procedure is continued until energy or charge convergence is

achieved. Once convergence is reached, the energy of the ground state of the system is

determined. The whole of this procedure is shown in Fig.2, (the solving is done iteratively

using an “auto iteration cycle coherent”).
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Fig.2: The self consistent calculation scheme of the density functional [45].

2.10 Bloch's theorem and plane waves:

One of the fundamental characteristics of a crystal is translational symmetry. In a

crystal the ions are arranged in such a way that the crystal structure repeats itself periodically

and infinitely in space. The system of infinite size can therefore be described in a finite way

thanks to the notion of periodicity [33].

If(ܚ⃗)܍܄� the potential,�ૐ wave(ܚ⃗) functions, ૉ(⃗ܚ)electron density and�⃗ۺ denotes a

lattice vector crystal lattice obey :



Chapter 2: Fundamentals of the Density Functional Theory

47

+ܚ⃗)܍܄��������� (ܚ⃗)܍܄��=(ۺ⃗

ૐ +ܚ⃗) �ૐ=(ۺ⃗ (ܚ⃗)

ૉ(⃗ܚ+ (ܚ⃗)�ૉ=(ۺ⃗

The application of this condition of invariance by translation symmetry to the

solutions of the Kohn-Sham equations allows us to write the wave functions in the form of

Bloch function [34-35]:

ૐ ܍(ܚ⃗)�=(ܚܑ⃗) ሬሬ⃗ܚ.ܓܑ⃗ (32)

Where: kሬ⃗is a wave vector of the first Brillouin zone. The periodic function f(r⃗) can be

decomposed by Fourier transform on a plane wave basis of wave vectors wave vectors Gሬሬ⃗ of

the reciprocal lattice:

(ܚ⃗)ܑ�� = ∑ ۱ ,ܑ۵ሬሬ⃗۵ሬሬ⃗ ܍ ۵ܑሬሬ⃗.ܚሬሬ⃗ (33)

Then, we can write the wave function as a sum of plane waves:

��ૐ (ܚܑ⃗) =  ۱ �ሬሬሬ⃗ା�۵�ሬሬሬ⃗ܓܑ,

۵

܍ ሬሬ⃗ܚ.ሬሬሬሬሬ⃗(�ሬሬሬ⃗ା�۵ܓܑ) ()

In summary, in the current above section showed some of the main equations that

govern the electronic interaction in matter and also gave an overview of the density functional

theory (DFT) which will be the framework for the problems discussed on the next chapters.

2.11 Pseudo-potential-plane wave method:

..�Principle:

In molecules and solid compounds, valence electrons are the only ones involved in

chemical bonds. The core electrons, which are on the innermost layers, close to the nucleus,

are not very sensitive to the environment and moreover it is difficult to represent their wave

functions on a plane wave basis because they generally have strong oscillations around the

nucleus. In the pseudo-potentials approximation, the coulombic potential of the nucleus and

the core electrons e n is fixed. This approximation consists in grouping the core electrons with

their nucleus in a core ion whose electronic states will remain unchanged, whose electronic

states will remain unchanged whatever the environment in which the atom is placed (this is

the frozen core approximation). On the other hand, the pseudo-potential approximation allows

developing valence wave functions on a reduced number of plane waves. reduced number of

plane waves.
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The overriding application in electronic structure is to replace the strong Coulomb

potential from the tightly bound nuclei and core electron effects with an effective ionic

potential acting on a set of pseudo-wave functions, rather than on the true valence wave

functions. The ionic potential from the nuclei and electrons of the core is replaced by a pseudo

potential that acts on a set of pseudo wave functions that replace the true wave functions.

Beyond the core region, the pseudo-potential reduces to the ionic potential, so that the pseudo

wave function is equal to the true wave function [36]. Fig 3 represents schematically the

interest of replacing an "all electron" potential by pseudo-potential.

Fig.3: Representation of the replacement of an exact wave function all electrons and the

associated potential by a pseudo wave function and pseudo-potential [36]
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pseudo-potentials ab initio pseudo

pseudo-potential has evolved considerably and this evolution has been motivated by the

following objectives:

♦ The conserved norm pseudo

smallest possible number of plane waves to represent the pseudo wave function.

♦ It must be as transferable as possible, i.e. the pseudo

atomic configuration must configuration must exactly reproduc

where the crystalline potential is necessarily crystal potential is necessarily different

from that of a single atom.

♦ The charge density constructed using the pseudo

valence charge density constructed us

2* The ultra-soft pseudo

representation of localized valence orbitals where several plane waves are needed to describe

them. Valence orbitals wher

of the nucleus. There is another formalism of pseudo

differs by the suppression of the charge conservation constraint in the core region.

The first generation of ultra

The
pseudopotential of

conserved norm

"Hamman et al"

Fundamentals of the Density Functional Theory

49

potentials types:

Fig.4: the two types of the pseudo-potentials.

The conserved norm pseudo-potential: has been proposed by Hamann et al. in 1979[37].

The concept of "conserved norm" occupies a special place in the development of ab

potentials ab initio pseudo-potentials because the effectiveness of the conserved norm

potential has evolved considerably and this evolution has been motivated by the

The conserved norm pseudo-potential must be softer, which means using the

smallest possible number of plane waves to represent the pseudo wave function.

It must be as transferable as possible, i.e. the pseudo-potential generated for one

atomic configuration must configuration must exactly reproduc

where the crystalline potential is necessarily crystal potential is necessarily different

from that of a single atom.

The charge density constructed using the pseudo-function must reproduce the

valence charge density constructed using the real wave function with a high accuracy.

soft pseudo-potentials: conservation of the norm finds its limits in the

representation of localized valence orbitals where several plane waves are needed to describe

them. Valence orbitals where several plane waves are needed to describe them in the vicinity

nucleus. There is another formalism of pseudo-potentials, called ultra
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This type (ultra-soft pseudo-potentials) main interest lies in reducing the number of plane

waves needed for the calculations and calculations and consequently to keep a reasonable

calculation time.

2.12 The PAW formalism:

Another method to generate ultra soft pseudo-potentials is the PAW (Projected

Augmented Wave) method introduced by Blöch [39]. This method allows the generation of

ultra-soft pseudo-potentials but for which the grid used to reconstruct the wave function

around each atom is radial. These pseudo-potentials are more efficient, especially for

magnetic systems [40]. This efficiency comes from the fact that the fact that the valence wave

function reconstructed by PAW pseudo-potentials is exact, with all nodes in the core region

and this for small cutoff radius.

The wave function is rewritten as follows:

|ૐ ⟩ = |ૐ ⟨ܛܘ = ∑ | �ܑ
۱⟨ܛܘ �ܑ+ ∑ | �ܑ⟩۱ �ܑ������ܑܑ (35)

Where:

∑ |ϕ୧�
୮ୱ⟩C୧��୧ is the development of |ψ୮ୱ⟩ on a pseudo partial wave basis .

∑ |ϕ୧�⟩C୧�୧ is the development of |ψ⟩ on a partial wave basis, inside the spheres of volume Ωୖ�ሬሬሬ⃗

around the atomic sites marked by Rሬሬሬ⃗.

The coefficients C୧�are products of of pseudo wave functions and projection functions

localized in the region Ω:  

���۱ �ܑ= ܘ⟩ �ܑ| �ܑ
⟨ܛܘ (36)

In the end, the exact wave function |ૐ ⟩ is expressed as a function of the pseudo-function

|ૐ ⟨ܛܘ by:

|ૐ ⟩=|ૐ ⟨ܛܘ − (∑ | �ܑ⟩ +ܑ − | �ܑ
ܘ⟩(⟨ܛܘ �ܑ| �ܑ

⟨ܛܘ (37)

There are three objects in the PAW pseudo-potentials: The first is assimilated into the

partial waves |ψ⟩, obtained by radial integration of the Schrödinger equation for atomic

energies E݅ and which are orthogonal to the core functions, then the pseudo partial wave

|ψ୮ୱ⟩ which coincides with partial exact outside the core region, last, The projection

function|p୧�⟩, of each partial wave, localized in the region and Ωୖ�ሬሬሬ⃗which satisfies the relation

⟨p୧�|ϕ୧�
୮ୱ⟩.

In our thesis, we have used pseudo-potentials of the Vanderbilt ultra-soft type [37]. From the

CASTEP code library. The ultra soft potential allows a considerable reduction in the size of

the plane wave basis compared to the norm-conserved potential [41].
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2.13 Cambridge Serial Total Energy Package (CASTEP):

Materials science, also commonly termed materials science and engineering, covers

the design and discovery of new materials, particularly solids. This field is so diverse that it

interacts with other disciplines of sciences such as biology, particle physics, chemistry,

engineering and metallurgy.

CASTEP was created by MC Payne and subsequently developed by academics in the

UK, mainly from the Traditional Chinese Medicine Cambridge group. CASTEP is a state-of-

the-art quantum mechanics-based program designed specifically for solid-state materials

science. CASTEP from (Material Studios) of Accelrys Company and employs the density

functional theory plane-wave pseudo-potential method, which allows you to perform first-

principles quantum mechanics calculations that explore the properties of crystals and surfaces

in materials such as semiconductors, ceramics, metals, minerals, and zeolites.

Typical applications involve studies of surface chemistry, structural properties, band

structure and density of states (Fig.5 PDOS for ‘BN, N’), and optical properties.

CASTEP can also be used to study the spatial distribution of the charge density, wave

functions of a system and the super-Celle compounds (Fig.5 Schematic representation of the

super-cell calculation of a substitutional impurity in a bulk and of a small molecule adsorption

on a surface [42]). Milman et al, 2000 said that the process of geometry optimization

generally results in a model structure that closely resembles the real structure [43] (see Fig.6),

Walker et all have been calculated show The bulk modulus of the halite-sylvite mixture

(NaCl/KCl) as a function of concentration by calculating the P-V equation of state for

different Na concentration and fitting them with the third-order Birch-Murnaghan analytical

expression. The results agree with the experimental data Fig.7 [44].This researches indicate

that this code has good agreement results with the experimental method.



Chapter 2:

Fig.5:PDOS for BN. The left window

the super-cell calculation of a substitutional impurity in a bulk and the last: is the super

calculation of a small molecule adsorption on a surface [42].

Fig.6: Experimental vs. CASTEP calculated lattice parameters [43].
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:PDOS for BN. The left window is for ‘boron, nitrogen’ the right Schematic represents

cell calculation of a substitutional impurity in a bulk and the last: is the super

calculation of a small molecule adsorption on a surface [42].

: Experimental vs. CASTEP calculated lattice parameters [43].
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is for ‘boron, nitrogen’ the right Schematic represents

cell calculation of a substitutional impurity in a bulk and the last: is the super-cell

calculation of a small molecule adsorption on a surface [42].

: Experimental vs. CASTEP calculated lattice parameters [43].
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Fig.7: Dependence of the bulk modulus of the NaCl/KCl solid solution on concentration.

Experimental data are from Walker et al. (2004). The solid line shows a polynomial fit to the

calculated results [44].

2.14 Conclusion:

This chapter presents the main foundations of DFT, which allows approximating the

electron density in the ground state of the electron gas without the need to calculate the

microwave function. The different approximations used to calculate the energy and the cross-

correlation potential, then we presented the quantum mechanical equations to solve the

Schrödinger equation in the ground state. In this study, the DFT calculations were performed

using a pseudo-potential approach. Its different foundations and types have been described.

Finally, the Castep code capable of computing some physical properties of a finite atomic

system is described.
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ZnO has been a very appealing candidate for optoelectronics, energy conversion, and

photo-catalysis due to several unique features, low cost and high photosensitivity, including

high electron mobility, a wide direct band gap with a large exciton binding energy, and

electrochemical activity. However, ZnO is incapable of using visible light, which comprises

around 43% of the solar spectrum, making it inefficient for solar cells and photo-catalysis [1].

ZnO has also many applications like: biological tracers [2], UV laser diodes [3] and

polariton lasers as well as its integration into high-efficiency solar cells. In addition, ZnO is

also studied for its great potential to solve environmental issues [4].

Over the past two decades, great efforts have been made in the synthesis of doped ZnO

nano-materials to improve morphological, micro-structural and optoelectronic properties; in

particular by modifying surface properties, band gap, specific surface, oxygen vacancies and

crystal deficiencies [5-6].

Doping with non-metallic elements such as N or C would reduce the ZnO band gap, (ZnO

has a wide band semiconductor) by improving a number of physical properties, like

ferromagnetism, magnets with transport properties and p-type conduction properties [7-8].

Experimental studies showed that the incorporation of Si atoms in ZnO lattice have not an

important effect on the band gap magnitude in the visible region where ZnO has the highest

transmittance [9-10]. It was found that the concentration of Si doping significantly influences

the transparency and, consequently, the absorbance values of the films. [11].

Experimentally, the evaluated band gap values shift to upper values relative to the pure

ZnO films, depending on the Si doping concentration [11]. On the other hand, the volume of

the unit cell and the network parameter for axis a = b both decrease up to 0.6 % of Si content

as expected if Si+4 (0.26 Å) replaces Zn+2 (0.6 Å). However, Si generates higher free carrier

densities than those of other dopants like Al, Ga and In . This behavior can be attributed to

both electron donor states and thus replace the Zn sites in the ZnO matrix [12-13]. Although

ZnO co-doping by two different elements, has received much attention in recent years,

experimental and theoretical studies to date are not conclusive to highlight the predominant

type of defects and their mechanisms.

Driven by the aforementioned motivations, this chapter deals with theoretical studies

of the co-effect of carbon and silicon on micro-structural and optoelectronic properties of

ZnO, using first principles calculations based on density function theory (DFT). More

interestingly, based on the results of the theoretical calculation; the structural, electronic and

optical properties are calculated, discussed qualitatively because they were scarcely studied

according to the published works. Therefore, the best strategy for obtaining high-performance
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ZnO-based systems is to understand doping and co-doping mechanisms in order to improve

carrier mobility and concentration, this will improve the optoelectronic and photovoltaic

applications of ZnO-based devices.

1. Reminder on the calculation method

1.1 Convergence test:

This research work is performed using first principles calculations based on the

density functional theory (DFT) using the plane wave method of pseudo-potentials [14]

implemented in the CASTEP code.

Before embarking on long and costly calculations, it is necessary to optimize the input

parameters that control the initial computational density. In general, there are two adjustments

to be made:

1* The size of the plane wave basis by choosing the cutoff energy Ec (which allows

a correct approximation of the wave functions).

2* The quality of the sampling of the Brillouin zone (by the number of points k).

All DFT calculations using the CASTEP code (Cambridge Serial Total Energy

Package) in this work are based on the plane wave pseudo-potential method [14]. We also

used generalized gradient approximation (GGA) with perdew-Burke-Ernzehof (PBE). There

is another approximation to be included in the research, (GGA+U) as an exchange correlation

function [15-16-17]. It is well known that GGA is not sufficient to reproduce one of the

important properties of semiconductors correctly, namely the energy of the band gap;

therefore, the energy estimate of the impurity states in relation to the Fermi energy is

generally only approximate [18]. For this reason, previous studies performed GGA+U

calculation, UJ = 10.5 eV, was used for Zn d states [19], But it is not used here.

Calculations made with the CASTEP code "Cambridge Serial Total Energy Package"

using an ultra-soft pseudo-potential for an effective calculation at lower energy cut-off

energy. These pseudo-potentials are included in the code where they were generated by non-
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relativistic calculations. The "ultrafine" choice of calculations ensures an accurate

convergence of the total energy and rapidity in obtaining the different results.

The tests and inputs values which were carried out, led us to choose the parameters and

inputs values mentioned in Table.1.

Tab.1: Cutoff energy, number of k points and other impute values used in our calculation.

The valence electronic configuration of ZnO is: Zn 3p6 3d1 4s2 and O: 2s2 2p4. Fig.1

(1.a, 1.b, 1.c and 1.d) represents 4 structures of undoped and (C, Si, C: Si) doped ZnO

systems were done on 2 × 2 × 1 super-cells, where C and Si atoms replace respectively O and

Zn atoms.

parameters Values

The cut-off energy 380eV

The k-points were 4 × 4 × 2

convergence thresholds 2 × 10-ହ eV/atom

The maximum force ⟩ 0.03 eV. Å1

Pressure 0.05 GPa

The maximum displacement 0.001 Å

the self-consistent calculation SCF ⟩1 × 10ି  eV/atom
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Fig.1: undoped ZnO, C doped ZnO, Si doped ZnO and C:Si doped ZnO (1.a, 1.b, 1.c and 1.d)

respectively, on 2 × 2 × 1 super cell.

1.d

1.c

1.b

1.a
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For the previously studied systems in this research, electronic properties such as the

density of state and optical properties such as dielectric function, absorption coefficient and

refractive index were calculated. All these results were obtained for a carrier energy within

the range (23 eV, 10 eV) and (0 eV-30 eV) respectively.

2. Results and discussion

2.1 Structural Properties:

We chose ZnO to be our field of study, Because it is highly doped with atomic

impurities, and there now exists considerable academic research efforts to control ZnO doping

to both improve existing physical properties and add new material dimensionalities, including

varying the optoelectronic, magnetic , magneto-optic, electromagnetic, thermoelectric and

piezoelectric properties . In this chapter, we used GGA approximation to explore the

structural, electronic and optic properties of pure wurtzite ZnO phase and several

compositions of X: ZnO for (X=C, Si, C: Si)

Recently, the ZnO presented an interesting subject for doping with various elements

such as transition metals, noble metals. This is of course very suitable to improve the

optoelectronic and photocatalytic properties because the incorporation of dopants generates

lattice defects and changes consequently the band gap energy. In particular, the doping with

metalloids and non metals elements has been extensively investigated, experimentally as well

as theoretically.
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(a)

(b)
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(c)

Fig.2: (a) The parts of periodic table,(b) carbon characterizations and (c) silicon

characterizations

The influence of the crystal structure on the physical properties of materials and the

determination of structural properties play an important role in the physics of solid materials,

as they provide information on the microscopic structure of materials and will therefore have

a microscopic structure of materials and will therefore have a relatively necessity on the

prediction of other properties.
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Under normal atmospheric conditions, zinc oxide (ZnO) has a hexagonal structure

with two atoms of Zn and two atoms of O in the primary cell, the lattice parameters are a = b

= 3.24 Å, c = 5.20 Å, α = β = 900 and γ =1200, with a space group (P63mc). The results

obtained are then adjusted to Murnaghan's equation of state [20] which is given by the

following expression:

(ࢂ)ࡱ = ࡱ + /ࢂൣ
′൫

′ − ൯൧× ቂ
′(− (ࢂ/ࢂ + (ࢂ/ࢂ)

′
− ቃ (1)

Whereܧ�,�ܸ ܤ��ܽ݊݀ܤ,
′ formulate respectively the total energy, equilibrium volume,

bulk modulus and derivative of the bulk modulus of (C, Si and C: Si) doped ZnO when the

formular between :,ܸ�isܤ�

 = ࢂࣔ/ࢂࣔࢂ

(2)

Using GGA, our calculated results for the total energy as a function of volume of (a)

ZnO, (b) ZnO:C , (c) ZnO:Si and (d) ZnO:C:S represented in Figure 3.The würtzite structure

of undoped ZnO is more stable than other compounds and the volume expand with the

incorporation of C and Si content. Thus the bulk modulus of ZnO is (133.53 GPa) which is in

agreement with other theoretical calculation [21], but there is a different with experimental

data [22]. The lattice parameters optimized are shown in Table 1.
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Fig.3: Calculated energy versus volume for pure ZnO (a), ZnO:C (b), ZnO:Si (c) and (d)

ZnO:C:Si.
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Lattice

constants
Results ZnO C :ZnO Si :ZnO C:Si:ZnO

(Å)ࢇ

This work 3.3554 3.3564 3.3551 3.3712

Theoretical

results

3.276a, 3.25b

3.283e , 3.326k

3.284l , 3.2832g

3.2635m ,3.283q

3.263h, r

---- ----

Experimental

results

3.1728f ,3.2497 j

3.244k , 3.258d

3.251i

3.2558o

3.242p

3.0682f

----

(Å)ࢉ

This work 5.2686 5.3337 5.25981 5.2443

Theoretical

results

5.258a , 5.21b

5.2983c, 5.418k

5.294l , 5.29m

5.288q , 5.309e

5.383h, r ---- ----

Experimental

results

5.195f , 5.206j

5.199k , 5.220d

5.210i

5.2137o

5.234p

5.1516f

5.31s
----

μ

This work 0.383 0.37 ---- ----

Theoretical

results

0.38a , 0.3767m

0.3788n,0.3786 e
---- ---- ----

Experimental

results
0.382d ---- ---- ----

(ࢇࡼࡳ)

This work 133.53 160.17 147.53 157.8

Theoretical

results

136a ,148.1b

138g, 154d

131.5e

158.6r

……..
----

Experimental

results

173d, 181d

183c
…… ……

----

Tab.2: The equilibrium lattice parameters, internal parameter and bulk modulus in

comparison with other theoretical and experimental works results.
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aRef[21], bRef[22], cRef[23], dRef[24], eRef[25], fRef[26], gRef[27],

hRef[28], iRef[29], jRef[30], kRef[31], lRef[32], mRef[33], nRef[34],

oRef[35], pRef[36], qRef[37], rRef[38], sRef[39]

As can be seen, a considered change of a0 and c0 parameters of ZnO observing with

changing the doping elements. This variation is attributed to the change in doping of Zn+ 2

ions with Si+4 and O-2 with C-4. The incorporation of the C and Si atoms in ZnO matrix,

increases a0 but decreases c0.These deviations are mainly related to the largest atomic radius

of Carbon atoms (2.6 Å), Oxygen (1.4 Å) compared with that of Zinc atoms (0.74Å) and

Silicon (0.26Å), and also with the electro negativity among the C, Si and Zn atoms. An earlier

theoretical study showed that for C atom doping probably occurs by replacing O atoms in the

ZnO matrix [40].

Moreover, our findings show that the Oxygen internal parameters μ of C: ZnO is less

than the undoped ZnO. Another work suggests that carbon atoms may partially take

interstitial positions in the ZnO matrix [41].

The lack of theoretical and experimental results is among the motivations for the choice of

these materials. All this, gives us an opportunity to contribute to the scientific literature.

For B0, we note therefore; that the experimental values of the compressibility

modulus are of very high values found by the PPsPW method with the functional PBE. What

is certain is that the value of the stiffness modulus is much more sensitive to the method used

than that of the equilibrium volume.

2.2 Elastic Properties

The single-crystal elastic constants Cij are among the most important parameters that

characterize the physical properties of crystals. From a practical point, the elastic constants

measure the resistance of a solid to an external applied macroscopic stress and their abilities

to recover and regain their original shape after stress. From the Cijs, can be obtained some

macroscopic elastic moduli like the bulk, Young, shear moduli, Poisson’s ratio and Cij, this

moduli characterize the mechanical properties of solids.

For the examined systems, C11, C12, C13, C33, C44, B and E to ambient pressure

condition values, are quoted in Table 3.
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In the first view, the stability conditions C11 −C12 >0, C11 + C12 > 0 and C44 > 0 are

very satisfied for the different systems. For ZnO,

We have also described the elastic constants of ZnO:C , ZnO :Si and ZnO :C :Si in ambient

conditions. Respectively, we can showed that this constants decrease and became smaller than

undoped ZnO, especially for carbon doped ZnO, where its values of bulk modulus and young

modulus are decreased a lot. Therefore, it should be noted that there is an inverse relationship

between the elastic properties and the doping. Using the following relations: C11>C12, C44 > 0,

(C11C12)C33 > 2C2
13 and (C11-C12)C66 > 2C216],we confirm that all ZnO doping have a

mechanical stabilities. The results of ones for GGA and the slight differences shifts may be

results from the initials parameters introduce on the convergence criteria and the type of the

interaction between atoms.

Elastic

parameters

(GPa)

C11 C12 C13 C33 C44 B E

ZnO 285 155 99 153 38 121.54 170

ZnO:C 134.98 105.38 91.83 90.42 12.13 115.398 39.836

ZnO:Si 147.74 90.219 71.304 158.52 32.14 100.24 86.45186

ZnO:C:Si 134.67 75.70 72.15 150.5 32.62 95.828 83.42

Tab.3: elastic constants of pure ZnO, C doped ZnO, Si doped ZnO and C:Si co-doped ZnO.

2.3 Electronic Properties

2.3.1 Band Structure

The ZnO band structures, C: ZnO, Si: ZnO and C: Si: ZnO are shown in Figure 4

along the high symmetry points in the first Brillouin zone. The Fermi level is represented by a

line based on GGA. It is recognized that the GGA method is inadequate to fully describe the

electronic properties of materials; it generally underestimates the energy value of the band gap

[42-43]. But, the GGA+U approach is generally used to improve the calculated band gap

energy [44-45].

The calculated direct band gap for pure ZnO is 0.7 eV, which is close to the theoretical

and experimental values [46-47-48] and 1.3 eV, 0.9 eV and 1.46 eV for C:ZnO , Si: ZnO and

C:Si:ZnO respectively , reported on the Table 4, our results of the optical gap as well as those

of other experimental and theoretical works [49-50].
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Compound
Eg (eV)

This work
Other theoretical

results
Experimental

results

ZnO 0.7 0.73a 3.3 i

C:ZnO 130 0.9h, 1.6a 3.07b, 2.98c

Si:ZnO 0.9 1.5 f 3.4d, 3.42e 3.52g

C:Si:ZnO 1.46 ---- ----

Tab.4: Calculated band gap values in comparison with other theoretical and experimental

works results.

a Ref [46], b Ref [51], c Ref [52], d Ref [53], e Ref [54], f Ref [55], g Ref [56], h Ref [57], i Ref

[58].

In fact, the position of the conduction band minimum (CBM) remains unchanged and

the valence band maximum (VBM) move in the direction of high energy and all dopants have

a direct band gap. At the dopants concentration of 12.5 % is already enough to lead to a

degenerate semiconductor.

This is coherent with the appearance of new bands and the states of impurities in the

valence band maximum (VBM). In addition, the gap between the Fermi level and the

conduction band minimum (CBM) in the ZnO doped Si is smaller than the ZnO doped C and

C: Si co-doped ZnO. Thus, it can be said reasonably that the doped Si on ZnO could have a

stronge effect on band structures and played the role of preferred dopants than C and C: Si co-

doped ZnO, which may be due to the p-type doping character of Si. We note that vacant states

are introduced into the band gap above the Fermi level, but the increase in this band gap may

also be due to the reduction in lattice parameters caused by the enhancement of the valence

band [46]. On the other hand, the energy contributions of our compound atoms play an

irreplaceable role. The photon energy by taking of thermal excitation was also facility the

transition of electrons .
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Fig.4: Band structures of (a) undoped ZnO and (b) C doped ZnO, (c) Si doped ZnO and (d)

C:Si co-doped ZnO.
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2.3.2 Density of state

Based on the DOS calculation found, Figure 5 shows that the total state density

(TDOS) and partial state density (PDOS) of the uncorrected ZnO, C: ZnO, Si: ZnO and C: Si:

ZnO in the range (23 eV10 eV). The Fermi level is set to 0 eV. This property is more

important to see the influence of the coexistence of different dopants in ZnO.
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Fig.5: Density of states of (a) undoped ZnO and (b) C doped ZnO, (c) Si doped ZnO and (d)

C:Si co-doped ZnO.

The peaks shown in Figure 5 clearly show that the valence band consists of O-2p

states and Zn-3d states, with a limited contribution from Zn-3p states. Thus, the ZnO

conduction band is mainly composed of Zn-3p and 4s states with an almost equal

contribution, mixed with some O-2s states.

The results indicate that the TDOS of the pure and doped ZnO have similar

distributions of electronic states. However, the doping of atoms C and Si can indeed modify
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the DOS and states close to the Fermi level in different ways. This phenomenon is recognized

for its major influence on the optoelectronic properties of a semiconductor [29].

C: Si: ZnO co-doping creates more energy levels and moves the Fermi level in

the (CBM), because the Si-2p state has a less energy than the Zn-4d state, constituting fully

and half occupied states. The results also show the n-type conduction behavior of ZnO doped

Si, because the minimum value band (VBM) of Si exceeds that of Zn [50].When the (VBM)

and (CBM) are very close, the conductivity of the co-doped ZnO is more higher with

increasing Si concentration. Moreover, with the appearance of energy levels for x = 3 eV and

x = 7 eV for C: Si: ZnO causes an electronic transition between occupied and unoccupied

bands.

2.3.3 Electron Density distribution analyses

The way in which electrons are distributed in the crystal space is described by the

electron density which is a measurable physical property. The type of the chemical bond is

directly linked to iconicity which allows explaining and classifying the properties of solids.

We note that the ionic character depends strongly on the total valence charge density.

It is well-know that the nature of bond character is highly dependent on the charge

densities .To better elucidate the nature of bonding and access to information about the charge

transfer.

Figure 6 shows the calculation of the charge densities for: (a) undoped ZnO and (b) C

doped ZnO, (c) Si doped ZnO and (d) C:Si co-doped ZnO.

In the first time, we observed, the coexistence of both ionic and covalent bonding. The nature

of chemical bonding, the atomic and bond populations obtained from first-principles

calculations indicate that Zn-O band has a near ionic bond character; this is consistent with

the distribution of charge density difference. While, the Zn-C band is strong covalent, Si-O is

near covalent bond character, so there is a slight difference in the covalence between the

bonds of ZnO:C and ZnO:Si. Blue, red, and yellow colors indicate electron depletion,

electron accumulation, and regions with minimal difference, respectively. All bands spilling

parameter for spin component 1for ZnO and ZnO:C is = 0.65%,but increases by =0.94% for

ZnO:Si and ZnO:C:Si.
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(a) (b)

(c) (d)

Fig.6: Charge densities for: (a) undoped ZnO and (b) C doped ZnO, (c) Si doped ZnO and

(d) C:Si co-doped ZnO.

2.3.4 Mulliken population analysis

Table 5 shows the average Mulliken atomic and bond populations of atoms and bonds

in different doping ZnO systems, which can explain charge transferring and bonding types.

The atomic population value is positive for the loss of electrons, and the negative for the

gaining of electrons. In addition, the larger bond population (maximum 1) indicates stronger

covalent characteristics and smaller (minimum 0) indicates strong ionic properties.
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Atomic Populations (Mulliken)

Species s p d Total Charge (e)

======================================================

C 1.47 3.60 0.00 5.08 -1.08

O 1.86 5.04 0.00 6.90 -0.90

Si 0.83 1.40 0.00 2.23 1.77

Zn 0.39 0.72 9.98 11.10 0.90

======================================================

Population Analysis

Bond Population Length (A0)

======================================================

O--Si 0.62 1.66327

C--Zn 0.82 1.90947

O--Zn 0.40 1.9714

======================================================

Tab.5: Mulliken atomic and bond populations of C:Si:ZnO

For the intrinsic ZnO, the atomic population of Zn atom and O atom are 0.90 and -

0.90, respectively, which means that the electrons lost by Zn atom are all obtained by O atom.

In Si, the atomic population of Si atom is 1.77 and is larger than 0.90 of Zn atom, because the

valence state of Si is higher than that of Zn. The atomic population of C atom is -1.08,

smaller than that of other atoms, indicating that Ga atom contributes fewer electrons. And the

bond population of C--Zn is 0.82, while the bond population of Si--O is 0.62, which are more

than those in O--Zn, suggesting that the incorporation of C atom makes the ionic

enhancement of the system.
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2.4 Optical Properties

2.4.1 Dielectric function

Optical properties are a valid source of information on the quality of materials for their

use in optoelectronic devices. It comes from photon-electron interactions. The CASTEP code

calculates the optical properties from the dielectric function composed of the real and

imaginary parts, which generate the calculation of all the other optical properties, including

the absorption coefficient, reflectivity, refractive index and energy loss function (3), [59] as:

࣓)ࢿ ) = ࣓)ࢿ ) + ࣓)ࢿ ) (3)

Whereߝ�ଵ : the dispersion of the incident photons by the material, whileߝ�ଶ corresponds to the

energy absorbed by the material.

The Figure 7 displays the dielectric function of undoped ZnO, C: ZnO, Si: ZnO and

C: Si: ZnO in the energy range (0 eV–30 eV), (a) real parts and (b) imaginary parts.

Compared to the undoped ZnO, :ଵ(Cߝ ZnO and Si: ZnO) has a reach maximum around 1eV,

after, it moves to the lower energy above 3 eV and becomes negative reaching, this indicates

the important effect of impurity doping [26], then it takes the same character with ZnO and Si:

ZnO and become more stable.
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Fig.7: Dielectric Function of undoped ZnO and ZnO:C, ZnO:Si and ZnO:C:Si (0 eV – 30

eV): (a) real parts and (b) imaginary parts.

In addition, we observed a large energy zone (hν) in the visible and ultraviolet light

regions for pure and doped ZnO, which improve the direct optical transitions between the

maximum valence band and the minimum conduction band, which is the ZnO direct band

gap.

There is a larger transition bands propagation ଵߝ near 5 eV but decreased on Ultra-Violet

region. ଵߝ of the (Si: ZnO) system, had the same evolution over the energy rang (0 -10 eV)

with undoped ZnO and there is a steep decrease between 10 eV and 12 eV.
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The imaginary part of the dielectric function usually provides information about the

photo-absorption properties of the materials [59-60]. From Figure 7.a, there are three peaks

combined to (1 eV, 2 eV and 6 eV), related with the DOS. The first peak results from the

electron transition between O-2p states and Zn-4s and between O-2p states and Zn-4p, but the

second peak combined to the Zn-3d and O-2p states and the third peak due to the transition

between O-2s states and Zn-3d states.

The ଶߝ of all samples showed significant the absorption edges in the IR in the range

and decrease in the UV-Vis region [61]. From the figure 7.b, we see that intrinsic ZnO has

three main peaks, which is in good agreement with other ab initio calculation available [62].

The main peak of Si reached at about 1.3, which is similar to that found in the doped Si ZnO

in the case of substitution 1.5 [63].

2.4.2 The absorption coefficient and reflectivity

Figure 8 presents a comparison between optical absorption spectra of undoped ZnO and C:

ZnO, Si: ZnO and C: Si: ZnO and their reflectivity between 0 and 30 eV. As we observed,

optical absorption coefficient for pure ZnO and ZnO doped with C, Si and C-Si is presented

in Figure 8.a. ZnO has no absorption in the visible region (1.7 eV - 3.3 eV) and its absorption

region is located in the UV region due to its intrinsic band gap (around 3.36 eV). All doped

models have effectively moved the absorption edge of ZnO to visible region by creating states

of impurity in the band gap, reducing the band gap and much stronger light absorption

characteristics.

It is important to note that small changes occur near the red infrared region, especially

for the C: ZnO system. After increasing and becoming more pronounced towards the upper

visible region (3.5 eV), but has a limited effect on improving light absorption than Si: ZnO;

this could be related to the impact of substitution doping. C-doped ZnO has a higher

absorption in the near-ultraviolet region. Indeed, doped ZnO can be considered to have the

most intense light absorption over the entire spectrum, leading to the fact that C-doping can

alter the optical properties of ZnO, to a larger extent, mainly due to the effect of p-type doping

characters on their electronic structures [29]. This result is very close to those of Chen et al

[64].
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Fig.8: Simulation light absorption (a) and reflectivity (b) of pure ZnO, ZnO:C, ZnO:Si and

ZnO:C:Si.

More carful observation in Figure 8.a the C: Si: ZnO system have 3~�ߙ × 10ସܿ݉ ିଵ

in the range (0 eV-1.5 eV), and presents a significant improvement in their optoelectronic

properties, which can contribute to a significant improvement in applications in the field of

photovoltaic based on zinc oxide as a transparent semiconductor oxide [65].

Figure 8.b appears that the reflectivity data of different system doped ZnO. Carbon doped

ZnO become inactive and has a slight increase compared with that of Si:ZnO, The

incorporation of silicon, revealed the presence of different type electronic-vibrations during

the diffusion on the surface of the material. This result corresponds with theoretical and

experimental research [26]. Carbon has a small influence on reflectivity in the energy range of

2.5 eV - 5eV, when it decreases with the increase in C content, while it apparently increases

after doping Si. In conclusion, it can play an important role in the field of optical devices of

visible light.
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Tab.5: Absorption coefficient α and reflectivity values of pure ZnO, C-doped, Si-doped and 

C: Si- doped ZnO.

a Ref [66], b Ref [67], c Ref [26], d Ref [61], e Ref [69], f Ref [29], g Ref [68]

Table 5 summarizes our results as well as those of other works of the static absorption

coefficient and the static reflectivity of pure, C-doped, Si-doped and C: Si doped ZnO in the

visible scope of (1.7 eV -3.3 eV) are tabulating in.

2.4.3 Loss function energy

Electron energy loss function L (λ) is an important parameter; it is used for describing

loss in energy of a fast moving electron in a material from the top of a valence band to bottom

of a conduction band [70]. This energy estimates the probability of inelastic diffusion, the

distribution of energy loss distribution as well as the scattering angular distribution [71], and

defined as:

ܕ۷ [−/ઽ(ܙ, ) ] ()

The dielectric function (߱,ݍ)ߝ in the energy loss function represents the response of

an external electromagnetic disturbance to the material [72]. Figure 9 depicts the results of

bulk energy-loss function of undoped ZnO, C-doped, Si-doped and C: Si doped ZnO. We take

the data from 0 eV to 30 eV. We could observe high loss energy along the range (12 eV - 15

Compound

Absorption coefficient

ࢻ ×  (cm-1)

Reflectivity

R

Present

work

Experimental

Works

Theoretical

works

Present

work

Experimental

works

Theoretical

works

ZnO 2.4 2.5d, 5.7e 2a, 2.1c 0.15 0.18g 0.13a, 0.1c

C:ZnO 2.5 ----- 3b 0.085 0.035 f -----

Si: ZnO 2 ----- 2a 0.16 ----- 0.08a

C:Si:ZnO 4 ----- ----- 0.17 ----- -----
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eV) for both impurities; the weak peaks in the visible region for C: ZnO and Si: ZnO are

mainly caused by the bulk phonon excitation.
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Fig.9: Loss function of undoped ZnO, C-doped, Si-doped and C: Si co-doped ZnO.

Undoped ZnO loss function tends to the sharp spectrum and its shoulder is around

14.5 eV, which is similar to the result found by Chowdhury et al [26].

Also peaks between (12 eV - 15 eV) in the energy loss spectra, which are related to the

excitation of the plasmas resonance, in accordance with the results of Sun et al[72]. These

peaks correspond to the edges of the reflection spectra and indicate the transition points from

the metal characteristics to those of dielectrics of C: Si doped ZnO [62]. The loss energy

between (3 eV - 10 eV) is not stable. It may be due to multiple inter-band transitions [71],

while other ZnO doping locates at the low energy region.

2.4.4 Refractive index and extinction coefficient

Refractive index n of pure and doped ZnO, has been studied for its potential optical

applications, it is important to determine the dispersion parameters , as they are closely related

to the electronic polarization of ions and the local field within the material [73], it can be used

to explain how light moves through a given medium. The refractive index is calculated by

[74]:

 = ቀ
ାࡾ

ିࡾ
ቁ+ ට

ࡾ

ିࡾ
+  (5)

R is the reflectance and k the extinction coefficient.

Figure10.a and 10.b showed refractive index n of undoped ZnO, C-doped, Si-doped and C:

Si co-doped ZnO versus energy, from Figure10.a, it was noticed that C doped ZnO has the

same evolution with that of the Si doped ZnO and pure ZnO with C:Si doped ZnO in the

interval (0 eV - 10 eV). From (0 eV - 1.8 eV) n spectra of C doped ZnO, Si doped ZnO
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decreases strongly, where we found that n values reduce nC = 1.3, nSi = 0.7. This low energy

zone can be explained by a resonant effect between polarization and electromagnetic

radiation, caused by the co-doping of C-Si in the ZnO matrix. The resulting electrons are

linked to an oscillating electric field in the ZnO [75]. The refractive index of undoped and co-

doped ZnO sharply increase in this zone, nZnO = 2.1; nC:Si = 2.4, indicating that their band gap

is decreasing [62].

In the energy range (4 eV - 9 eV) all ZnO systems were very similar, with some slight

changes. This may be due to a change in carrier concentration, which subsequently reduces

and improves optical absorption [76-77]. Finally, at a higher energy, a decrease in the

refractive index is directly related to the effect of band levels; surface optical polarity and

optical losses. The findings are in accord with other research works [78-79].
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Fig.10: (a) Refractive index n and (b) Extinction Coefficient k of undoped ZnO, C-doped, Si-

doped and C: Si co-doped ZnO versus energy.
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2.4.5 Optical conductivity
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Fig.11: (a) real part and (b) imaginary part of optical conductivity for different systems:

undoped ZnO, C-doped, Si-doped and C: Si co-doped ZnO

Figure11.a and 11.b showed real part and imaginary part of optical conductivity for different

systems: undoped ZnO, C-doped, Si-doped and C: Si co-doped ZnO in terms of incident photon

energy, from Figure11.a, in the visible region, the highest value of realσ=1.8 and imgσ=1.3 

back to Si doped ZnO. The spectra of ZnO and C:Si doped ZnO increases after 2 eV, which is

related to optical transition from the highest states of valence band.
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2.5Point defects in C:Si:ZnO

We try to report in this section

native defects points on electronic structure and optical properties such as the energy gap ,the

dielectric constant and absorption coefficients of zinc oxide under the first principle study,

using GGA approximation.Energy minimization is achieved by adopting the generalized

gradient approximation (GGA) PBE [80]. Atomic Substitution Method (ASM) is used as a

single point geometric defect model [19]. The cut

choice of the Monkhorst Park scheme 4×4×2 k

force converged to less than 10

The following models are built as follows: undoped ZnO supercells, C doped ZnO, Si

doped ZnO and C: Si co-doped ZnO was described and discussed above, in which Zn atom, is

directly replaced by the Si atom, whereas O atom by C atom driving (ASM) method.

12 depicts the different point defects models, where: O

interstitial (Oi) and Zn interstitial

important defect points not noticed in our study like: anti

contrary), O octahedral and Zn octahedral, that is back to the little influencing of O octahedral

and Zn octahedral to the calculation results [19].

Results and Discussion
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2.5Point defects in C:Si:ZnO

We try to report in this section the achieved results in the effect of co

native defects points on electronic structure and optical properties such as the energy gap ,the

dielectric constant and absorption coefficients of zinc oxide under the first principle study,

pproximation.Energy minimization is achieved by adopting the generalized

gradient approximation (GGA) PBE [80]. Atomic Substitution Method (ASM) is used as a

single point geometric defect model [19]. The cut-off energy equals to 380 eV within the

the Monkhorst Park scheme 4×4×2 k-point mesh in reciprocal space, the maximum

force converged to less than 106 eV/atom is used before the fully relaxation of all models.

The following models are built as follows: undoped ZnO supercells, C doped ZnO, Si

doped ZnO was described and discussed above, in which Zn atom, is

directly replaced by the Si atom, whereas O atom by C atom driving (ASM) method.

depicts the different point defects models, where: O vacancy (Ov), Zn vacanc

and Zn interstitial (Zni) respectively. Quite interestingly, there is another

important defect points not noticed in our study like: anti-site defects (O replaces Zn or

contrary), O octahedral and Zn octahedral, that is back to the little influencing of O octahedral

dral to the calculation results [19].

(a)

Results and Discussion

the achieved results in the effect of co-doping with

native defects points on electronic structure and optical properties such as the energy gap ,the

dielectric constant and absorption coefficients of zinc oxide under the first principle study,

pproximation.Energy minimization is achieved by adopting the generalized

gradient approximation (GGA) PBE [80]. Atomic Substitution Method (ASM) is used as a

off energy equals to 380 eV within the

point mesh in reciprocal space, the maximum

eV/atom is used before the fully relaxation of all models.

The following models are built as follows: undoped ZnO supercells, C doped ZnO, Si

doped ZnO was described and discussed above, in which Zn atom, is

directly replaced by the Si atom, whereas O atom by C atom driving (ASM) method. Figure

), Zn vacancy (Znv), O

) respectively. Quite interestingly, there is another

site defects (O replaces Zn or

contrary), O octahedral and Zn octahedral, that is back to the little influencing of O octahedral
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(b)

(c)

Results and Discussion



Chapter 3:

Fig.12: Defects model: (a) ZnO
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(d)

(e)

Defects model: (a) ZnO-C: Si, (b) (ZnO-C: Si)- O, (c) (ZnO-C: Si)

C: Si)- O୧and (e) (ZnO-C: Si)- Zn୧.

Results and Discussion

C: Si)- Zn, (d) (ZnO-
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2.5.1 Structural properties

After structural minimization, we obtained the perfect equilibrium crystallographic

lattice, final energy; optimize volume and final bulk modulus of four defects points models

compared to C-Si co-doped ZnO. These final stable configurations are shown in Table 6. By

adjusting the energy-volume results using the Birch-Murnaghan equation state [81]; we found

that the lattice parameters and volume of ܱ and ܼ ݊ decrease than O୧and Zn୧, which are

expanded and their energies increased, and Zn+, O ions become more exciting. This clearly

indicates that interstitial site defects are the most stable and easiest to form than vacancies

defects, which is consistent with the total energy of undoped ZnO and C:Si:ZnO. We have

been described the last geometric structures of these systems above. This finding may be due

to the close distance length between C, Si, and O୧, Zn୧.

Tab.6: Calculated lattice parameters a, c, the volume V, final energy E and bulk modulus B

of ZnO-C: Si, (ZnO-C: Si)-O, (ZnO-C: Si)- Zn, (ZnO-C: Si)- O୧and (ZnO-C: Si)- Zn୧.

Similarly, this significant increase on lattice parameter and volume of (C:Si:ZnO)Oi

(C:Si:ZnO)Zni can be explained by the repulsive effect of Si on the surrounding Zn and Zn

vacancy has a repulsive effect on the surrounding O [82-83]. These two types of repulsive

effects were more important than the impact of the ion radius of C and Si+. Lin et al [84],

indicate that the system with Zni achieves the largest lattice extension after relaxation due to a

strong electrostatic capacity. This result is on the same trend with the experimental results

[85]. Depending on the band gap energy and state density, the electronic properties of a

semiconductor can be explained.

Models a (Å) c (Å) V (Å3) E (eV) B (GPa)

C:Si:ZnO

(C:Si:ZnO)Ov

(C:Si:ZnO)Znv

(C:Si:ZnO)Oi

(C:Si:ZnO)Zni

3.371

3.3737

3.3717

3.407

3.67

5.2443

5.2471

5.2453

5.457

5.271

51.17

51.235

51.201

54.109

53.464

-15293.1209

-15293.1210

-15293.118

-15728.6996

-17001.9937

157.8

179.87

218.17

146.695

160.82
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2.6 Electronic properties

2.6.1 Band structure

Table 7 displays the band gap of various defects models compared to C-Si co-doped

ZnO (Eg = 2.1eV), in Brillouin zone integration.

At first sight, we can say that the introducing of O and Zn vacancy (O , Zn ) make the band

gap of C:Si:ZnO smaller and help the quick transition of the charges (e,h+) from valence

band to conduction band. It has the lowest energy defects, but largely up-shifts when oxygen

atoms become rich (O୧), and are thought to act as acceptors on C: Si doped ZnO with a new

states of energy valence of the bands inwards for the C:Si doped ZnO, mainly come from the

bond between interstitial oxygen and its first neighbors oxygen and zinc [86]. Meanwhile,

point defects induce occupied states in band gaps. These outcomes indicate that in this case,

there are strong interactions between the C,Si and defects on ZnO. These findings agreed

with a several calculations [87-88-89].

Defect models (C: Si:ZnO)O (C: Si:ZnO) Zn (C: Si:ZnO)O୧ (C:Si:ZnO)Zn୧

Band gap(eV) 0.17 0.25 0.96 0.6

Tab.7: Band gap of C: Si:ZnO, (C: Si:ZnO)O , (C: Si:ZnO) Zn, (C: Si:ZnO)O୧and (C:

Si:ZnO)Zn୧.

2.6.2 Density of state

Like sulfide dopants in ZnO [90], many dopants can change different ZnO properties,

including electronic properties. It is noticed that there is no significant change in state density

after incorporation of native defect points on C: Si doped ZnO, exactly for Zn-3d, O-2p, C-2s

and Si-2s states. TDOS calculations are consistent with theoretical and experimental results

[86-91]. The lowest valence bands have a strong Zn-3d contribution. For O interstitial and Zn

interstitial, Si-2p disappears completely near the conduction band region. It indicates that is a

weak interactions between Si and defects points, but very strong with C on the band gap

region, when the localization of C-2p states is more stable on band gap region and has

relatively highest energy, except for (ZnO-C: Si)- O୧ and (ZnO-C: Si)- Zn୧. This may suggest

that Carbon atoms and Zn୧ have a major effect on the electronic properties [29]. (See Figure

13)
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Fig.13: TDOS and PDOS of (a) C: Si:ZnO, (b) (C: Si:ZnO)O , (c) (C: Si:ZnO) Zn, (d) (C:

Si:ZnO)O୧and (e) (C: Si:ZnO)Zn୧.
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2.6.3 Optical properties

2.6.3.1 Dielectric function

 The dielectric function describe as ε (ω) = ε1(ω) + iε2(ω).whereε1 (ω) represents the 

dielectric real part and ε2(ω) is the dielectric imaginary part. The real part of dielectric 

function ε1(ω), represents the dispersion of the incident photons by the materials, while the 

imaginary part ε2(ω) results from the inter band transition between occupied states below 

Fermi level and unoccupied state on top Fermi level due the photon absorption. In fact, the

absorption coefficient, reflectivity, and transmittance are also calculated from the dielectric

function.

0 5 10 15 20 25 30
-1

0

1

2

3

4

5

6

R
ea

l
D

ie
le

ct
ri

c
fu

n
ct

io
n

Energy(eV)

(C:Si:ZnO)
(C:Si:ZnO)Ov

(C:Si:ZnO)Znv

(C:Si:ZnO)Oi
(C:Si:ZnO)Zni

-a-

0 5 10 15 20 25 30
0

1

2

3

4

5

Im
g

D
ie

le
ct

ri
c

fu
n
ct

io
n

Energy(eV)

(C:Si:ZnO)

(C:Si:ZnO)Ov

(C:Si:ZnO)Znv

(C:Si:ZnO)Oi

(C:Si:ZnO)Zni

-b-

Fig.14: Dielectric Function of of C: Si:ZnO, (C: Si:ZnO)O , (C: Si:ZnO) Zn, (C:

Si:ZnO)O୧and (C: Si:ZnO)Zn୧in the range (0 eV – 30 eV): (a) real parts and

(b) imaginary parts.

The Figure 14 displays the dielectric function of C: Si:ZnO, (C: Si:ZnO)O , (c)

(C: Si:ZnO) Zn, (C: Si:ZnO)O୧and (C: Si:ZnO)Zn୧ in the energy range (0 eV, –30 eV), (a)

real parts and (b) imaginary parts. In the visible region and compared to C: Si:Zn ଵߝ�, of

Zn୧and O have a reach maximum around =ଵߝ 6eV, after, it decreases to the lower energy

, Zn୧ takes the different character than other defects. While the imaginary part (߱)2ߝ of the

dielectric function of C: Si:ZnO, (C: Si:ZnO)O , (C: Si:ZnO) Zn, (C: Si:ZnO)O୧and (C:

Si:ZnO)Zn୧is important to determine the different transitions due to photons absorption.

In terms of impact, the same observation for ଶߝ , there is a big difference between

vacancies and interstitials models, for Zn୧,a new high peak is observed at low energy near

5eV. Therefore we expected that the calculated optical properties of different defects are more

improved compared to other classical approximations (mBJ or LDA)
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2.6.3.2 The absorption coefficient and reflectivity

The optical properties can be described by the dielectric function of the material

(Equation 3). Absorption coefficient (α) is derived from the following equation as [92]: 

࣓)ࢻ ) = √�࣓ ට[ඥࢿ(࣓ ) − ࣓)ࢿ ) –�ઽ( )] (6)

Figure 15 display the optical absorption (a) and reflectivity (b) of C: Si:ZnO, (C: Si:ZnO)O

, (C: Si:ZnO) Zn, (C: Si:ZnO)O୧and (C: Si:ZnO)Zn୧.versus energy within the range (0 eV-

30 eV).

 Generally, for α, three sharp peaks were shown after C and Si doped ZnO located 

approximately 3.38 eV, 6.28 eV and 10.52 eV, which are mainly due to transition processes

.This indicates a poor interaction between the vacancy and its neighbor, but remain the same

edges after the introduction of vacancy defects. Instead, interstitial defects have a great

influence on the interacting direction, the peak of the treble disappears directly when the

incorporation of interstitial defects.

Bellow 6.28 eV; there is a slight stability in the absorbance for all samples (co-doped

and vacancy). In visible region, α increases until it arrives a maximum at 10.52 eV for 

vacancies and 9.88 eV for interstitials. After 10 eV, absorbance weakens and eventually

decreases may be due to the weak interaction.
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Fig.15: The absorption coefficient (a) and reflectivity (b) of C: Si:ZnO, (C: Si:ZnO)O , (C:

Si:ZnO) Zn, (C: Si:ZnO)O୧and (C: Si:ZnO)Zn୧

The entire C: Si doped systems with incorporating of O୧ with Zn୧present a better

absorption property in the UV-Vis region than the donor type. The strong interactions can be

seen between the C: Si atoms and the acceptor-type defects. This suggested that Zn defects

upgrade the efficiency on optoelectronic properties and hasty interest.

The reflectivity spectra are shown in Figure 15.b. This Figure shows that the

reflection in the infrared zone is strong; higher than 60%, is located in the range 4 eV-13 eV.

As the vibrational modes are active in the infrared, the transmission property would be poor in
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this range. The reflectivity reaches its maximum of 49% at 14 eV in ZnO-C: Si, (ZnO-C:

Si)O, (ZnO-C: Si)Zn, (ZnO-C: Si)O୧and 41% in (ZnO-C: Si)Zn୧.

2.6.3.3 Loss function energy

Figure 16 illustrates the calculated loss function. The static was deduced from the

figure 16 as 0.05 for all defects model. Similar values are observed for all model compared to

those reported in part one. The presence of three maximum peaks, the smallest of them is

Zni=8, with a slight deviation in the behavior of Zn. Increasing behavior can be found with Oi

doping which consequently affects considerably the exciton energy (60 meV for ZnO).
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Fig.16: The loss function of C: Si:ZnO, (C: Si:ZnO)O , (C: Si:ZnO) Zn, (C: Si:ZnO)O୧and

(C: Si:ZnO)Zn୧

2.6.3.4 Refractive index and extinction coefficient

The refractive index is an important factor influencing the phase matching for light

in solid state lasers, while the extinction coefficient is related to the dielectric loss. From the

dispersion of the dielectric function we can calculate the dispersion relations for the index of

refractive index n the extinction coefficient k.
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Fig.17: Refractive index (a) and extinction coefficient (b) of C: Si:ZnO, (C: Si:ZnO)O , (C:

Si:ZnO) Zn, (C: Si:ZnO)O୧and (C: Si:ZnO)Zn୧
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The refractive index spectra and extinction coefficient of ZnO-C: Si, (ZnO-C: Si)O,

(ZnO-C: Si)Zn, (ZnO-C: Si)O୧ and (ZnO-C: Si)Zn୧ are shown in Figure 17. From this

figure, we can see that the spectra of the refractive index n of ZnO-C: Si, (ZnO-C: Si)O,

(ZnO-C: Si)Zn are very similar and the extinction coefficient of ZnO-C: Si, (ZnO-C:

Si)O, (ZnO-C: Si)Zn are also very similar. The opposite of (ZnO-C: Si)O୧ and (ZnO-C:

Si)Zn୧, which take on different behavior. It should be noted that the maximum value of the

refractive index is approximately equal to 2.4 at the visible region in ZnO-C: Si, (ZnO-C:

Si)O, (ZnO-C: Si)Zn and (ZnO-C: Si)Zn୧, 2.2 at the in (ZnO-C: Si)O୧ . The maximum of

the extinction coefficient is 0.7 at the energy 3 eV in ZnO-C: Si, (ZnO-C: Si)O, (ZnO-C:

Si)Zn, 1.2 at the energy 10 eV in (ZnO-C: Si)O୧ and 1.3 at the energy 5 eV in (ZnO-C:

Si)Zn୧.

2.6.3.5 Optical conductivity

The real and imaginary parts of the conductivity of ZnO-C: Si, (ZnO-C: Si)O, (ZnO-

C: Si)Zn, (ZnO-C: Si)O୧and (ZnO-C: Si)Zn୧calculated in the range 0 eV-30eV are shown in

Figure 18. From this Figure, we can note that the real part of the conductivity reachesa

maximum at the energy 11 eV in ZnO-C: Si, (ZnO-C: Si)O, (ZnO-C: Si)Zn, at the energy

10eV in (ZnO-C: Si)O୧, 5eV in (ZnO-C: Si)Zn୧ , while the maximum of the imaginary part is

reached at the 12.5 eV in ZnO-C: Si, (ZnO-C: Si)O, (ZnO-C: Si)Zn, (ZnO-C: Si)O୧ and

10.5eV in (ZnO-C: Si)Zn୧.
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Fig.18: Optical conductivity of C: Si:ZnO, (C: Si:ZnO)O , (C: Si:ZnO) Zn, (C:

Si:ZnO)O୧and (C: Si:ZnO)Zn୧in the range (0 eV – 30 eV): (a) real parts and

(b) imaginary parts.
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In the present study, we have performed first-principles calculations of the

optoelectronic properties of C, Si doped ZnO as well as C-Si co-doped ZnO and the influence

of native defect points, on this kind of co-doping. The ZnO lattice parameters are greatly

affected by the nature of the dopants. This variation is mainly attributed to the change in

doping of Zn2+ ions with those of Si4+ and O2- with those of C4-. By introducing carbon atoms,

the optoelectronic properties of ZnO change and we show a best visible light absorption as

compared to other dopants. The introduction of C and Si into the ZnO matrix leads to a

smaller refractive index and an increased absorption coefficient. Furthermore, C and Si co-

doping change the band gap, the dielectric function and the loss energy.

It is found that the lattices parameters of interstitials defects increase, highest stable

and easiest to form than the vacancies sites. Beside this, we also obtained that the energy gap

of ܱ,௧௧ increases more than other defects and creating of new levels defects bands inward

C: Si doping ZnO, involve transitions between different charge and Zn-3d states are

motivated. Furthermore, the absorption properties peak of C: Si doped ZnO with vacancies

defects stay stable and biggest than interstitials defects, but this dopant causes the decrease of

average absorbance in UV region, that is , there is stronger interaction in vacancies defects

than in interstitials . These features may come to make acceptor type defects doped C: Si:

ZnO as a good p-type conducting semiconductor, which will upgrade the industrial

optoelectronic and photovoltaic applications of ZnO-based devices.
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.كسید الزنكلأ الإلكترونیةالخصائص على الأصلیةالعیوبنقاط مع طعیم التتأثیر في المحققةعن النتائجالورقةھذه في

Abstract

The present study is a theoretical work of the effect of carbon and silicon co-doping on the

optoelectronic properties of ZnO, by generalized gradient approximation (GGA) using the

Perdew Burke Ernzerhof functional correlations (PBE) exchange. The results confirmed that

O atoms act as a preferential doping site in the crystal lattice. By introducing carbon atoms,

the optoelectronic properties of ZnO change and we show a better absorption of visible light

compared to other dopants. The co-insertion of C and Si atoms in ZnO matrix, leads to a

smaller refractive index and the absorption coefficient increases. Furthermore, C and Si co-

doping changes the band gap, the dielectric function and the loss energy. We also report in

this paper the achieved results in the effect of co-doping with native defects points on

electronic properties of ZnO.

Résumé:

La présente étude est un travail théorique de l’effet du carbone et du silicium co-doping sur

les propriétés optoélectroniques de ZnO, par approximation de gradient généralisée (GGA) en

utilisant l’échange de corrélations fonctionnelles (PBE) Perdew Burke Ernzerhof. Les

résultats ont confirmé que les atomes d’O agissent comme un site de dopage préférentiel dans

le réseau cristallin. En introduisant des atomes de carbone, les propriétés optoélectroniques de

ZnO changent et nous montrons une meilleure absorption de la lumière visible par rapport aux

autres dopants. La co-insertion des atomes C et Si dans la matrice ZnO, conduit à un indice de

réfraction plus petit et le coefficient d’absorption augmente. De plus, le co-couplage C et Si

modifie l’écart de bande, la fonction diélectrique et la perte d’énergie. Nous rapportons

également dans ce document les résultats obtenus dans l’effet de co-doping avec les points de

défauts natifs sur les propriétés électroniques de ZnO.


