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Abstract

We investigate the structure and properties of photocatalytic nanomaterials by using ab
initio calculations using Density-Functional Theory (DFT). We focus on nanostructures of
ZnO with substitutional Mn doping of the outmost surface layers.

We begin by extensive preparatory benchmark calculations of the atomic and electronic
structure of Zn, Ti, O2, wurtzite ZnO and anatase TiO2 in order to find the optimum
computational parameters for our simulation. We simulate O- and metal-terminated slabs of
ZnO(0001) and ZnO(0001̄) surfaces with five different concentrations of Mn on the surface
Zn layer. For each case, we calculate the surface energy (γ), which is a measure of the
stability, and the workfunction (φ), which is a descriptor of the photocatalytic activity.

We find that O-terminated surfaces are by far more stable than metal-terminated ones in
all cases, and they always have higher workfunctions. Doping by Mn increases the stability
while at the same time it lowers the workfunction. Therefore, Mn is the ideal dopant for
this system and it can be used to fine-tune the photocatalytic activity of ZnO.
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Chapter 1

Introduction

1.1 Photocatalysis and Photocatalysts

Photocatalysis is the acceleration of a reaction, when a catalyst is employed and the
reaction rate is much higher when light is absorbed by the reactants. This type of reactions
are of great interest, especially in the field of environmental studies and the energy-related
fields, such as the purification of the polluted water [1]. The most famous was the splitting of
water in 1972, and from then it has been extensivelly used in order to obtain hydrocarbons,
to disinfect surfaces from bacteria, pollutants, etc [2].

In such reactions, (UV) light is absorbed by the photocatalyst and so, pairs of electron-
hole (e-h) are created, which generate free radicals (·OH). The created holes oxidize the
absorbed molecules, while the electrons reduce the molecular oxygen in the air and produce
radical anions (·O2) [3], [2]. Very few of the holes though, are trapped near the oxygen
atoms of the surface and so, the bonds between the latteral atoms get weaken. As a result
of this weakness, water molecules are capable of intercepting these bonds and new hydroxyl
groups can be created. These groups are thermodynamically less stable and so, having higher
surface energy, can lead to a superhydrophilic surface [2].

Some of the most famous photocatalysts are transition metal oxides and semiconductors,
that is, materials with energy bandgap. As a result, incident photons have to be of a specific
amount of energy, equal or higher than that of the bandgap. Two very famous semiconductor
photocatalysts, are the titanium dioxide (known as titania, as well) and zinc oxide [4], [5].

Photocatalytic activity of a material depends on many properties. The simplest one
to consider is the workfunction, φ, which shows how easy or how difficult it is to extract
photoelectrons from the material under UV light iradiation.

In this thesis, we study the structure of photocatalytic nanomaterials, focusing on the
workfunction of Mn-doped surfaces of ZnO.

1.2 Theoretical Background

The main problem of quantum mechanics that is considered in materials science is that
of many electrons moving in a potential. The fundamental equation to be solved is the
Schrödinger Equation (ES). For one-dimensional systems (1D) and especially for one electron,
the Schrödinger Equation can be reduced to a reletivelly simple differential one. For systems
of higher dimensions (2D, 3D, and/or time-dependent) though, this equation is very difficult
to be solved, since we deal with systems consisting of many electrons, which means that
much more interactions need to be taken into account [6].

In every material, there are interactions between electrons and cores. The term “core”,

11



refers to the nucleous of atom plus the electrons of all other shells except for the outer
one. The electrons of the latter shell are called “valence electrons” or simply “electrons”.
Electrons feel a field created by cores, which is very strong near them and weak elsewhere.
So, wavefunctions need to represent as preciselly as possible the gradient of the field. This is
achieved by transforming the wavefunctions from single functions into a linear combination
of simpler ones (basis functions). Furthermore, electrons are fermions, thus, exchange effects
need to be taken into account. Also, correlation effects have to be confronted. Due to all
these issues, solving ES computationally, implies the fact that some approximations have
to be made. There are several different methods of solving the many-body ES [6], such as
Quantum Monte Carlo (QMC), Hartree-Fock (HF), Density Functional Theory (DFT) and
finally Linear Combination of Atomic Orbitals (LCAO). Here we will discuss about HF and
DFT theories, and we will mostly employ DFT for the simulation presented in this Thesis.

HF Theory takes the antisymmetry of the many-electron wavefunction into account,
leading to the affection of the path of each electron to be by cores and the other electrons of
the system. DFT is exact in theory, but in needs approximate schemes in order to describe
the electron-electron interactions of exchange and correlation [6].

1.2.1 The Born-Oppenheimer approximation

In order to describe a system of N and K electrons and nuclei respectively, the Hamilto-
nian would be:

H =
N∑
i=1

p2i
2m

+
K∑
n=1

P 2
n

2Mn

+

1

4πε0

1

2

N∑
i,j=1;i 6=j

e2

|ri − rj|
− 1

4πε0

K∑
n=1

N∑
i=1

Zne
2

|ri −Rn|
+

1

4πε0

1

2

K∑
n,n′=1;n6=n′

ZnZn′e2

|Rn −Rn′|

(1.1)

The fisrt two terms refer to the momentum of electrons (index i) and the nuclei (index n),
while with the third and fourth terms are the Coulomb repulsion between the electrons (e-e)
and electrons-nuclei (e-n). As for the repulsion between nuclei (n-n), it is represented by
the last term. As can be seen, (1.1) is very complicated even if the system consists of a few
electrons. If we want to study a large system some approximations have to be made and the
most significant one is the Born-Oppenheimer (BO).

According to the BO approximation, the terms in (1.1) regarding the nuclei momentum
can be excluded since nuclei are almost 2000 times heavier than the electrons. The latter
are considered to fill in the gaps in the medium which is constructed by the static nuclei. In
that case the Hamiltonian is:

HBO =
N∑
i=1

p2i
2m

+
1

4πε0

1

2

N∑
i,j=1;i 6=j

e2

|ri − rj|
− 1

4πε0

K∑
n=1

N∑
i=1

Zne
2

|ri −Rn|
(1.2)

Going even further, the nuclei can be totally excluded from the calculation, keeping yet,
under consideration the electrostatic energy e-n in order to add it to the electrons energy
for an accurate outcome. Also, in order to reach our outcome in most of the times an
optimisation has to be done and the usual way is to let the positions of nuclei to be varied
in order to arrive at the the lowest energy result.
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Although (1.2) is a great simplification compared to (1.1), we realize that the Coulomb
repulsion term still makes the solution process complicated. To solve this issue, the most
preferable way is to decouple the equation by dealing with a sum of one-electron Hamiltonians
(denoted as OE below):

HOE =
N∑
i=1

[
p2i
2m

+ V (ri)

]
(1.3)

In this case however, one has to deal with a potential depending not only on the positions
Ri of the nuclei, but on each wavefunction ψ as well.

1.2.2 The Hatree-Fock theory

In the Hartree-Fock scheme, each electron moves in the potential generated by all other
electrons. Fock added an extra term (the fourth one in (1.4) below) to the Hartree equation
(1.10), in order for the antisymmetry to be taken into acount:

Fψk = εkψk =>[
− ∇

2

2
−
∑
n

Zn
|r−Rn|

]
ψk(x) +

N∑
l=1

∫
dx′|ψl(x′)|2

|r− r′|

]
ψk(x)−

N∑
l=1

∫
dx′

ψ∗l (x
′)ψk(x

′)ψl(x)

|r− r′|
= εkψk

(1.4)

As can be seen, in the last term (exchange term) the orbitals l and k are interchanged
and there is a minus before the integral, due to the antisymmetry consideration. This term
is nonlocal. That is, the operator acts on ψk(r) but its values are determined by the ψk(r

′)
ones. An interesting aspect of the HF equation is that, the issue of (1.10) is now fixed due
to the fact that if < ψk|ψl >= 0 the last term of (1.10) is cancelled by the exchange one of
(1.4).

It is clear that (1.4) has to be solved by a self-consistent way. The ground state will be
found by taking the N lower eigenstates out of an infinite spectrum. They are then used as
input and by self-consistent procedure new eigenstates are obtained. The final outcome wil
emerge when the convergence criteria will be met. It should be noted here, the fact that,
the original N lower eigenstates will not be exactly the emergent ones, since the energy of
the ground state is calculated by the formula:

E =
∑
k

[εk+ < ψk|h|ψk >], (1.5)

where h is the Hamiltonian acting on these orbitals.
We will now calculate the electronic structure of He as a simple example of the H-F

method.

1.2.3 HF theory of the He atom

The Schrödinger equation for He atom involves Hamiltonian in the form of (1.3), that is
(in atomic units):

HOE = −∇
2
1

2
− ∇

2
2

2
+

1

|r1 − r2|
− 2

r 1
− 2

r 2
(1.6)

where x will denote the full represantation of the coordinates, i.e. the position (r) and
the spin (s): x = (r, s), the spatial part of the wavefunction will be symbolised with φ(r)
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and with α(s1) and β(s2) the spin part of the first and second electrons will be denoted
respectively. The full wavefunction is then:

ψ(r1, s1; r2, s2) =
φ(r1)φ(r2)√

2
[α(s1)β(s2)− α(s2)β(s1)] (1.7)

Since we are dealing with two fermions and the wavefunction should be antisymmetric, the
spatial part will be symmetric and the spin one, antisymmetric. Because Hamiltonian acts
only in the spatial part of wavefunction, the Schrödinger equation for He atom will then be:[

− ∇
2
1

2
− ∇

2
2

2
− 2

r 1
− 2

r 2
+

1

|r1 − r2|

]
φ(r1)φ(r2) = Eφ(r1)φ(r2) (1.8)

By multiplyng each side of (1.8) with φ*(r2), integrating over r2 and having, then, absorbed
several integrals which do not depend on r1, in E, which now is E’, we arrive at a simpler
equation: [

− ∇
2
1

2
− 2

r 1
+

∫
d3r2|φ(r2)|2

|r1 − r2|

]
φ(r1) = E ′φ(r1), (1.9)

where we recognise the last term as the Coulomb energy felt by electron No1 due to the
presence of the charge density of electron No2 . It should be noted at this point, that each
electron interacts electrostatically with the other in an averaged way. By that is meant that
electron No2 at the actual r2 does not define φ(r1) but the average distribution of the first
does. What is more, we have assumed that each φ is normalised to unity.

If we had to deal with more than two electrons, the Hamiltonian would be (known as the
Hartree form of the Schrödinger Equation):[

− ∇
2

2
−
∑
n

Zn
|r−Rn|

+
N∑
l=1

∫
dx′|ψl(x′)|2

|r− r′|

]
ψk(x) = E ′ψk(x) (1.10)

Here k and l denote a random orbital and each orbital of the system respectively. Prime in
the coordinates symbol is used for the coordinates of el electron. What we see in (1.10) is
that when l=k, we will have to estimate the interaction of an electron with itself and so we
need to exclude k-ith electron from the calculation. In that case though, each electron will
feel different potential. This problem, is fixed by adding an extra term in the Hamiltonian,
arriving at (1.4).

1.2.4 Numerical results for He atom

Before solving the Schrödinger equation (1.9), we first recognise the self-consistent nature
of the problem. We cannot separate φ for an atom like helium (with more than one electron).
For the solution of a such problem, we initially guess a φ and we have the first values of the
energy, E′ and potential V. At the next step we use as input the previously resulted φ, E′

and V and new values are emerging again. This cycle is repeated until the aforementioned
quantities are converged.

We expand each wavefunction on a basis of gaussian function, so that the spatial part φ
of the wavefunction will exactly be:

φ(r) =
4∑
p=1

Cpχp(r). (1.11)

and χp is of the form:
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χp = e−αpr2 (1.12)

The exponent coefficients, ap, are chosen from standard sets of basis functions from the
literature. Their values are 0.298073, 1.242567, 5.782948 and 38.474970 [6]. Substituting
(1.11) into (1.9), we end up to a set of equations for the coefficients Cp:∑

pq

(hpq +
∑
rs

CrCsQprsq)Cq = E ′
∑
pq

SpqCq (1.13)

with

hpq =

〈
χp

∣∣∣∣∣− ∇2

2
− 2

r

∣∣∣∣∣χq
〉

(1.14)

Qprsq =

∫
d3r1d

3r2
χp(r1)χr(r2)χs(r2)χq(r1)

|r1 − r2|
(1.15)

Spq =
〈
χp|χq

〉
(1.16)

The hpq and Spq matrices, as well as the array Qprsq are found to have the following forms:

hpq =
3αpαqπ

3/2

(αp + αq)5/2
− 4π

ap + aq
(1.17)

Spq =

(
π

ap + aq

)3/2

(1.18)

Qprsq =
2π5/2

(ap + aq)(ar + as)
√
ap + aq + ar + as

(1.19)

Then, the initial values of Cp are chosen. Here all of them have same value and so the matrix
F is constructed:

F = hpq +
∑
rs

QprsqCrCs (1.20)

but firstly, the vector C should be normalised to unity:

4∑
p,q=1

CpSpqCq = 1 (1.21)

Moving forward, now, we are capable of solving the eigenvalue problem

FC = E ′SC (1.22)

Having found the lowest energy E′, we are interested in C which is considered as the lowest
eigenvalue. The ground state energy is calculated by the following formula:

EG = 2
∑
pq

CpCqhpq +
∑
pqrs

QprsqCpCqCrCs (1.23)

The new C is then used as input to (1.20) again. This process will be terminated when the
convergence criteria, that we set, will be met. Below, we present a part of the outcome of
the example code for He. In the first column is the calculated energy and with Ci, i∈ [1,4]
is each “coordinate” of each C.
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Ground state (a.u.)


c1
c2
c3
c4


-2.84093143151

0.12715455
0.43968275
0.45400876
0.28052888

-2.85410633664

0.15328428
0.38086468
0.39942178
0.25588466

-2.85508167433

0.14619795
0.39736483
0.4139491
0.26276153

1.2.5 Density Functional Theory

1.2.5.1 The Derivation of the Kohn-Sham equations

In order to find the ground state of a system we have to minimize the energy functional
with respect to the wavefunctions of a specific density n, and then with respect to the density.
Let us first consider a non interacting ideal electronic gas. In this case, the energy would
be [6]:

E[n] = T [n] +

∫
d3rVext(r), (1.24)

where the first terms refer to the kinetic energy of the electrons and the second one to the
energy gained by the external potential. For the description of an interacting electron gas,
more terms have to be added, including the Hartree potential and the exchange-correlation
one (xc-term). The latter represents all the interactions which are not included in the others.
So, the energy functional would then be equal to [6]:

E[n] =T [n] +

∫
d3rVext(r)+

1

2

∫ ∫
d3r′d3r

n(r′)n(r)

|r− r′|
+ Exc[n].

(1.25)

The energy must be minimized for constant integral of density, so a Lagrange multiplyer
[6] must be added to (1.25), so that the value of n(r) has to be restricted to the total number
of electrons N to be

N =

∫
n(r)d3r (1.26)

When n(r) corresponds to the minimum energy, its derivative is:

δ

δn(r)

∫
n(r)d3r = 0, (1.27)

that is, the density will not vary appreciably and the energy will be minimum:

δ

δn(r)
E[n] = 0. (1.28)
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Finally, we arrive at:

δT [n]

δn(r)
+ Vext(r) +

1

2

∫
d3r′

n(r′)

|r− r′|
+
δExc
δn(r)

= 0, (1.29)

where

Exc =

∫
n(r)εxc[n]d3r (1.30)

The usual way to obtain the electron density is by introducing a set of one-electron wave
function ψi(r) so that,

n(r) =
N∑
i

|ψi(r)|2, (1.31)

and ψi(r) satisfy the Schrödinger equation:[
− ∇

2

2
+ V (r)

]
ψi(r) = εiψi(r), (1.32)

known as the Kohn-Sham equation [6], where

V (r) = Vext(r) +
1

2

∫
d3r′

n(r′)

|r− r′|
+ Vxc(r). (1.33)

The Kohn-Sham equation is solved self-consistentlly: we guess an initial value of n(r), then
the potential is constructed and then a new density is obtained from (1.31) and (1.32).
Finally the resulted energy is [7]:

E =
N∑
i

εi −
1

2

∫ ∫
d3r′d3r

n(r′)n(r)

|r− r′|
+

∫
n(r)εxc[n]d3r−

∫
d3rVxc(r). (1.34)

1.2.5.2 Exchange and correlation

The exchange-correlation energy includes all interactions that are not included in the
kinetic and the Hartree energy. An expression of Exc can be derived if we apply the adiavatic
theorem in the original Hamiltonian. First, let us introduce an e-e interaction:

Vc,λ =
∑
i,j

λ

|ri − r′j|
= λVc, (1.35)

where the C subscript stands for Coulomb and λ is allowed to take values from 0 to 1. For
λ = 0 we have a non interacting electron gas. With this substitutuion in the potential (Vλ,c
instead of Ve−e), the Hamiltonian now is:

Hλ = T + Vc,λ +
∑
i

Vext(ri). (1.36)

The minimised energy functional for a fixed density, that is, the wavefunctions ψ are com-
patible with this density, we have that:

E[n]λ = min < Ψ|H0|Ψ > +min < Ψ|λVc|Ψ > +

∫
Vext(r)n(r)d3r. (1.37)

From Hellman-Feynman theorem we have that:

dEλ
dλ

=< Ψλ|Vc|Ψλ > (1.38)
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and so, equalising the original and Kohn-Sham resulted energy we see that the kinetic energy
terms are canceled, because both interacting and non-interacting systems have the same
kinetic energy value. The same happens for Vext as well. The remaining terms are:

1

2

∫
d3rd3r′

n(r)n(r′)

|r− r′|
+ Exc =

∫ 1

0

< ψλ|Vc|ψλ > dλ =>

Exc =

∫ 1

0

< ψλ|Vc|ψλ > dλ− 1

2

∫
d3rd3r′

n(r)n(r′)

|r− r′|
.

(1.39)

What we see is that, when λ = 0 the terms are not cancelled because the antisymmetry term
of Fock here is absent.

There is another energy framework within which we can investigate the exhange and
correlation effects. This is the exchange hole, nxc(x, x

′). This amount indicates how the
distribution of an electron at x′ is affected by another electron at x. The exchange hole as
we will see participates in the Coulomb energy expression. First of all, we have to define the
probability density for finding particles 1 and 2 at x and x′ respectively:

P (x, x′) =

∫
|Ψ(x, x′, x3, ..., xN)|2dx3...dxN (1.40)

Also, we have that:

n(x) = N

∫
P (x, x′)dx′ (1.41)

and the Coulmb energy is:

Ec =
N(N − 1)

2

∫
P (x, x′)

|r− r′|
dxdx′. (1.42)

We introduce these definitions because through them we will find the aforementioned Coulomb
energy expression. The exchange hole, nxc(x, x

′), is defined as:

N(N − 1)P (x, x′) = n(x)n(x′) + n(x)nxc(x, x
′). (1.43)

By multiplying each side with 1
2|r−r′| and integrating over dxdx′, we have that Coulomb

energy, Ec, is:

Ec = EH +
1

2

∫
n(x)nxc(x, x

′)

|r− r′|
dxdx′ (1.44)

Furthermore, integrating (1.41) over dxdx′, we have that∫
P (x, x′)dxdx′ = 1 (1.45)

and integrating (1.43) over dx′ we are lead to:∫
nxc(x, x

′)dx′ = −1 (1.46)

Considering the second term in (1.44) as the exchange correlation correction to the Coulomb
energy, we are lead to the realisation of the fact that this correction can be seen as a
distribution positively charged.

Going further, the exchange-correlation energy Exc[n], which for an homogeneous electron
gas, depends only on the electron density n, in the case of a non uniform gas though, it has
to be described by the expansion in the density gradients [6]:

d

dn
n(r)εxc[n] ≡ Vxc = Vxc[n(r),∇n(r),∇(∇n(r)), ...)], (1.47)
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but with such description, the solution of the equations would be very difficult. The ap-
proximation that is finally made, lets us not to take the gradients of n into consideration
for the Vxc calculation and is called local density approximation (LDA). This approximation
is not only made for the exchange, but for the correlation effects as well, through several
parametrisations. Also, even if LDA produces reasonable results, some times it fails and
another procedure has to be done in order to overcome these defects [6].

Because of these failures, the generalised gradient approximation (GGA) is used very
frequently. In fact, GGA improves some of the results of LDA: total, binding and ionisation
energies are some of these results. Furthermore, GGA improves the balance between the over-
estimation and underestimation of correlation and exchange energy respectively, obtained
by LDA, although, the self-energy term is not totally cancelled by both approximations.
Because of that fact, some optimisations need to be done in these cases.

1.2.6 Simulation Software

There are lots of solid state and quantum chemistry software that implement DFT. Some
of the most widelly used are VASP (Vienna Ab initio Simulation Program), GPAW (Grade
Projected ), CASTEP (CAmbridge Serial Total Energy Package) and Quantum ESPRESSO.
We have used the Quantum ESPRESSO (QE), which is written in fortran. The input file
has a list of the necessary parameters in order to start running our calculation. The most
essential for our calculations are:

• k-point grid determines the number of Kohn-Sham wavefunctions that will be calcu-
lated.

• plane wave cutoff determines the number of basis functions, which are planewaves, that
are used to represent each wavefunction.

• ecutrho determines the number of basis functions that are used to represent the electron
density.

• degauss parameter determines the number of electrons that occupy each quantum state.
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Chapter 2

Benchmark Calculations

In this section we present an extensive set of benchmark calculations we performed in
order to find optimum parameters for our simulations. To this end we studied wurtzite ZnO,
TiO2, a metastable tetragonal phase of ZnO as well as metals Ti and Zn and O2 molecule.

2.1 Lattice constant calculations

All results were obtained using the Quantum Espresso (QE) open-source computer code
package. Both elemental titanium (Ti) and zinc (Zn) have hcp structure with two atoms in
the unit cell [8], [9]. Titanium dioxide (TiO2) and zinc oxide (ZnO) have anatase structure
with twelve atoms and wurtzite structure with four ones in the unit cell respectively [10].

As a first step, we used constant k-point grid, which is 7×7×5, and degauss parameter
equal to 0.05 Ry and let the plane wave cut-off parameter (pwctf) to take several values.
The exchange-correlation functionals employed were the following:

• PBE

• PBESOL

• LDA

We use planewave cutoffs of 55 or 60 Ry as suggested by the developers of the pseudopo-
tentials [11], [12]. In Table 2.1, we see the lattice parameters of elemental Ti, Zn, as well as
of the studied oxides for 7×7×5 k-point grid and the experimental values. Note that in the
LDA case no convergence was observed in the lattice constants of oxides, so, in the calcula-
tion set of 9×9×7 k-point grid case (degauss=0.05 Ry), of which the results can be seen in
Table 2.2, along with the experimental values, LDA was not employed anymore. In all cases,
the sampling method in Brillouin zone (smearing) was approximated by Methfessel-Paxton
approximation.

xc pwctf 1 k-points Ti Zn TiO2 ZnO
a c a c a c a c

PBE 60 7×7×5 2.93 4.65 2.64 - 3.80 9.62 3.16 5.30
PBESOL 55 7×7×5 2.89 4.59 2.59 4.82 3.77 9.47 3.11 5.22

LDA - 7×7×5 2.84 4.52 2.40 4.13 - - - -
experiment 2.95 4.68 2.66 4.95 3.78 9.51 3.25 5.21

Table 2.1: Lattice constants of 7×7×5 case, with degauss=0.05 Ry, ecutrho=4×pwctf and smearing=mp.

1the common plane wave cut-off
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xc pwctf 1 k-points Ti Zn TiO2 ZnO
a c a c a c a c

PBE 55 9×9×7 2.93 4.65 2.63 4.98 3.81 9.62 3.16 5.30
PBESOL 55 9×9×7 2.90 4.59 2.56 5.12 3.78 9.48 3.12 5.22

experiment 2.95 4.68 2.66 4.95 3.78 9.51 3.25 5.21

Table 2.2: Lattice constants of 9×9×7 case, with degauss=0.05 Ry and smearing=mp.

Considering the results presented in Tables 2.1-2.2, we have arrived at the conclusion
that the suitable k-point grid shall be 9×9×7 and the plain wave cut-off at 55 Ry.

2.2 Density of states - Bandgap calculations

For the density of states calculations, we employed both PBE and PBESOL exchange-
correlation functionals and two different approximations for the occupation numbers, the
Methfessel-Paxton (MP) and Gaussian (G). The changing parameter in this section is the
degauss, taking values from 0.01 Ry to 0.07 Ry for the MP and G approximation for the
PBE case. For the PBESOL case, in MP approximation the degauss values are the same
with the ones in the PBE case while for the G approximation degauss is allowed to take
values up to 0.05 Ry.

The bandgaps resulted from the calculations performed, can be seen in Table 2.3 for
the PBE case and in Table 2.4 for the PBESOL one. The smaller the degauss, the closer
to bibliography [13–16] are our results. Considering this fact in conjunction with the fact
that the calculation time is a significant parameter to be considered, we have arrived at the
conclusions that the optimal value to be kept is the 0.01 Ry, the approximation of the delta
function will be by the MP method and the employed pseudopotential is going to be the
PBE one.

PBE
Methfessel-Paxton approximation

Degauss parameter (Ry) Bandgap (eV) Time
TiO2 ZnO TiO2 ZnO

0.01 1.9 1.4 29m33.49s 4m 0.38s
0.02 2.0 1.3 2h14m 11m23.83s
0.05 1.8 1.2 2h16m 11m 7.83s
0.07 1.3 1.1 2h 2m 11m12.19s

Gaussian approximation
0.01 1.8 1.3 33m17.33s 4m 2.87s
0.02 1.5 1.1 37m 1.51s 4m 2.68s
0.05 - - - -
0.07 - - - -

experiment 3.4 [13] 3.26 [16]

Table 2.3: Bandgaps and calculation times of the studied oxides resulting from Methfessel-Paxton and
Gaussian approximations, using PBE exchange-correlation functionals for 9×9×7 k-point grid, pwctf=55

Ry and ecutrho=4×pwctf.
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PBESOL
Methfessel-Paxton approximation

Degauss parameter (Ry) Bandgap (eV) Time
TiO2 ZnO TiO2 ZnO

0.01 1.9 1.2 34m39.04s 4m11.30s
0.02 1.9 1.2 1h49m 7m55.16s
0.05 1.7 1.1 2h13m 7m42.85
0.07 1.3 1.1 1h48m 8m 0.01s

Gaussian approximation
0.01 1.8 1.2 36m17.49s 4m13.30s
0.02 1.5 1.1 35m34.48s 3m59.77s
0.05 - - - -

experiment 3.4 [13] 3.26 [16]

Table 2.4: Bandgaps and calculation times of the studied oxides resulting from Methfessel-Paxton and
Gaussian approximations, using PBESOL exchange-correlation functionals for 9×9×7 k-point grid,

pwctf=55 Ry and ecutrho=4×pwctf.

As a next step, we performed calculations in which we altered again the k-grid in order
to have as short-time calculations as possible. The values of δk parameter and the resulted
grid can be seen below in Table 2.5 and Table 2.6 for TiO2 and ZnO respectively, as well as,
the resulted energy from QE and the bandgap.

δk k points Calculated Energy (Ry) Bandgap (eV)
0.25 7 7 3 -736.93396876 2.11486344811
0.30 5 5 3 -736.93384930 2.12578642093
0.35 5 5 3 -//- -//-
0.40 5 5 3 -//- -//-
0.45 5 5 1 -736.93374371 2.11896889886
0.50 3 3 1 -736.93549230 2.20675846293
0.55 3 3 1 -//- -//-
0.60 3 3 1 -//- -//-
0.65 3 3 1 -//- -//-
0.70 3 3 1 -//- -//-
0.75 3 3 1 -//- -//-
0.80 3 3 1 -//- -//-
0.85 3 3 1 -//- -//-

1 1 1 -735.66735777 1.17848586262

Table 2.5: The δk parameter and grid, calculated energy (QE output) and the resulted bandgap for TiO2

with degauss=0.01 Ry, pwctf=55 Ry, ecutrho=4×pwctf, smearing=mp and PBE exchange-correlation
functional.
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δk k points Calculated Energy (Ry) Bandgap (eV)
0.25 9 9 5 -987.65400139 0.66915414039
0.30 7 7 5 -987.65396369 0.70070485507
0.35 7 7 3 -987.65388820 0.70049507487
0.40 5 5 3 -987.65353367 0.75907177788
0.45 5 5 3 -//- -//-
0.50 5 5 3 -//- -//-
0.55 5 5 3 -//- -//-
0.60 3 3 3 - -
0.65 3 3 3 - -
0.70 3 3 3 - -
0.75 3 3 3 - -
0.80 3 3 1 -987.65816267 0.76292949878
0.85 3 3 1 -//- -//-

1 1 1 -987.18799522 0.17051263032

Table 2.6: The δk parameter and grid, calculated energy (QE output) and the resulted bandgap for ZnO
with degauss=0.01 Ry, pwctf=55 Ry, ecutrho=4×pwctf, smearing=mp and PBE exchange-correlation

functional.

Evaluating the results presented in Tables 2.5 and 2.6 we set our new value of δk param-
eter equal to 0.35, which corresponds to 5×5×3 grid for TiO2 and to 7×7×3 one for ZnO.
The next parameter to be changed in order to examine if the reduction of it would lead to
remarkable results from calculations of shorter time is the plane wave cut-off. In Table 2.7
can be seen the results regarding TiO2 and in Table 2.8 the ones for ZnO. Plane wave cut-off
and the calculated energ are in Ry and bandgap is in eV.

pwctf (Ry) Calculated En. (Ry) Bandgap (eV)
25 -736.66158520 2.1063848806
30 -736.90948062 2.11070332659
35 -736.93009858 2.12459081478
40 -736.92890064 2.12569661988
45 -736.93016918 2.12572330952
50 -736.93208874 2.12545098953
55 -736.93384930 2.12578642093

Table 2.7: The plane wave cut-off, the energy (as resulted from QE calculations) and the resulted
bandgap for TiO2 with degauss=0.01 Ry, δk=0.35, ecutrho=4×pwctf, smearing=mp and PBE

exchange-correlation functional.
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pwctf(Ry) Calculated En. (Ry) Bandgap (eV)
25 -986.96474188 0.72704804171
30 -987.55799246 0.70841212711
35 -987.64347080 0.6998554964
40 -987.64838942 0.69900110591
45 -987.64989946 0.69986130164
50 -987.65252349 0.70037533496
55 -987.65388820 0.70049507487

Table 2.8: The plane wave cut-off, the energy (as resulted from QE calculations) and the resulted
bandgap for ZnO with degauss=0.01 Ry, δk=0.35, ecutrho=4×pwctf, smearing=mp and PBE

exchange-correlation functional.

2.3 Different Pseudopotentials

2.3.1 Plane wave cut-off calculations

The results presented in the previous section were produced using the pseudopotentials
of Ref. [12]. We now repeat some of the calculations using the pseudopotentials of Ref. [17].
For the set of these calculations, we use the experimental lattice parameters.

First, we kept constant the value of the following parameters:

• degauss = 0.01 Ry

• δk = 0.35

• ecutrho = 4×pwctf

• smearing = mp (Methfessel - Paxton approximation)

and let pwctf to take values from 40 Ry to 55 Ry. The results can be seen in the following
tables, Table 2.9 for TiO2 and Table 2.10 for ZnO.

pwctf Calculated En (Ry) Bandgap(eV)
40 -811.85541093 2.1750093204
45 -811.87472514 2.17214118188
50 -811.87639680 2.17344647311
55 -811.87661890 2.17125786049

Table 2.9: The pwctf, the calculated energy and bandgap, for degauss = 0.01 Ry, δk = 0.35, ecutrho =
4×pwctf, smearing = mp and PBE exchange-correlation functional, for TiO2.
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pwctf Calculated En. (Ry) Bandgap(eV)
40 -1006.38111019 0.71280460201
45 -1006.38689877 0.71470815915
50 -1006.38954296 0.71481109126
55 -1006.39074578 0.7147775108

Table 2.10: The pwctf, the calculated energy and bandgap, for degauss = 0.01 Ry, δk = 0.35, ecutrho =
4×pwctf, smearing = mp and PBE exchange-correlation functional, for ZnO.

Taking into consideration the results in Tables 2.9 and 2.10 we set pwctf = 50 Ry.

2.3.2 The δk parameter

The next step was to examine if we could reduce the k-grid, so we arrived at the results
in Tables 2.11 and 2.12 for TiO2 and ZnO respectively. Looking at these tables, an efficient
value for δk seems to be out initial value: δk = 0.35.

δk Grid Calculated En. (Ry) Bangap (eV) Time
0.25 7 7 3 -811.87651910 2.1602578092 8m43.99s
0.30 7 7 3 -//- -//- -//-
0.35 5 5 3 -811.87639680 2.17344647311 5m37.80s
0.40 5 5 3 -//- -//- -//-
0.45 5 5 1 -811.87641766 2.16283570615 3m 1.78s
0.50 3 3 1 -811.87806416 2.23657436717 1m34.13s
0.55 3 3 1 -//- -//- -//-
0.60 3 3 1 -//- -//- -//-
0.65 3 3 1 -//- -//- -//-
0.70 3 3 1 -//- -//- -//-
0.75 3 3 1 -//- -//- -//-
0.80 3 3 1 -//- -//- -//-

Table 2.11: The δk, the corresponding grid, the calculated energy and bandgap, as well as, the time of
each calculation for degauss = 0.01 Ry, pwctf = 50.0 Ry, ecutrho = 4×pwctf, smearing = mp and PBE

exchange-correlation functional, for TiO2.
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δk Grid Calculated En. (Ry) Bangap (eV) Time
0.25 9 9 5 -1006.38963552 0.69751172754 3m26.66s
0.30 7 7 5 -1006.38955320 0.7141918136 2m15.04s
0.35 7 7 3 -1006.38954296 0.71481109126 1m32.65s
0.40 5 5 3 -1006.38915040 0.80946804155 46.68s
0.45 5 5 3 -//- -//- -//-
0.50 5 5 3 -//- -//- -//-
0.55 5 5 3 -//- -//- -//-
0.60 3 3 3 - - -
0.65 3 3 3 - - -
0.70 3 3 3 - - -
0.75 3 3 3 - - -
0.80 3 3 3 - - -

Table 2.12: The δk, the corresponding grid, the calculated energy and bandgap, as well as, the time of
each calculation for degauss = 0.01 Ry, pwctf = 50.0 Ry, ecutrho = 4×pwctf, smearing = mp and PBE

exchange-correlation functional, for ZnO.

2.3.3 Calculations for the degauss parameter

For the next step, the variable was the degauss parameter. Here, three approximations
were employed. Our initial one (the MP, Table 2.13), Mazzari-Vanderbild (MV, Table 2.14),
as well as, the Fermi-Dirac (FD, Table 2.15). The optimal approximation seems to be the
MV one, with the degauss parameter being equal to 0.0025 Ry for our further calculations.
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MP Approximation
TiO2

Degauss Calculated En. (Ry) Bandgap (eV) Time
0.00005 -811.87639707 2.17215072773 7m31.10s
0.0001 -811.87639707 2.17215072772 7m40.17s
0.0005 -811.87639706 2.17241896023 8m57.04s
0.0015 -811.87639696 2.17299174575 11m33.62s
0.0025 -811.87639697 2.17296802392 9m55.20s
0.0050 -811.87639678 2.17343041397 12m 2.40s
0.0075 -811.87639685 2.17331990304 11m14.01s
0.01 -811.87639680 2.17344647311 11m33.84s

ZnO
0.00005 -1006.38954691 0.71481090109 1m34.99s
0.0001 -1006.38954691 0.71481090109 1m46.07s
0.0005 -1006.38954691 0.71481090109 1m48.45s
0.0015 -1006.38954691 0.7148109011 2m55.12s
0.0025 -1006.38954691 0.7148110134 3m12.06s
0.0050 -1006.38954691 0.71481070627 3m 2.94s
0.0075 -1006.38954395 0.71481185639 2m43.64s
0.01 -1006.38954296 0.71481109126 2m49.24s

Table 2.13: Degauss, the calculated energy and bandgap, as well as, the time of each calculation,
employing the MP approximation and keeping constant δk=0.35, pwctf = 50.0 Ry, ecutrho = 4×pwctf and

employiong the PBE exchange-correlation functional, for both oxides.

MV Approximation
TiO2

Degauss Calculated En (Ry) Bandgap (eV) Time
0.0005 -811.87639705 2.17255761219 7m37.18s
0.0015 -811.87639692 2.17308666918 7m40.60s
0.0025 -811.87639688 2.17320970156 7m24.55s
0.0050 -811.87639689 2.17330051081 8m34.16s
0.0075 -811.87639682 2.17342802916 8m32.76s
0.01 -811.87639734 2.17267154609 7m57.94s

ZnO
0.0005 -1006.38954691 0.71481090109 1m38.75s
0.0015 -1006.38954691 0.71481090109 1m28.92s
0.0025 -1006.38954691 0.7148109489 1m44.98s
0.0050 -1006.38954691 0.71481049168 1m41.11s
0.0075 -1006.38943425 0.71415497317 1m43.59s
0.01 -1006.38931542 0.71354063663 1m42.51s

Table 2.14: Degauss, the calculated energy and bandgap, as well as, the time of each calculation,
employing the MV approximation and keeping constant δk=0.35, pwctf = 50.0 Ry, ecutrho = 4×pwctf and

employing the PBE exchange-correlation functional, for both oxides.
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FD Approximation
TiO2

Degauss Calculated En (Ry) Bandgap (eV) Time
0.0005 -811.87639696 2.17296465074 9m42.07s
0.0015 -811.87639703 2.17272285443 9m 6.78s
0.0025 -811.87639696 2.17298737285 9m 7.25s
0.0050 -811.87639737 2.17252287412 10m14.30s
0.0075 -811.87639680 2.17355384103 9m31.48s
0.01 -811.87639863 2.1734084424 9m33.51s

ZnO
0.0005 -1006.38954691 0.71481087707 1m54.92s
0.0015 -1006.38954691 0.71480881591 2m47.62s
0.0025 -1006.38954691 0.71480501588 1m54.37s
0.0050 -1006.38954913 0.71486730663 2m 0.75s
0.0075 -1006.38957095 0.71528899993 1m52.95s
0.01 -1006.38963613 0.71608575517 2m27.87s

Table 2.15: Degauss, the calculated energy and bandgap, as well as, the time of each calculation,
employing the FD approximation and keeping constant δk=0.35, pwctf = 50.0 Ry, ecutrho = 4×pwctf and

employing the PBE exchange-correlation functional, for both oxides.

2.3.4 The ecutrho parameter

Next, our variable was the ecutrho parameter, which QE sets it equal to 4×pwctf. The
assigned values to ecutrho are seen in the two tables below (Table 2.16 for TiO2 and 2.17
for ZnO).

ecutrho (Ry) Calculated En. (Ry) Bandgap (eV) Time
70 -812.06789173 2.08589655225 5m12.12s
100 -812.01225767 2.13649277946 6m 1.09s
110 -811.96355850 2.14020022614 4m31.68s
125 -811.91355024 2.16182831488 5m25.80s
130 -811.90099594 2.16317974876 5m44.58s
150 -811.87809637 2.17011904064 6m59.97s
200 -811.87639688 2.17320970156 6m54.29s
250 -811.87530757 2.17255816186 6m46.28s

Table 2.16: The ecutrho, resulted energy and the bandgap, for degauss = 0.0025 Ry, δk = 0.35, pwctf =
50.0 Ry, smearing = mv and PBE exchange-correlation functional, for TiO2.
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ecutrho (Ry) Calculated En. (Ry) Bandgap (eV) Time
70 -1006.47545575 0.67780777137 59.16s
100 -1006.40139254 0.73649943728 57.86s
110 -1006.39763793 0.73617078701 45.23s
125 -1006.39269003 0.7255583674 43.71s
130 -1006.39162901 0.72180514292 44.26s
150 -1006.38951080 0.71456238669 48.97s
200 -1006.38954691 0.7148109489 1m39.20s
250 -1006.38938157 0.7141103875 1m30.86s

Table 2.17: The ecutrho, resulted energy and the bandgap, for degauss = 0.0025 Ry, δk = 0.35, pwctf =
50.0 Ry, smearing = mv and PBE exchange-correlation functional, for ZnO.

2.3.5 The lattice constants calculations

Proceeding in the calculations for defining the values of the lattice constants of the
crystals, the following parameters were used as input:

• degauss = 0.0025 Ry

• δ k = 0.35

• pwctf = 50.0 Ry

• ecutrho = 125.0 Ry

• smearing = mv

and the pseudopotential is still PBE. The
The results can be seen in Table 2.18, below. Regarding the notation used here, with

Wyckoff are meant the experimental input data and with vc-relax the outcome of our cal-
culations.

TiO2

Calculated En. (Ry) Bandgap (eV) Time lattice constant a lattice constant c
Wyckoff -811.91355024 2.16182831488 5m25.80s 3.785 9.514
vc-relax -811.91133562 2.05953357857 3m52.83s 3.80 9.96

ZnO
Wyckoff -1006.39269003 0.7255583674 43.71s 3.24950 5.2069
vc-relax -1006.39194542 0.68601428634 41.08s 3.13 5.34

Table 2.18: The latteral parameters of TiO2 and ZnO, with degauss=0.0025 Ry, δ k=0.35, pwctf=50.0
Ry, ecutrho=125.0 Ry and smearing=mv.
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Chapter 3

Wurtzite Zinc Oxide

3.1 Defining the Structural Parameters of the Wurtzite

Zinc Oxide

In this section, we present studies of ZnO in the wurtzite structure (from now on, wz-
ZnO). The structure was constructed using the provided tools from the Atomistic Simulation
Environment (ASE) package.

For this calculation we use parameters obtained in the previous section, with the only
difference being that in the pwctf (plane wave cutoff) was assigned the value of 25 Ry, the
ecutrho had its default value and our k-point grid was 5×5×3 (δk = 0.4). The input lattice
constants are those of Ref. [18]. The outcome of the structural optimization is:

• a = 2.95 Å

• c = 4.71 Å

• ρ = 7.61 gr/cc

The next parameter that we altered was only the pressure convergence threshold. From
the default value 0.5 Kbar we set it ten times higher. The lattice parameters remained the
same up to the second decimal.

Next, we change the density cutoff to ecutrho = 200.0 Ry, with the pressure convergence
threshold set at the default value. We observe a marginal change in lattice parameters:

• a = 2.95 Å

• c = 4.70 Å

Next, we alter the k-point grid with pwctf = 25.0 Ry and ecutrho equal to the default
value. The results can be seen in Table 3.1.
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k-points a (Å) c (Å) ρ (gr/cc)
4× 4× 2 2.95 4.71 7.60
6× 6× 4 2.95 4.72 7.59
7× 7× 5 2.95 4.72 7.60
8× 8× 6 2.95 4.72 7.60
9× 9× 7 2.95 4.72 7.60

10× 10× 6 2.95 4.72 7.60
experiment 3.2501 [18] 5.2071 [18] 5.6 [19]

Table 3.1: The a and c lattice constants and mass density of ZnO as a function of k-point
grid for pwctf =25 Ry.

Next, we kept the k-point grid equal to 5×5×3 and started to change the plane wave
cutoff. In this case the results were much better and we altered the k-points grid for two
cases, in order to examine if the 5×5×3 was not so efficient. The results are shown in Table
3.2.

pwctf (Ry) k-points a (Å) c (Å) u ρ (gr/cc)
25 5×5×3 2.95 4.71 0.382 7.61
30 5×5×3 3.10 4.97 0.382 6.52
35 5×5×3 3.21 5.16 0.381 5.88
50 5×5×3 3.28 5.25 0.382 5.54
50 4×4×2 3.28 5.28 0.381 5.48
50 6×6×4 3.28 5.29 0.380 5.49
65 5×5×3 3.28 5.29 0.380 5.48
experiment 3.2501 [18] 5.2071 [18] 0.3817 5.6 [19]

Table 3.2: Lattice constants and density of ZnO as a function of pwctf and kpoints.

Also, at 50.0 Ry we performed a calculation with the pressure threshold equal to 5.0
Kbar and no difference was observed. In Table 3.2, we report the values not only of the a,c
and mass density but also the internal parameter u, as well [10], [19].

Finally, we performed two sets of vc-relax calculations where we used as input the lattice
parameters of Table 3.2 . In the first one we kept the 5×5×3 k-point grid, ecutrho was set
to the default value, as well as, the pressure threshold and let the cutoff to take values from
30.0 up to 70.0 Ry. In the second set of calculations was altered the k-point grid again.
Now the cutoff is set to 50.0 Ry, with the ecutrho and pressure threshold to be again of the
default value. The results are summarised in Tables 3.3 and 3.4 .
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pwctf (Ry) k-points a (Å) c (Å) u ρ (gr/cc)
30 5×5×3 3.11 5.00 0.381 6.43
35 5×5×3 3.22 5.17 0.381 5.82
45 5×5×3 3.28 5.28 0.380 5.50
50 5×5×3 3.28 5.29 0.381 5.49
55 5×5×3 3.28 5.29 0.381 5.47
60 5×5×3 3.28 5.29 0.380 5.48
65 5×5×3 3.28 5.29 0.381 5.48
70 5×5×3 3.28 5.29 0.381 5.48
experiment 3.2501 [18] 5.2071 [18] 0.3817 5.6 [19]

Table 3.3: Lattice constants and density of ZnO as a function of pwctf.

k-points a (Å) c (Å) u ρ (gr/cc)
1×1×1 3.28 5.25 0.382 5.53
3×3×1 3.43 4.42 0.441 5.98
4×4×2 3.28 5.28 0.381 5.48
5×5×3 3.28 5.29 0.381 5.49
6×6×4 3.28 5.29 0.381 5.48
7×7×5 3.28 5.29 0.381 5.49
8×8×6 3.28 5.29 0.380 5.48
9×9×7 3.28 5.29 0.380 5.48

10×10×6 3.28 5.29 0.380 5.48
experiment 3.2501 [18] 5.2071 [18] 0.3817 5.6 [19]

Table 3.4: Lattice constants and density of ZnO as a function of the k-points.

After the evaluation of our results we keep the 5×5×3 k-point grid, the plane wave
cutoff = 50.0 Ry, ecutrho and pressure threshold have their default values. The final lattice
parameters are:

• a = 3.28

• c = 5.29

• u = 0.381

The final structure, after all convergence calculations and relaxations is shown in Fig.
3.1.
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Figure 3.1: Relaxed structure of wz-ZnO from two different perspectives. Zn atoms are
shown in brown, O in red colour.

3.2 Studying Surface Properties of wz-ZnO

Having our input parameters defined, we are capable of studying the surface properties
of wz-ZnO. We constructed a supercell that is repeated along the z-axis and added vacuum
regions to create a slab model. The structure is repeated periodically along x and y. Our
structures consist of periodically repeated cells separated by a vacuum layer of 10 Å. The
repeating times that our cell “gets taller” is from two to five, in other words, N=2-5. Our
structures are depicted in Fig. 3.2. Note that the unit cell is 10 Å far from the top and of
the bottom of the structure.
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(a) ZnO(0001): N=2 (b) ZnO(0001): N=3

(c) ZnO(0001): N=4 (d) ZnO(0001): N=5

Figure 3.2: The supercells for the γ calculation, with the vacuum of 10 Å on each side of
the structure.
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A measure of surface stability is given by the surface energy, γ, which is defined as the
energy needed in order for a surface to be formed:

γ =
(E −NEbulk)

2A
. (3.1)

In (3.1), E is the energy of the slab, N is the number of the repetition times, Ebulk is the
energy of bulk and A is the area of the surface.

The surface energy can be calculated by two diferent ways. The first one is to plot total
energy as a function of N and estimate γ from the intercept of the line created by the least
squares method, passing through the points of our diagramm: in x axis is the repetitions
times, that is N and in the y axis is the energy resulted from our calculation. The second
method that we employed is the direct calculaton of the surface energy, by applying (3.1);
in this case, a separate calculation of Ebulk is needed.

Figure 3.3: The calculated energy of for each supercell structure, when N=2-5

In Fig. 3.3, we observe that energy drops with increasing N, as expected. We fit this data
to a straight line using least-square method with the following results:

• slope of the least squares line = -2.19327550229e-15 J

• surface energy, γ= 1.74697930851 J/m2

The energies calculated by the second method are presented in Table 3.5, along with the
slab thickness.
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N(z) thickness (Å) A (Å2) γ (J/m2)
2 8.559653 9.3113674434 1.75971191596
3 13.846653 9.31136744345 1.78395075084
4 19.133653 9.31136744345 1.78875347074
5 24.420653 9.31136744345 1.7901766072

Table 3.5: Number of layers, N, thickness of slab, surface area, A, and surface energy, γ of
ZnO slabs.

We observe that the slope of our curve is in agreement with the value of the energy
calculated by QE for our simple 1 × 1 wz-ZnO structure:-2.19327729374e-15 J. Also, the
value of our γ estrimation is in fairly good agreement with both the theoretical [20] (3.4
J/m2), [21](2.49 J/m2, 1.35 J/m2 ), [4](2.0 J/m2) and experimental [4] (2.55-6.85 J/m2,
depending on the structure of nanopartcles) values of literature. Discrepancies between
different values of γ are due to different surface orientation or terminations in different
theoretical or experimental works. We will discuss in detail the effect of different surface
termination in the next chapter.

Our next step was to define the most appropriate value of the vacuum thickness, sepa-
rating the slabs. For this set of calculations we employed the N=3 slab. Calculations with
several values of vacuum, shown in Table 3.6, lead us to set the vacuum distance equal to
12 Å.

vacuum(Å) γ = (E−N ·Ebulk)
2·A (J/m2)

08 1.77617504119
10 1.78395075084
12 1.78814913794
15 1.79267841627
18 1.79543447803

Table 3.6: Vacuum separation values, surface energy, γ, for ZnO slab with 3 bilayers.
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Chapter 4

The Work Function of wz-ZnO

The workfunction is a good descriptor of the photocatalytic properties of a semiconductor.
In order to calculate the workfunction of ZnO, we used a cell that is repeated twice along
a1 and a2 axis and three times along the z axis with 12 Å vacuum separating the slabs (see
Fig. 4.1).

Figure 4.1: Atomic structure of ZnO(0001) and the supercell used in the simulation. Left:
Side view. Right: Top view.

As seen in these figures, the top and bottom side are not of the same termination, so the
potetial energy calculation would give an “assymetric” result, since it not the same potential
seen beyond our slab surface. Two different approximations were aplied in this case. The
first one was to apply a dipole correction and the second one was to manipulate the surfaces
in a way such that both edges to be the same. The second method gave better results
(without some artifacts [22]), so this was the one that we choose to proceed with.
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The workfunction, φ, is defined as

φ = Evacuum − EF (4.1)

where Evacuum is the average value of the potential energy of the electrons, V(r) of (1.33)
far from the atoms inside the vacuum region and EF is the Fermi energy. In the following,
we will see how φ is affected by doping by Mn of the surface layer and discuss the general
trends. We start by studying clean Zn-terminated and O-terminated surfaces.

To calculate the workfunction, φ, we consider the total potential energy of the electrons,
V(x,y,z) (see (1.33)). We define Evacuum in (4.1) as the average value of V in the vacuum
region of the simulated cell, i.e. Evacuum = < V (x, y, z) > z∈ vacuum. The Fermi Energy,
EF in (4.1) is calculated directly within DFT and we retrieve its value from the log file of the
simulation. The value of φ has weak dependence on (x,y). For each surface, we choose two
values of (x,y) and take the average φ. Therefore, the calculation is equivalent to calculating
V(z) along a line which is parallel to z axis and starts at origin (x,y,0).

4.1 Zn- Terminated Surfaces

In this section, we investigate how the workfunction is affected by the existense of Mn
atoms on the modified Zn- terminated surfaces of our slab below.

The atomic structure of the model we use for Zn-terminated surfaces is shown in Fig.
4.2. This is created from the unit cell of Fig. 4.1 by removing the O atoms at the top. The
two sides of the slab are not equivalent, as Zn in bonded by three bonds of O on one side
and by one on the other side (see Fig. 3.1). This gives rise to very different workfunctions
for the two sides of the slab. The side with one Zn-O bond has much higher workfunction
in all cases as will be shown below.

Figure 4.2: The Zn- terminated 2×2×3 slab.
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4.1.1 Ideal Zn- terminated surface

As was mentioned before, the workfunction, φ was calculated by taking into cosideration
potential along a line parallel to z axis, originating from different points, all of them having
the z coordinate equal to 0.0. This line is indicated by a green line in figures below the plot
of V(z) (see for example Fig. 4.3), along which the potential is ploted. Here we took into
consideration the origins seen below (in units of lattice constant):

• ~O1 = (0.0, 0.29, 0.0) (Fig. 4.3)

• ~O2 = (0.0, 0.0, 0.0) (Fig. 4.4)

The plot V(x,y,z) and the model of the slab are shown in Fig. 4.3.
In Fig. 4.3 we note that the minima of V(z) correspond to the positions of atoms. As

this plot shows total potential energy, the deep minima correspond to Zn cores which will
have lower energy than O cores due to the much higher charge - in our simulation Zn has 20
valence electrons while O has only 6. The values of φ for the two origins, can be seen in Table
4.1 below. The average workfunction of the two origins is φ0%−Mn−on−Zn = 2.943± 0.01eV .

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.29, 0.0) 2.52010578892 3.34601231433 2.93305905162
(0.0, 0.0, 0.0) 2.52377249245 3.38179904447 2.95278576846

Table 4.1: The workfunction of Zn-terminated ZnO(0001), for different origins and
different sides of the slab.

Figure 4.3: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 0.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

41



Figure 4.4: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 0.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

4.1.2 Zn- terminated surface with 25.0% Mn on the surface layer

For the 25.0% doping of the Zn- surface, we employed the origins seen below (in units of
the lattice constant):

• ~O1 = ~a1/2.0 = (0.5, 0.0, 0.0) (Fig. 4.5 )

• ~O2 = ~a2/2.0 = (-0.25, 0.4330127, 0.0) (Fig. 4.6 )

Again, the deep minima of the potential energy in Figs. 4.5 and 4.6 correspond to the position
of atoms. In Table 4.2, we present the workfunction values for the above set of origins.
Taking the average of the two ~O1 and ~O2, we have that the workfunction is φ25%−Mn−on−Zn =
2.971± 0.026 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.5, 0.0, 0.0) 2.72775429129 3.16182662147 2.94479045638

(-0.25, 0.4330127, 0.0) 2.7009624843 3.29324137471 2.9971019295

Table 4.2: The workfunction of Mn-doped Zn-terminated ZnO(0001) with 25.0% Mn on
the surface Zn layer, for different origins and different sides of the slab.
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Figure 4.5: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 25.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

Figure 4.6: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 25.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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4.1.3 Zn- terminated surface with 50.0% Mn on the surface layer

In this case, one half of the Zn- terminated surfaces has been covered with Mn. For our
calculation we took into consideration the origins (in units of the lattice constant):

• ~O1 = (0.0, 0.0, 0.0) (Fig. 4.7)

• ~O2 = ~a1/2.0 = (0.5, 0.0, 0.0) (Fig. 4.8)

In Table 4.3, we present the workfunction values for the above set of origins. Taking the
average of the two ~O1 and ~O2, we have that the workfunction is φ50%−Mn−on−Zn = 3.0±0.012
eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.0, 0.0) 2.95568732688 3.06676806662 3.01122769675
(0.5, 0.0, 0.0) 2.93802703135 3.03826458283 2.98814580709

Table 4.3: The workfunction of Mn-doped Zn-terminated ZnO(0001) with 50.0% Mn on
the surface Zn layer, for different origins and different sides of the slab.

Figure 4.7: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 50.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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Figure 4.8: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 50.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel

4.1.4 Zn- terminated surface with 75% Mn on the surface layer

In this, second-to-last step in the examination of the Zn surfaces, the surface has been
covered with Mn at the 3/4. For these calculations, the electronic potential was calculated
along the origins (in units of lattice constant):

• ~O1 = (0.0, 0.0, 0.0) (Fig. 4.9)

• ~O2 = (~a1 + ~a2)/2.0 = (0.25, 0.4330127, 0.0) (Fig. 4.10)

In Table 4.4 we present the workfunction values for the above set of origins. Taking the
average of the two origins ~O1, ~O2, we have that the workfunction is, φ75%−Mn−on−Zn =
3.127± 0.003 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.0, 0.0) 3.17077636582 3.07675597754 3.12376617168

(0.25, 0.4330127, 0.0) 3.16144045474 3.0993835297 3.13041199222

Table 4.4: The workfunction of Mn-doped Zn-terminated ZnO(0001) with 75.0% Mn on
the surface Zn layer, for different origins and different sides of the slab.
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Figure 4.9: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 75.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

Figure 4.10: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 75.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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4.1.5 Mn- terminated ZnO surfaces

Our final step for these surfaces is a slab where surfaces are totally covered by Mn. Our
origins are:

• ~O1 = (0.0, 0.0, 0.0) (Fig. 4.11)

• ~O2 = (0, 0.29, 0) (Fig. 4.12)

In Table 4.5 we present the workfunction values for the above set of origins. Taking the
average of the two origins ~O1, ~O2, we have that the workfunction is, φ100%−Mn−on−Zn =
3.236± 0.026 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.0, 0.0) 3.39554108224 3.12851748931 3.26202928577
(0, 0.29, 0) 3.2943759366 3.12698766411 3.21068180036

Table 4.5: The workfunction of Mn-doped Zn-terminated ZnO(0001) with 100.0% Mn on
the surface Zn layer, for different origins and different sides of the slab.

Figure 4.11: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 100.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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Figure 4.12: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped Zn-terminated ZnO(0001) with 100.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

4.2 O- Terminated Surfaces

In this section we investigate how the workfunction is affected by the existense of Mn
atoms on the modified O- terminated surfaces of our slab..

We expect the workfunction to be much higher that that of the Zn-terminated surfaces,
since, by cleaving the surface in a way such that is O-terminated, the outermost electrons
belong to O atoms that have much higher electronegativity than metal atoms and thus they
bind electrons more strongly than Zn or Mn atoms. Therefore, more energy is needed to
remove these electrons from the system, resulting in higher values of φ.
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Figure 4.13: The O- terminated 2×2×3 slab.

As we have done in the previous section, we will examine Mn-doping on the surface layer,
with Mn concentration of 0%, 25%, 50%, 75% and 100%.

4.2.1 Ideal O- terminated surface

For this case, we employed the following origins (in units of lattice constant):

• ~O1 = ~a1/5.0 = (0.2, 0.0, 0.0) (Fig. 4.14)

• ~O2 = ~a2/4.0 = (−0.125, 0.21650635, 0.0) (Fig. 4.15)

The results of φ of each origin, on each side of the slab, can be seen in Table 4.6. The average
of the averaged φs equals, φ0%−Mn−on−O = 7.915± 0.011 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.2, 0.0, 0.0) 8.34448481975 7.5089686435 7.92672673163

(-0.125, 0.21650635, 0.0) 8.20912969282 7.5984470161 7.90378835446

Table 4.6: The workfunction of Mn-doped O-terminated ZnO(0001) with 0.0% Mn on the
surface Zn layer, for different origins and different sides of the slab.
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Figure 4.14: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 0.0% Mn on the surface Zn layer. Electrostatic

potential is calculated along the line shown in the lower panel.

Figure 4.15: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 0.0% Mn on the surface Zn layer. Electrostatic

potential is calculated along the line shown in the lower panel.
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4.2.2 O- terminated surface with 25% Mn on the outmost surface
layer

In this section, our O- terminated surface has been covered at 1/4 of it with Mn. For the

calculation of the workfunction the considered origins ~O1 and ~O2 are the following (units of
the lattice constants):

• ~O1 = ~a1/2.0 = (0.5, 0.0, 0.0) (Fig. 4.16)

• ~O2 = ~a2/4.0 = (-0.125, 0.21650635, 0.0) Fig. 4.17)

The plot of the potential for ~O1 origin and the structure indicating the path of ~O1 are shown
in Fig. 4.16. In both plots of the potential, the deeps indicate O atoms. For the second
origin ~O2, we have the potential depicted in Fig. 4.17, along with the structure.

Our results of φ for both origins are presented below, in Table 4.7. Taking the average
of the averages ( ~O1, ~O2), we have that the workfunction when our O-terminated surface is
covered by 1/4 with Mn, is equal to, φ25%−Mn−on−O = 6.95± 0.013 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.5, 0.0, 0.0) 7.47546667021 6.39968256531 6.93757461776

(-0.125, 0.21650635, 0.0) 7.44752819129 6.47789431197 6.96271125163

Table 4.7: The workfunction of Mn-doped -terminated ZnO(0001) with 25.0% Mn on the
surface Zn layer, for different origins and different sides of the slab.

Figure 4.16: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 25.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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Figure 4.17: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 25.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

4.2.3 O- terminated surface with 50% Mn on the outmost metal
layer

For the case in which the half of the surface has Mn atoms ontop, the origins along which
we calculated the electronic potential, are (in units of lattice constant):

• ~O1 = (0.0, 0.29, 0.0) (Fig. 4.18)

• ~O2 = ~a1/2.0 = (0.5, 0.0, 0.0) (Fig. 4.19)

The potential energy and atomic structure are shown in Figs. 4.18 and 4.19. Our φ calcu-
lations are summarized in Table 4.8. Taking the average φ for origins ~O1 and ~O2 we have
that φ50%−Mn−on−O = 6.175± 0.024 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.29, 0.0) 6.8702503861 5.43051348412 6.15038193511
(0.5, 0.0, 0.0) 6.82467116035 5.57331728417 6.19899422226

Table 4.8: The workfunction of Mn-doped -terminated ZnO(0001) with 50.0% Mn on the
surface Zn layer, for different origins and different sides of the slab.
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Figure 4.18: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 50.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

Figure 4.19: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 50.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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4.2.4 O- terminated surface with 75% Mn on the outmost surface
layer

Now, 3/4 of the surface metal layer is covered by Mn atoms. Our origins for the φ
calculations are (in units of lattice constant):

• ~O1 = (0.0, 0.0, 0.0) (Fig. 4.20)

• ~O2 = ~a2/2.0 = (-0.25, 0.4330127, 0.0) (Fig. 4.21)

The workfunction calculation results, are shown in Table 4.9. Taking the average of the
averaged φ of origins ~O1 and ~O2 we have that, φ75%−Mn−on−O = 5.813± 0.006 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.0, 0.0, 0.0) 6.45261219277 5.16224556586 5.80742887932

(-0.25, 0.4330127, 0.0) 6.47913136566 5.15789971582 5.81851554074

Table 4.9: The workfunction of Mn-doped -terminated ZnO(0001) with 75.0% Mn on the
surface Zn layer, for different origins and different sides of the slab.

Figure 4.20: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 75.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

54



Figure 4.21: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 75.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

4.2.5 O- terminated surface with 100% Mn on the outmost metal
layer

In this case, the outmost metal layer contains only Mn atoms. The origins that we
considered are (in units of lattice constant):

• ~O1 = ~a1/4.0 = (0.25, 0.0 0.0) (Fig. 4.22)

• ~O2 = ~a2/2.0 = (-0.25, 0.4330127, 0.0) (Fig. 4.23)

The φ results, are presented in Table 4.10. Taking the average of the averages of the
two origins, we have that the workfunction for the case of a 100% covered surface equals
φ100%−Mn−on−O = 5.461± 0.017 eV.

Origin Left φ (eV) Right φ (eV) Average φ (eV)
(0.25, 0.0 0.0) 6.14459158629 4.7435139643 5.4440527753

(-0.25, 0.4330127, 0.0) 6.08861544682 4.86647679707 5.47754612195

Table 4.10: The workfunction of Mn-doped -terminated ZnO(0001) with 100.0% Mn on the
surface Zn layer, for different origins and different sides of the slab.
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Figure 4.22: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 100.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.

Figure 4.23: Total electrostatic potential (upper panel) and atomic structure (lower panel)
of Mn-doped O-terminated ZnO(0001) with 100.0% Mn on the surface Zn layer.

Electrostatic potential is calculated along the line shown in the lower panel.
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4.2.6 Discussion

The final results for workfunction of Mn-doped ZnO(0001) surfaces are summarized in
Table 4.11, and Fig.4.24. We observed two different trends: The workfunction, φ of O-
terminated surfaces drops with increased Mn doping of the surface layer. On the other hand,
the workfunction, φ, of metal-terminated surfaces increases with increased Mn doping.

% Mn
φ (eV)

Zn-terminated O-terminated
0.0 2.943 ±0.01 7.915 ± 0.011
25.0 2.971 ±0.026 6.950 ± 0.013
50.0 3.000 ±0.012 6.175 ± 0.024
75.0 3.127 ±0.003 5.813 ± 0.006
100.0 3.236 ±0.026 5.461 ± 0.017

Table 4.11: Workfunction of Mn-doped ZnO(0001) as a function of Mn concentration of
the surface Zn layer.

Figure 4.24: Workfunction, φ, of Mn-doped ZnO(0001), as a function of Mn concentration
of the surface layer.

This trend can be understood by considering the electronegativity difference between Zn,
O and Mn. In Pauling units, electronegativities of these elements are [23] 3.44 for O, 1.65
for Zn and 1.55 for Mn. Inclusion of Mn on O-terminated surfaces results in increase of
electrons at the surface layer as O-Mn bond is more polar than O-Zn bond. On the contrary,
inclusion of Mn on Zn-terminated surfaces results in decrease of electron density as Mn has
lower electronegativity than Zn.

Due to electron-electron interaction, increasing electron density on the surface decreases
the workfunction, while decreasing electron density increases the workfunction. This explains
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the different trends shown in Fig.4.24. This argument accounts for the experimental observed
higher workfunction of Mn compared to Zn [24].

To test the thermodynamic stability of the various surfaces, we calculate the surface
energy, defined as:

γ =
Eslab − (NZn · EZn−O + (NO −NZn) · EO +NMn · EMn)

2 · A
, (4.2)

where Eslab, EZn−O, EO and EMn, denote the total energy of the slab, the energy of the Zn-O
pair in bulk ZnO, the energy of an O atom in O2 molecule and the energy of a Mn atom
in bulk Mn (we use the fcc structure of Mn with lattice constant a=3.504 Å respectivelly.
NZn, NO and NMn denote the number of zinc, oxygen and manganese atoms in the slab. A
is the area of the surface which is perpendicular to z axis. Our results can be seen in Table
4.12 and are plotted in Fig.4.25.

% Mn
Surface Energy (J/m2)

Zn-terminated O-terminated
0.0 3.86207751472 3.25403649577
25.0 4.01490517636 1.81893018248
50.0 4.0234546426 0.86521399226
75.0 3.82975700111 -0.041519418207
100.0 3.60366981286 -1.01061081762

Table 4.12: Surface energy for Mn-doped ZnO(0001) slabs, as a function of Mn
concentration of the surface Zn layer.

For 25.0% and 50.0% coverage of the Zn-terminated surfaces, the surface energy is larger
compared to the values of the other ones. Also, when the same surface is not covered by
Mn at all and when is covered in 3/4, the values of γ are very close. Finally, when is totally
covered, the surface energy has its smallest value. Concerning the O-terminated surfaces, we
see that as the Mn-doping is increased, the surface energy is decreased, reaching eventually
negative values, for the 75.0% and 100.0%, doping of the surface Zn layer, which means that
for these doping values the surface is not stable any more. Comparing the results of Table
4.12, we see that are different to those of Table 3.6. This discrepancy stems from the fact
that the surfaces of the specially terminated slabs (Zn- and O- terminated surfaces) consist
of atoms which are in not the optimum positions. As a result these atoms have higher energy,
which affects the surface energy.
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Figure 4.25: Graphical representation of the data seen on Table 4.12.

Clearly, the O-terminated surfaces are much more stable and they become even more
stable with Mn doping. This is also abserved in experiments where oxide surfaces are always
O-terminated [25]. It is for this reason that all experiments on doped ZnO, report lowering
of the workfunction [25], in agreement to our calculation for O-terminated surfaces.

Also, looking at both the workfunction and surface energy results presented in this thesis
for the specially terminated surfaces, we are lead to the conclusion that our results are in
good agreement with the experimental values of φ (3.74 - 4.71 eV) [26], [27] and γ (2.55 -
6.85 J/m2) [4].
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Chapter 5

Conclusions

Using quantum-mechanical calculations, we calculated the workfunction, φ and the sur-
face energy, γ of metal-terminated and O-terminated ZnO(0001). We find that O-terminated
surfaces are much more stable than metal-terminated ones, and this higher stability is also
reflectable in higher values of the workfunction. The workfunction, φ, is used as a descriptor
of the photocatalytic activity. Materials with low φ tend to loose electrons and have posi-
tively charged surface, while those with large φ tend to trap electrons and have negatively
charged surface. Ideal photocatalysts should have intermediate values of φ. The exact value
of φ for best performance depends on reaction conditions.

In this Thesis, we have shown that the workfunction of ZnO can be tuned to values
between 3.0 and 8.0 eV by tuning the amount of Mn doping of the surface Zn layer. We find
that O-terminated surfaces have high φ which decrease with Mn doping, while Zn-temrinated
surfaces have low values of φ which increase with Mn doping.

Mn doping increases the stability of these surfaces, as it lowers γ, while at the same time,
lowers also the workfunction. This explains why Mn-doped ZnO is an ideal material for
photochemical applications. The photochemical properties can be fine-tuned by adjusting
the amount of Mn. The calculated surface energy and the workfunction, are in accordance
with the ones in literature.

Another interesting aspect of these materials, could, for example, be the modification
of φ by strained interface between similar semiconductors, or the co-doping of surfaces by
different elements. Such study would reveal the optimal material for each reaction.
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