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Abstract

Doped ZnO nanoparticles were synthesized by three different methods – electrochemical deposition under
oxidizing conditions (EDOC) , combustion method and wet chemical synthesis – for investigating the
oxygen gas sensing response. Ga-doped ZnO was mostly synthesized but also In-doped ZnO was made.
The samples were analyzed by XRD, SEM, EDX and TEM. Gas response curves are given alongside with
Langmuir fitted curves and data for pure ZnO and Ga-doped ZnO.
DFT quantum chemical investigation of cluster models ZnO nanoparticles were performed to evaluate
defect effects and oxygen and nitrogen dioxide reactions with the ZnO surface. Defects were investigated
by DOS and HOMO-LUMO plots , and are oxygen vacancy, zinc vacancy, zinc interstitial and gallium
doping by replacing zinc with gallium. Oxygen and nitrogen dioxide reactions were investigated by
computing Mulliken charges, bond lengths, DOS spectra and HOMO-LUMO plots.
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Abstract
ZnO nanoparticles were studied both with experiments and theoretically with quantum chemical
calculations. The experiment studies were done using three different synthesis methods; electrochemical
deposition under oxidizing conditions (EDOC), a combustion method and a wet chemical synthesis with
sodium hydroxide. Pure zinc oxide and doped zinc oxide with mostly gallium but also indium were made
and characterized by XRD, SEM, EDX and TEM. Made pure and gallium doped particles were tested for
oxygen gas sensing at 300, 350, 390 and 500 °C. Unfortunately all materials could not be tested at the
desired temperatures at 500 °C due to equipment limitations that happened along the way of the thesis. For
the gas sensing response curves the Langmuir’s law of dissociation is applied and used for evaluation.
Quantum chemical DFT studies of cluster models of ZnO nanoparticles and thier reaction with O 2 and
NO 2 were performed with the Gaussian 03 program and the B3LYP functional. Pathways and energies of the
transition state concerning oxygen’s reaction with an oxygen vacancy and the possibility of oxygen molecule
dissociation were also investigated. Intrinsic defect studies of the ZnO cluster were done with oxygen
vacancy (V O ), zinc interstitial (Zn i ) and zinc vacancy (V Zn ). Ga-doping was studied by replacing zinc with
gallium (Ga Zn ). For the non-defect clusters and defect clusters the structures of the clusters, DOS-plots along
band gap energies and figures of HOMO and LUMO are presented. For the oxygen and nitrogen dioxide
reactions the structures, DOS spectra and HOMO-LUMO figures and the gas molecules Mulliken charges
and bond lengths are discussed.
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1. Introduction
Zinc oxide has been studied for many years and for many different applications. Its piezoelectric and
semiconducting properties make it an interesting material. Nanoparticles of ZnO are for example used as
catalyst [1] and in gas sensors [2].
Bulk zinc oxide has mostly a wurtzite structure because of its stability [3]. It is a hexagonal structure with
tetrahedral bonding between the zinc and oxygen atoms. ZnO is a wide band gap (~3.3 eV) semiconductor
with a direct band gap. One experimental determination of the band gap gave a value of 3.37 eV at room
temperature [4]. Doping is mostly of n-type character and can be done by replacing Zn with group-III
elements like Al, Ga and In [3].
Though a much studied material many of its properties are still under speculation such as what is the
cause of electron donors in undoped ZnO with intrinsic n-type conductivity [3]. Zinc vacancy and oxygen
vacancy have been calculated to be most common, depending on the zinc partial pressure [5, 3].
Speculations about that oxygen vacancies (V O ) and zinc interstitials (Zn i ) are the cause have been put in
doubt since recent theoretical calculations have indicated high formation energies for the defects and that V O
is a deep level donor [6, 7, 8]. Zn vacancy defect has been calculated to be deep acceptors and is therefore
not a candidate for the unintentional n-type conductivity but they have low formation energy in n-type
samples and can act as compensating defects [8].
But different synthesis methods produce different defects and the theoretical calculations are done differently
and mostly on bulk zinc oxide with wurtzite structure, therefore computations on small nanoclusters of ZnO
may show other results.
In this work it is evaluated how the different defects and Ga-doping affects the zinc oxide structure, energy,
band gap and the HOMO and LUMO levels. Theoretical calculations on oxygen and nitrogen dioxide
reactions were done to find how they interact with ZnO surface by comparing adsorption energies, bond
lengths, Mulliken atomic charges, DOS plots and HOMO and LUMO.
The goal with synthesizing ZnO nanoparticles was to find a method that produced good nanoparticles that
could be used in gas sensing experiments. Three synthesis methods were tried; EDOC, combustion method
and wet chemical method. The particles that were synthesized are ZnO, Ga:ZnO and In:ZnO. The pure and
gallium doped ZnO particles were tested for oxygen gas sensing at 300, 350, 390 and 500 °C. Measurements
of the gas studies are shown as change in resistance of the material versus different oxygen concentrations.
The Langmuir isotherm was fitted to the response curves to investigate the adsorption behavior.
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2. Theory
2.1 EDOC – Electrochemical Deposition under Oxidizing Conditions

A sacrificial metal anode is used in an electrochemical cell with a non-aqueous electrolyte and with air
flowing through the solution, fig. 2.1. To the solution a capping agent is added to stabilize the particles and
avoid agglomeration. As stabilizer you can use TBAB (tetrabutylammonium bromide) which acts both as
electrolyte and capping agent. In principal the metal is first oxidized, the metal ions are then reduced at the
cathode, and are stabilized by the capping agent. The metal clusters formed are oxidized by the air/oxygen
flowing through the solution [9, 10]. The sizes of the particles can be controlled by the current density at the
cathode and smaller particles can be made by using higher current densities [9].

Fig. 2.1. Schematic representation of the EDOC process taken from ref. [9].

2.2 Combustion synthesis

This method is based on a fast reaction (“explosion”) which prevents crystal growth and fine particles can be
obtained. A metal nitrate is often used as oxidant and metal source together with a fuel, for example glycine
[11]. The nanosize can be controlled by the glycine to nitrate ratio, the lower the fuel content and higher the
oxidant content the smaller the particles [12].

2.3 XRD

Crystal phase identification can be performed by detecting scattered monochromatic x-rays from a powdered
sample. The method can also be used to the structure, unit cell parameters and to estimate crystal size. The
x-rays are reflected from the lattice planes in the crystal when the law of constructive interference is fulfilled
according to Bragg’s Law: nλ = 2d sin θ. Reference data is available in the powder diffraction database,
ICDD. The detection limit lies around 2-5 wt % for mixed samples.
2

2.4 SEM

Scanning Electron Microscopy (SEM) is used to study grain size, sample morphology and chemical
composition (EDX). An electron beam produced by a field emission gun or a hot filament are focused by
magnets onto a sample in a closed chamber under vacuum condition. The electrons reflected from the
sample are detected to be manipulated into an image.

2.5 EDX

EDX, EDAX or EDS is short for Electron Dispersive X-ray analysis. When the atoms in the sample are
bombarded by the high energy electron beam in electron microscopy they emit x-ray photons, the energies of
which are specific for each element. Thus qualitative analysis of the chemical composition of the sample is
possible. Even quantitative analysis is possible by calibration using a standard. Elements from atomic
number 11 can usually be analyzed and with some instruments even atoms from Be and foreword can be
analyzed. Detection limit lies around 1 at %.

2.6 TEM

Transmission Electron Microscopy (TEM) uses high voltage electrons, higher than for SEM and here the
electrons pass through sample instead of being reflected by the surface as for SEM. High resolutions can be
achieved and distances as low as 0.1 nm can be achieved for some instruments.

2.7 Gas sensing
Basic definitions
Response is the change in the resistance of the sensing device due to response of a reducing or oxidizing gas.
For n-type semiconducting oxides the resistance is expected to fall for reducing gases and rise for oxidizing
gases [13]. The response time is normally defined as 90 % of the time it takes to reach maximum response.
Signal recovery is the relaxation time needed to reduce the maximum signal by 90 %. Stability is the change
of the baseline with time. Sensitivity is defined as the change in sensor signal due to changes in
concentration of the gases measured. Repeatability is the ability of the sensor to produce the same response
at repeated measurements. Drift is the change of the baseline with time.
Measuring
Gas measurements are usually conducted so that the resistance of the sensing material is detected in response
to the presence of one or several gases.
The response is calculated as:

Rg − RN
RN

=

Rg
RN

−1

Were R g is the resistance during the gas measurement and R N is the resistance for pure nitrogen gas (the
carrier gas).
Since ZnO is a n-type semiconductor its conductivity increases when the temperature is raised. When
exposed to oxygen, the resistance increases because of the adsorbed oxygen taking up electrons from the
conduction band.
Oxygen is believed to have three different charged species that may form on the metal oxide surface at
different temperatures: the superoxide ion O 2 -, the monovalent ion O- and the oxide ion O2- [14, 15].
3

2.8 Quantum chemistry
Quantum chemical calculations of atoms and molecules uses the Schrödinger equation [16], ĤΨ=EΨ (timeindependent Schrödinger equation), where Ĥ is the Hamilton operator containing kinetic and potential
energy operators for the particles, Ψ is the wave function depending on the electronic and nuclear
coordinates and E is the energy of the system.
To solve the Schrödinger equation, approximations have to be used because the relation between many
interacting electrons cannot be solved analytically. Usually the motion of electrons and nuclei are treated
separately since the electrons move much faster than the nuclei can respond. In the calculation an electronic
Schrödinger equation is solved with fixed coordinates for the nuclei (Born-Oppenheimer approximation
[17]). The simplest approximation for the electron interaction is to let one electron be in an average field of
the other electrons (Hartree-Fock approximation). More accurate methods use better approximations where
the electron interactions are better defined with the use of correlation corrections (post Hartree-Fock
methods).
For fully representing the molecular orbital a very important approximation is used; linear combination of
atomic orbitals (MO-LCAO). How well the orbitals are defined is determined by the basis functions or basis
set, as it is called, and they are important for how accurate your calculation results can be.
A useful method, for heavier atoms, to reduce the computational cost is by using ECP (Effective Core
Potentials/Pseudopotentials) values, were already calculated values for the inner electrons of the atom are
used and only valence electrons are treated.
Density Functional Theory (DFT) is based on the fact that the electron density can be related to the energy of
a molecule and it is set-up to find the best functional connecting those two. DFT theory’s advantage is that it
is only depends on three spatial coordinates independently of the number of electrons which decreases the
computational time without too much loss of computational accuracy [18]. B3LYP is a hybrid DFT
functional, using correlation corrections derived from DFT to add to the Hartree-Fock energy [19].
Calculations of molecular structures were performed to find the global minimum (most stable structure) but
also local minima, “maximum” and saddle points (TS, transition state, structures) can be obtained in a
geometry optimization procedure. The global minimum is therefore not always found from the starting
structure of the molecule and different start points of the atoms have to be used to be able to achieve the
sought-after minimum or transition state.
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3. Experimental
3.1 Synthesis
3.1.1 EDOC
In each experiment, an electrolyte consisting of 0.1 M TBAB (tetrabutylammonium bromide) in 300 ml of
2-propanol was used. A synthesis setup as in ref. [20] was used, were two steel-plates are fixed at both sides
of a zinc plate at a distance of about 1 cm. The steel and zinc plates were 1 mm thick. The steel plate
cathodes were immersed in the solution so that about 80-100 cm2 of the surfaces were covered by the
electrolyte. The Zn anode had a surface area of about 15-20 cm2 in the solution. The solution was vigorously
stirred, and air was bubbled through it during the whole synthesis to promote oxidation of the zinc
nanoparticles formed at the cathode.
A current density of approximately 1 mA/cm2 and in some cases 1.7 mA/cm2 was used in the experiments.
The desired current density was achieved by manually adjusting the voltage between the electrodes. The
voltage used to maintain the desired current density in a synthesis could vary between about 20 V to 75 V.
The normal synthesis time was 4 h. The particles prepared were left to stand overnight so that decantation of
the 2-propanol was possible. The products obtained were washed with 2-propanol by centrifuging at 30003500 rpm for about 5 min. Washing of the particles was done at least three times. The product was then
dried at 80 °C for usually 14 h. A part of the material was further annealed at 500 °C for 14 h in a muffle
furnace.
Doping of the ZnO nanoparticles was carried out by adding 25 ml of a metal nitrate dissolved in 2-propanol
from a burette, starting at about one hour after the synthesis was begun and continued for the rest of the
synthesis at as even intervals as possible. The doping agents used were gallium nitrate and indium nitrate. It
should be noted that Ga(NO 3 ) 3 . xH 2 O and In(NO 3 ) 3 . xH2O are deliquescent and the exact concentrations
are therefore somewhat uncertain. Gallium nitrate didn’t solve well in 2-propanol and had to be sonicated
and heated to get a clearer and more dispersed solution.
Gallium doping was first tested using a current density of 1 mA/cm2 but at concentrations that were not
enough to be seen in EDX. At the higher current density, 1.7 mA/cm2, a larger amount of gallium dopant
was used and EDX could detect it.

Table 3.1 Summary of the EDOC samples made
Approx.
current
density
(mA/cm2)

Dopant
conc.
(in the
burette) *

Doping
solvent

Dopant
seen
in EDX

Color change
(after 500 °C
for 14 h )

ZnO

1

-

2-prop.

-

-

Ga:ZnO

1

0.11 mM

no

yes

Ga:ZnO

1

1.2 mM

no

yes

Ga:ZnO

1

2.2 mM

2-prop.
99.5 %
EtOH
99.5 %
EtOH

no

yes

In:ZnO

1

-

-

no

-

Dopant is In(s) with a solved area of
around 10 %.

ZnO

1.7

-

-

-

Ga:ZnO

1.7

29 mM

2-prop.

yes

yes

yellow

In:ZnO

1.7

16 mM

2-prop.

yes

yes

Yellow, stronger color than for Ga:ZnO

* Dopant concentrations are uncertain because of
the deliquescent nature of the dopant sources
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Comments
Slight yellow color when at 500 °C but
reverts back to white at RT.
A bit yellow

1 mA/cm2
Several doping attempts with about 0.14 mM gallium nitrate were tried but none resulted in Ga doping levels
detectable by EDX. Some experiment used EtOH as dopant solvent instead of 2-propanol, because gallium
nitrate is easier to dissolve in ethanol. It was also tried to directly heat the TBAB solution without washing
procedure. This was done for ZnO with Ga-doping concentrations 1.17 mM and 2.2 mM solved in ethanol,
but no gallium was found in EDX for these samples.
One attempt to prepare indium doped zinc oxide particles was tried with an indium metal as anode
alongside with the zinc anode. The surface area in the solution for In(s) was about 10% of Zn(s) surface area
in the solution.
The samples were analyzed with XRD, SEM and EDX. Pure ZnO heated 500 °C was tested for oxygen
gas sensing and one tried Ga-doped ZnO sample (0.11 mM Ga conc. in the burette) was also tested for gas
sensing.
1.7 mA/cm2
For the gallium nitrate dopant a concentration of 0.222 g in 30 ml 2-propanol (29 mM) was used. For indium
doping a concentration of 0.192 g in 40 ml 2-propanol (16 mM) was used. The Ga-dopant was incompletely
dissolved compared to the indium solution even after sonication and heat treatment. In the burette the grey
colored “precipitate” solution of gallium nitrate was at the bottom and at the top a small part of the
transparent 2-propanol solvent. The grayish part of the Ga-dopant solution came in first into the reaction
beaker.
After the washing procedure the product was dried at 80 °C for less than 2 h. A part of the material was
further annealed at 500 °C for 14 h in a muffle furnace. The particles were analyzed with XRD, SEM, EDX
but only the pure and gallium doped material were tested in gas sensing at 300 and 350 °C.
Some of the doped particles were washed three times and some were washed eight times with 2-propanol
and both of the samples were analyzed with EDX, except for In:ZnO where only a three times washed
sample got to be analyzed.
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3.1.2 Combustion method
Glycine (H 2 NCH 2 COOH) was used as fuel and Zn(NO 3 ) 2 .6H 2 O as an oxidant and zinc source. For Gadoped ZnO, 0.34 g glycine was mixed with 3.4 g Zn(NO 3 ) 2 6H 2 O and 0.19 g Ga(NO 3 ) 3 . xH 2 O ( ≈ 6.5 mol
%) in an E-flask. This gave a glycine/nitrate molar ratio of 0.4 (10:25). On top of the E-flask, a beaker was
placed to collect material from the "explosion", i.e. rapid combustion. About 25 ml of deionized water was
used to mix the reagents. The water is boiled off at about 150-250 °C, and when the powder is dry and
sufficiently warm it self-ignites. The obtained product was collected from the reaction vessel and used
without any further washing procedures. A part of the powder was annealed at 500 °C for 14 h. The particles
were analyzed by XRD, SEM, EDX and used in gas measurements at 300 and 350 °C. The powder obtained
was a bit yellow.
The pure zinc oxide was not made with the same conditions as for the Ga-doped sample. 25 ml of
deionized water was used to mix 0.594 g Zn(NO 3 ) 2 .6H 2 O with 0.188 g glycine, to give a glycine/nitrate
molar ratio of 0.8 (10:12.5). The combustion was done in an E-flask and the solution was heated to about
150-250 °C as for the doped sample. The material obtained could to some extent be scraped off but most if it
had to be washed out from the reaction vessel. Washing was done with methanol 3-5 times by centrifugation
at 3000 rpm. The sample was heated 80 °C for 13 hours and then some of it was heated 560 °C for 6 hours.
The particles were analyzed with XRD.
.

3.1.3 Wet chemical method
The synthesis method was adopted from ref. [21]. 0.12 M NaOH (5 pastilles) was dissolved in 100 ml
MeOH under magnetic stirring. The solution was heated with a water bath to about 65 °C when 2.2 g
Zn(CH 3 COO-) 2 . 2H 2 O (0.1 M) was added. The solution turned clear after about two minutes time and then
the dopant was added. The total reaction time was about 6 minutes, as counted from when the zinc acetate
was added. Doping agents used were Ga(NO 3 ) 3 . xH 2 O and In(NO 3 ) 3 . xH 2 O. Gallium dopant amount was
0.153 g (≈ 6 mol % to zinc acetate) and indium dopant amount was 0.216 g (≈ 7 mol % to zinc acetate).
The clear solution was left to stand and evaporate solvent. The white powder was washed 4 times with
deionized water by centrifugation and transferred with methanol to a beaker for heat treatment for less than 2
hours at 70-80 °C, for the In:ZnO sample 14 hours was used. Some of the prepared powder was then heat
treated at 500 °C. Pure ZnO was heat treated for 14 h, for In:ZnO it was 4 h (because of time limit and bad
planning) and for Ga:ZnO it was 15 h. The color of the doped samples were yellow, In:ZnO being more
yellow than Ga:ZnO.
The particles were analyzed by XRD, SEM, EDX and only Ga:ZnO was used in the gas measurements at
300, 350 and 390 °C. No gas sensing could be made for In:ZnO because of trouble with the sample holders
used for the gas sensing. Analysis by TEM of a newly made solution of ZnO particles was done, some
minutes after formation of the ZnO a droplet was taken out to be put on a TEM analysis plate made of
carbon thin film and copper wire.
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3.2 Chemicals used
Solvents

2-propanol (Shaurlau, min 99.8 %, analytic grade)
Methanol (Sharlau, min 99.9 %, analytic grade)
Methanol (LAB-SCAN sciences, 99.8 %, analytic grade)

Capping agent

TBAB (Fluka, ≥ 99 %, puriss)

Dopants

Ga(NO 3 ) 3 . xH 2 O (Alfa Aeser)
In(NO 3 ) 3 . xH 2 O (Sigma-Aldrich)

Zinc sources

Zn(NO 3 ) 2 .6H 2 O (KEBO, RIEDEL-DE HAEN AG SEELZE-HANNOVER, rein krist.)
Zn(CH 3 COO-) 2 . 2H 2 O (Merck, min 99.5 %, pro analysi)

3.3 Analysis instruments
-XRDPhilips PW 1820 diffractometer. Samples were stuck on a tape which sat around a holder of glass.
Cu K α1 , λ= 1.5406 Å. θ/2 θ configuration was used when recording the diffractograms, with 4 s measuring
time at each angle and 0.025o per step. Generator voltage was 40 kV and the current was at 40 mA.
A divergence slit of 1/2o and a receiving slit of 0.2o were used.
-SEM and EDXLEO Gemini 1550 FEG, equipped with an Oxford LINK ISIS system with Ge-detector for EDX analysis.
Accelerating voltage used was 20 kV. The samples were put on carbon coated sample holders. Before each
EDX measurement a Co-standard was used for calibration and the samples were measured at different
locations at least three times for 60 seconds.
-TEMFEI Tecnai G2 microscope, operated at 200 kV.
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3.4 Gas sensing
For the pure ZnO and attempted Ga doped ZnO (0.11 mM) measured at 500 °C about 5 mg of the sample
was dissolved in 300 µl toluene. For the measurements performed at lower temperatures (300, 350, 390 °C),
the samples were prepared by dissolving an amount in 300 µl ethanol and sonicated to dissolve as much as
possible of the sample.
The equipment used was a home built set-up consisting of gas cells and computer software. The
resistance was measured using a Keithley-2000 Scanner Ohm. The samples were put on a Si chip with an
oxide layer and integrated finger electrodes 16-pin header chips with gold pin legs and Pt-100 elements and
heater. The chips with the sample mounted were put into a steel box cell which had 1 cm3 of free volume
over the sample. The gas flow was 100 mL/min. N 2 was used as background and carrier gas.
For the response curves R g is taken as the highest resistance value of the measured peak and R N , the
baseline, is taken as the lowest value after a peak. In calculating the response R N is fixed by taking an
average of all the baseline values measured after each peak.
In the measurements performed at 500 °C, the following series of O 2 concentrations was used:
1 %, 2 %, 3%, 4 %, 5 %, 8 %, 10 %, 20 %, 30 %, 40 %, 49.5 %.
Response time was 5 min. and relaxation time 10 min.
In the measurements performed at 300, 350 and 390 °C, the following two series of O 2 concentrations were
used:
One of five data points: 1-5-10-15-20 % O 2 with 20 min. response and 1 h relaxation time.
The other consisted of twenty data points: 1-20 % O 2 with 10 min. response and 20 min. relaxation time

The fitted Langmuir isotherm is calculated as:

α Kp
1 + Kp

=

Rg
RN

where values for α and K is sought.

α is a scale constant representing the (theoretical) maximum value for the response. The constant K is the
ratio between the rate constants for oxygen adsorption, k a , and desorption, k d , respectively (K = k a /k d ), and p
is the oxygen partial pressure.
The MATLAB curve fitting tool was used with the formula: y = a * ( ((b*x)^(1/2)) / (1+((b*x)^(1/2))) ).
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3.5 Computational detail
The calculations were done with the Gaussian 03 program and the B3LYP [22, 23, 24] functional. The Hay
and Wadt (HW) ECPs basis sets were used for Zn [25] and Ga [26], except that two new sp shells were used
instead of the diffuse outer 3s and 2p Gaussian functions (Zn: [27], Ga: [28]). The Durand and Barthelat
ECPs [29] together with split-valence basis sets [30] were used for O and N. This was the same setup for Zn
and O as ref. [27] used.
Two cluster models of ZnO were used which were cut from a bigger optimized cluster model. The one
mostly used was a 25 ZnO unit model (called “small ZnO cluster”) with two hexagonal rings and five rows
long. The other cluster was a 40 ZnO unit model (called “large ZnO cluster”) with four hexagonal rings and
five rows long. The small ZnO cluster was used for all the gas reactions and defect calculations, while the
large ZnO cluster was used only for calculations involving internal Zn i , V Zn and V O defects. For a
comparison with the HW basis set a better basis set was used, 6-31G(d,p), for the non-defect small ZnO
cluster (called “small ZnO cluster 6-31G(d,p)”).
The defect structures were investigated by removing/adding atoms in the optimized non-defect cluster.
All oxygen and nitrous dioxide reactions were investigated on the optimized non-defect or oxygen vacancy
zinc oxide clusters. “NoSym” was used as input option if not otherwise said so. Zero charges were used as
input in all of the calculations made. Energy conversion units: 1 Hartree = 27.2116 eV = 2625.5 kJ/mol.
Calculation of reaction energies: ∆E = E products - E reactants
Oxygen vacancy:
Zinc vacancy:
Zinc interstitial:
Zn replaced by Ga:
Oxygen reactions:
Nitrogen dioxide reactions:

∆Edefect = [ E(ZnO-def.) + ½ E(O 2 ) ] – E(ZnO)
∆Edefect = [ E(ZnO-def.) + E(Zn) ] – E(ZnO)
∆Edefect = E(ZnO-def.) – [ E(ZnO) + E(Zn) ]
∆Edefect = [ E(Ga:ZnO) + E(Zn) ] – [ E(ZnO) + E(Ga) ]
∆Ereact = E(ZnO* + O 2 ) – [ E(ZnO*) + E(O 2 ) ]
∆Ereact = E(ZnO* + 2O) – [ E(ZnO*) + 2E(O) ]
∆Ereact = E(ZnO* + NO 2 ) – [ E(ZnO*) + E(NO 2 ) ]
* defect or non-defect structure

Interpretation of Energies: negative energy (thermodynamically favorable, exothermic)
positive energy (thermodynamically unfavorable, endothermic)

For the defects and the oxygen reactions the reaction energy calculation uses O 2 or O with zero charge and a
multiplicity of three. To estimate which kind of O 2 molecule was adsorbed on the surface, the O-O bond
length was compared with the lengths of free O 2 calculations with charges 0, -1 and -2 (O 2 , O 2 1- and O 2 2-),
and the Mulliken atomic charge of the oxygen atoms. Similar was done for NO 2 . See section 5.1.2 for data.
Two different methods were used two find the transition state structure (TS-structure) for the oxygen
reaction with the oxygen vacancy. First a series of fixed length between the O atom on oxygen closest to the
vacancy and the Zn atom below the oxygen hole were optimized to see where the structure with the highest
energy could be. Then a simple TS calculation was conducted for the optimized structure that had the highest
energy without the fixed coordinates between O-hole-Zn. But a “freq”-calculation (frequency calc., freq as
input in G03) showed that this was not the right TS-structure. The other method was to use QST3 as input,
where you state a prediction of the structures of the reactants, the TS-structure and the products. A “freq”calculation showed that the result of the QST3-method gave the true TS-structure because of a negative
frequency and its vibrational direction was pointing towards the oxygen vacancy. (Section 5.3.4 pp. 52-53).
A similar method, with fixed bond length for the oxygen molecule, was done for investigating the oxygen
dissociation on ZnO but a TS-structure was never found for this reaction (Section 5.3.5 p. 54).
HOMO and LUMO plots were calculated using the MOLEKEL 4.3 software. DOS plots were obtained
by the use of the MATLAB software. Band gaps were calculated by taken the difference between the lowest
unoccupied virtual orbital (LUMO) and the highest occupied orbital (HOMO). A simple calculation method
for the Fermi level (E F ) was used, taking it as halfway between the valence band maximum and the
conduction band minimum, making it to be in the middle of the band gap ( [HOMO + LUMO] / 2 ).
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4. Results and Discussion
4.1 EDX dopant concentrations
Table 4.1 Dopant concentrations
detected by EDX

Ga:ZnO
In:ZnO

EDOC

< 3 at %
≈ 1.4 at %

Combustion method

Ga:ZnO

≈ 2 at %

Wet chemical method

Ga:ZnO
In:ZnO

< 3 at %
≈ 3.7 %

Table 4.1 shows dopant concentrations characterized by EDX for 500 °C heat treated samples.
Ga:ZnO made by EDOC method at 1.7 mA/cm2 showed a gallium concentration of about less than 3 at %
for both three times and eight times washed samples. The combustion method made Ga:ZnO sample
indicates a gallium concentration above 2 at %. Ga:ZnO synthesized by wet chemical method has about 2.73 at % gallium.
In:ZnO made by EDOC method at 1.7 mA/cm2 showed a indium concentration of about 1.4 at % (sample
washed three times but no measurement for eight times washed sample was made). The wet chemically
produced In:ZnO has an indium concentration around 3.7 at %.
Noteworthy is that it seem that Br (from TBAB) is still present in the EDOC samples, even after 3-5 times
washed, for samples heated 70 or 80 °C. But for samples heated 500 °C the Br is no longer seen in EDX.
Though this was not confirmed for the same sample heated at 80 and 500 °C can it still be true.
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4.2 XRD spectra
All the XRD spectra of the different synthesis methods confirms zinc oxide formation. Mostly 30 to 45
degrees were measured but only up to 39 is used in the graphs since above it nothing else was seen other
than the baseline.

4.2.1 EDOC particles

Fig. 4.1 XRD of pure ZnO made by EDOC at 1 mA/cm2 and 1.7 mA/cm2, heated 80 °C (red) and 500 oC (black).

Fig. 4.2 XRD of doped ZnO particles made with EDOC at 1.7 mA/cm2 and heated 500 °C for 14 hours.

The spectra of undoped (fig. 4.1) and doped (fig. 4.2) EDOC samples show clearly that the doping has some
effect on the size and structure of the ZnO particles. This is revealed by the lower intensity and the broader
and less sharp peaks for the XRD of the doped samples compared to the XRD of the undoped samples.
The 80 °C heated undoped ZnO have no defined peaks most probably because of it still being to some
extent capped by the TBAB-molecules since carbon usually don’t go away until over 300-400 °C.
The In:ZnO shows different intensity proportion between the peaks than the XRD spectra of the other
samples, the (002)-peak being slightly higher than the (100)-peak. The SEM images of In:ZnO (p. 17)
showed disc shaped particles and ref. [31] made disc shaped In-doped ZnO particles with a XRD spectra that
has similar peak intensity relationship as the spectra shown above.
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4.2.2 Combustion method particles

For Ga:ZnO heated 100 °C new peaks are seen on the right side of the (100)- and (101)-peaks which
indicates a two-phased mixture, or other residues were left that disturbed the XRD, but at 500 °C they are
not seen anymore. For the (002)-peak, and maybe the other peaks, two or more peaks seem to be in the same
peak.

4.2.3 Wet chemical method particles
As for the EDOC made samples there is a difference in the spectra and therefore a difference in size of the
doped and undoped ZnO materials. The 70 °C heated samples (ZnO and Ga:ZnO) have another peak around
33 degrees but it is not seen at 500 °C. The In:ZnO sample seems not to have the same peak relationship as
for the EDOC In-doped sample but the SEM images (p. 20) also indicates disc shaped looking particles.

Fig. 4.4 XRD of pure (top), Ga-doped (left) and In-doped (right) ZnO particles made with the wet chemical method.
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4.2.4 Sherrer estimation of size from the XRD spectra
Table 4.2 Sherrer estimations of the XRD spectra

Particles

Heated

Size estimation for
peak (101) (nm)*

EDOC 1 mA/cm2
ZnO
Ga?:ZnO (0.11 mM)

500 °C
500 °C

70
70

EDOC 1.7 mA/cm2
ZnO
Ga:ZnO (29 mM)
In:ZnO (16 mM)

500 °C
500 °C
500 °C

90
40
50

Combustion method
ZnO 0.8
ZnO 0.8
Ga:ZnO 0.4 (6.5 mol%)

80 °C
560 °C
500 °C

40
70
70

Wet chemical method
ZnO
ZnO
Ga:ZnO (6 mol%)
In:ZnO (7 mol%)

70 °C
500 °C
500 °C
500 °C

50
80
20
20
*Estimations are rounded off
to one significant number

The Sherrer estimations were calculated as follows:

0.9⋅λ
θ ⋅cos(θ )

Where λ is the wavelength of the x-ray (1.5406 Å) and θ is the peak width at half maximum intensity given
in radians.
For the doped ZnO particles made with EDOC 1.7 mA/cm2 and the wet chemical method you see a smaller
size estimation compared to the pure made ones, which may indicate successful doping.
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4.3 SEM images
For all the prepared samples a large size distribution is seen.

4.3.1 EDOC particles
4.3.1.1 ZnO

ZnO by EDOC 1 mA/cm2 heated 80 °C

ZnO by EDOC 1 mA/cm2 heated 70 °C

ZnO by EDOC 1 mA/cm2 heated 500 °C

Hexagonal structures less than and over 200 nm are seen both for EDOC done at 1 mA/cm2 and EDOC done
at 1.7 mA/cm2 (on the next page). No uniform size is seen and sizes ranges from small to large.
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ZnO by EDOC 1.7 mA/cm2 heated 500 °C

4.3.1.2 Ga:ZnO

Tried Ga:ZnO (0.11 mM Ga) by EDOC 1 mA/cm2 heated 500 °C

Ga:ZnO by EDOC 1.7 mA/cm2 heated 500 °C

It is hard to say how the doping changed the size or shape because of the bad SEM images that were taken,
but the particles do not look uniform, are agglomerated and have different sizes.
At least some particles less than 200 and 300 nm seem to be present.
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4.3.1.3 In:ZnO

In:ZnO by EDOC 1.7 mA/cm2 heated 500 °C

Large disc shaped structures in the micrometer range are seen alongside smaller particles below 300 nm.
It is most probable that it is the indium doping that causes this result as it is not seen for the pure or the
gallium doped particles. Disc shaped ZnO nanoparticles have also been made by In-doping by ref. [31], as
talked about in the XRD-section, which further supports that indium is responsible for the look of the
particles.
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4.3.2 Combustion method particles
4.3.2.1 Ga:ZnO

Ga:ZnO by combustion method heated 500 °C

Ga:ZnO by combustion method untreated

The untreated SEM images of the combustion method made Ga:ZnO shows large porous structures which
seems to consist of smaller particles building up those large structures.
The annealed samples at 500 °C shows that the size distribution of the particles is large and sizes from less
than and over 200 nm are seen.
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4.3.3 Wet chemical method particles
4.3.3.1 ZnO

ZnO by wet chemical synthesis heated 500 °C

The wet chemically produced pure ZnO has similar look as the ones produced by EDOC.
A range of sizes is seen, ranging below 100 nm to around 200 nm. But the particles seem to be more uniform
in size than the ones synthesized with EDOC at 1.7 mA/cm2.

4.3.3.2 Ga:ZnO

Ga:ZnO by wet chemical synthesis heated 500 °C

For Ga:ZnO the magnification wasn’t working when measuring that sample so only µm range is shown but
you can slightly see that it has almost the round shape as for ZnO and Ga:ZnO EDOC made samples and not
the same shape as for In:ZnO, though it’s not possible to be fully certain.
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4.3.3.3 In:ZnO

In:ZnO by wet chemical synthesis heated 500 °C

In:ZnO by wet chemical synthesis heated 500 °C

In:ZnO made by the wet chemical method shows almost the same disc shaped structure again as the indium
doped ZnO made by EDOC. But the particles are more melted into each other, which can be because of the
purification and heating procedure not being the best.
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4.4 TEM of untreated pure ZnO by the wet chemical synthesis
A TEM image of a newly synthesized wet chemically prepared pure ZnO is seen below, with an FFT (Fast
Fourier Transform) image inserted at the bottom right.
The particles seem to be around 5 nm in diameter but in the TEM-image you could also see darker areas
(like the ones in the upper part of the image) that seem to have agglomerates of the particles.
Reference [21], from which the synthesis method was adopted, got particles around 3-5 nm.
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4.5 Oxygen gas sensing
A common feature of almost all the measurements is that the peaks have not stopped rising when the peak
ends. This indicates that all materials of ZnO made do not respond fast to the oxygen concentration present,
meaning that the equilibrium is not established between adsorption and desorption.
The comparisons of the resistance levels between the sensing materials are uncertain since no good
comparison of the same sensing material on a new sensor was tested.

4.5.1 ZnO
4.5.1.1 ZnO EDOC 1 mA/cm2

Fig. 4.5a ZnO EDOC 1 mA/cm2
5 minutes pulses.
10 minutes relaxation time.

Fig. 4.5b Zoomed in graph of the1st measuring series
of the one above, fig. 4.5a, used for the
response curves (section 4.5.3.1).
The peak value used is the highest point
before the peak drops.
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4.5.1.2 ZnO EDOC 1.7 mA/cm2

(a)

(b)

Fig. 4.6 ZnO EDOC 1.7 mA/cm2 (a) 300 oC, below is the 2nd measuring series from 1-20 % used in section 4.5.3.2.
(b) 350 oC, below is the 1st measuring series from 1-20 % used in section 4.5.3.2.

The full 1-20 % series is used for response curves and Langmuir fit. The start of the 350 oC measurement
doesn’t look good and the cause of it is unknown. The repeatability is therefore not good since the peak
height changes when exposed to the same oxygen concentration.
The EDOC made sample prepared at 1.7 mA/cm2 had lower resistance than the one made at 1 mA/cm2 by a
factor of 10.
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4.5.2 Ga:ZnO
4.5.2.1 Ga?:ZnO EDOC 1 mA/cm2

Fig. 4.7a Ga?:ZnO EDOC 1 mA/cm2
5 minutes pulses.
10 minutes relaxation time.

Fig. 4.7b Zoomed in graph of the1st measuring series
of the one above, fig. 4.7a, used for the
response curves (section 4.5.3.3).
The peak value used is the one before the
peak drops, not the highest since the shape
of the peak indicates it is not stabilized at
the beginning.

The tried doped Ga:ZnO, since no Ga detected in EDX, is shown above. This sensor showed good stability
and sensitivity. It seems to react and recover faster than for the pure ZnO EDOC 1 mA/cm2 because some
peaks go higher in the beginning and then level off and the baseline flattens out sooner. If this behaviour can
be attributed to the doping is uncertain and it might have some other causes.
A bit lower resistance compared to ZnO EDOC 1 m/cm2 is seen which might be an indication that doping
was successful, with extra electrons in the conduction band by the presens of gallium.
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4.5.2.2 Ga:ZnO EDOC 1.7 mA/cm2

(a)

(b)

Fig. 4.8 Ga:ZnO EDOC 1.7 mA/cm2

(c)

(a) 300 oC, 1-10 % O2
(b) 300 oC, first 1 %, 5 %, 15 %, 20 % O2 and then 1-20% O2
(c) 350 oC, first 1 %, 5 %, 15 %, 20 % O2 and then 1-20% O2

The peaks look alright except that the heights of the peaks are changing for the same concentration, bad
repeatability, which makes this sample unusable for further analysis. The stability seems fine since the
baseline doesn’t drift.
Since the samples are exposed to oxygen at lower temperature the resistance valued can’t be compared
with the samples tested at 500 °C. The resistance is higher than for undoped ZnO made at 1.7 mA/cm2 by an
order of 100.
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4.5.2.3 Ga:ZnO combustion method

(a)

(b)

Fig. 4.9 Ga:ZnO combustion method

(c)

(a) 300 oC, 1-10 % O2
(b) 300 oC, first 1-5-10-15-20 % O2 and then 1-20% O2
(c) 350 oC, first 1-5-10-15-20 % O2 and then 1-20% O2

None of the gas measurements on Ga:ZnO made by the combustion method gave a good result, because of
bad sensitivity, except for the first try at 300 °C 1-10 % O 2 .
The resistance values lies in the same range as for Ga:ZnO EDOC 1.7 mA/cm2.
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4.5.2.4 Ga:ZnO wet chemical method

(a)

(b)

Fig. 4.10 Ga:ZnO wet chemical method
(a) 300 oC, first 1-5-10-15-20 % O2 and then 1-20% O2
(b) 350 oC, first 1-5-10-15-20 % O2 and then 1-20% O2
(c) 390 oC, first 1-5-10-15-20 % O2 and then 1-20% O2

(c)

The wet chemically produced Ga:ZnO sensor showed good stability, sensitivity and repeatability. It was the
best sensor of the materials tried at temperatures below 500 °C. Zoomed in spectra of the measuring series
used for the response and Langmuir fitting are seen at the bottom.
From going from 350 to 390 °C the resistance gets lower. This might be an indication of the semiconductor
nature of ZnO, increasing temperature will yield higher currents and therefore lowering the resistance. The
resistance is also lower compared to the EDOC and the combustion method made samples of Ga:ZnO.

(a)

(b)

(c)

Fig. 4.11 (a) 300 oC, (b) 350 oC and (c) 390 oC.
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4.5.3 Response curves and Langmuir fit
Summary of the Langmuir fitted values are in section 4.5.3.5 on p. 32.

4.5.3.1 ZnO EDOC 1 mA/cm2

Fig. 4.12

α
K

27.14 ± 3.55
0.2951 ± 0.0980

α
K

1875 ± *
0.0003371 ± *

4.5.3.2 ZnO EDOC 1.7 mA/cm2

Fig. 4.13

*Too large standard deviation
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α
K

Fig. 4.14

1406 ± *
0.001871 ± *
*Too large standard deviation

The data of the ZnO EDOC 1.7 mA/cm2 samples are unusable because of the inability to get the function to
fit well with the twenty data points of the response. Unfortunately the five data point set couldn’t be used.

Fig. 4.15 1-20 % O2

The response curves in fig. 4.15 show that the response value is getting higher going from 300 to 350 °C.
The response is also higher than for ZnO 1 mA/cm2, but they are measured at different temperatures. It
should be noted that this sensor sample had bad repeatability and responded not equally when exposed to the
same oxygen concentration at different times, see fig. 4.6 on p. 23.
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4.5.3.3 Ga?:ZnO EDOC 1 mA/cm2

α
K

Fig. 4.16

74.22 ± 11.6
0.09851 ± 0.0358

Ga?:ZnO has higher response than for ZnO made with EDOC at 1 mA/cm2 but as said in the beginning of
the gas sensing section the comparison between different samples resistances may be uncertain.

4.5.3.4 Ga:ZnO wet chemical method
The best Langmuir fitted curves of the Ga:ZnO wet chemically produced samples were got from the
measuring series with 1-5-10-15-20 % O 2 , possibly because of the smaller number of data points.
The full 1-20 % series had too large values and too large uncertainty to be able to use it, just like for the
series of ZnO EDOC 1.7 mA/cm2.

α
K

Fig. 4.17
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150.4 ± 195
0.03686 ± 0.103

Fig. 4.18

α
K

54.12 ± 41.6
1.153 ± 2.45

Fig. 4.19

α
K

130 ± 137
0.1158 ± 0.276

Fig. 4.20 1-5-10-15-20 % O2

Fig. 4.21 1-20% O2

The two figures of the response from the two data point sets shows that the response is getting higher going
from 300 °C to 350 °C, but there is no change going from 350 °C to 390 °C.
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4.5.3.5 Summary of the Langmuir fitted response curves
Table 4.3 Summary of the Langmuir fitting
Temperature at
Samples
measurement (oC)
500
ZnO EDOC 1 mA/cm2
300
ZnO EDOC 1.7 mA/cm2
2
350
ZnO EDOC 1.7 mA/cm
500
Ga?:ZnO EDOC 1 mA/cm2
300
Ga:ZnO wet chemical method
350
Ga:ZnO wet chemical method
390
Ga:ZnO wet chemical method

α

K

27.14 ± 3.55
1875 ± *
1406 ± *
74.22 ± 11.6
150.4 ± 195
54.12 ± 41.6
130 ± 137

0.2951 ± 0.0980
0.0003371 ± *
0.001871 ± *
0.09851 ± 0.0358
0.03686 ± 0.103
1.153 ± 2.45
0.1158 ± 0.276

*Too large standard deviation

The Langmuir fitting worked best for gas measurements where the oxygen concentration went up to 50 %
(EDOC 1 mA/cm2 reactions) and second best for oxygen concentrations up to 20% with only five data points
(EDOC 1.7 mA/cm2 reactions and wet chemical method).
It is doubtful if there is any conclusion to be drawn of the different samples exposed to the oxygen gas.
Partly because at the lower temperatures only up to 20 % O 2 was tested and so low oxygen concentration
seems not to be favorable for the Langmuir fitting.
There is also a large uncertainty deviation in the numbers calculated. The values are dependent on the nature
of the particles (size, adsorption ability, etc.), the gas experiment setup and how the values are chosen from
the peaks of the gas measurement. For the ZnO EDOC at 1.7 mA/cm2 made sample (fig. 4.6) you for
example see different response values for the two different data sets at the same temperature.
The values achieved from the Langmuir fit indicates that the rate constant of desorption is bigger than the
rate constant of adsorption (K < 1). The α-values are harder to see some trend from, especially since the
standard deviation is large.

4.5.3.6 Test of oxygen adsorption behavior
Investigation if O 2 dissociation occurs was done by making some plots with

P(O2 ) / R g versus

P(O2 ) or

P(O2 ) / Response versus P(O2 ) as the dissociative Langmuir isotherm and P(O 2 ) / R g versus P(O 2 ) or
P(O 2 ) / Response versus P(O 2 ) as the associative Langmuir isotherm.
As table 4.4 of the R2 values shows, for how good the fit was, it is the associated Langmuir isotherm that
fitted the best and the dissociative behavior is concluded to be less common. And as the rate of desorption is
higher than the rate of adsorption shown by the Langmuir fit, it also indicates a non dissociative adsorption.
The quantum chemical calculations showed that dissociation was only favorable when an oxygen vacancy
was present (sections 5.3.4 and 5.3.5).
Table 4.4 Goodness of the fit for the Langmuir isotherms (1 is 100%)
Samples and
R2 dissoc. L. R2 assoc. L.
temperature at gas measurement
(Response)
(Response)
0.5713
0.9767
Ga:ZnO wet chemical method 300 °C
0.8952
0.9908
Ga:ZnO wet chemical method 350 °C
0.8528
0.9664
Ga:ZnO wet chemical method 390 °C
2
0.8943
0.9826
ZnO EDOC 1 mA/cm 500 °C
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R2 dissoc. L.
(R g )
0.8498
0.9563
0.751
0.9754

R2 assoc. L.
(R g )
0.9775
0.9909
0.9695
0.9847

5. Quantum chemical results

Zinc

Oxygen

Gallium

Nitrogen

NO 2

Zinc is grey, oxygen is dark grey, gallium is lighter grey than zinc and nitrogen has a darker grey color than oxygen.
For the HOMO and LUMO figures, cyan is zinc, red is oxygen and blue is nitrogen.
Note:

All the reactions (structures, oxygen and nitrogen dioxide reactions) are calculated with zero charges.
It is only a part of the DOS spectra that is shown since the whole spectra would be too big to be able
to see any significant differences.

5.1 Calculation data of the single atoms and gas molecules
5.1.1 Zinc and gallium atoms
A single Zn

Charge
Multiplicity
Energy (Hartree)

0
1
-65.415213748

A single Ga

Charge
Multiplicity
Energy (Hartree)

0
2
-1.97839131459

5.1.2 Oxygen and Nitrogen dioxide species
O2
O2
O2O 2 2O
O
OO2-

Charge

Multiplicity

Energy (Hartree)

O-O lenght (Å)

Mulliken charge*

0
0
-1
-2
0
0
-1
-2

1
3
2
1
1
3
2
1

-31.7557002465
-31.8180171319
-31.8237165560
-31.4637058674
-15.7406915129
-15.8431995617
-15.8266811960
-15.3262081525

1.26
1.26
1.43
1.69
-

0
0
-0.5
-1
0
0
-1
-2

* for each oxygen

All start structures had O 2 with a bond length of about 1.21 Å, the experimental bond distance for oxygen.
The free O 2 - (superoxide) molecule has been experimentally estimated to have a bond length of 1.34 Å [32],
so this works calculations with HW basis set gives about a 0.10 Å higher value. O 2 2- (peroxide) is said to
have a bond distance of 1.49 Å which makes this work calculations having a 0.20 Å higher value.
All start structures with NO 2 had a N-O length of 1.25 Å to both the oxygen’s.
NO 2
NO 2 NO 2 2NO
NONO2-

Charge

Multiplicity

Energy (Hartree)

N-O lenght (Å)

M. c.* (N)

M. c. * (O)

0
-1
-2
0
-1
-2

2
1
2
2
1
2

-41.6963704069
-41.7592046822
-41.4504415638
-25.7739671986
-25.7154885633
-25.3587061915

1.23
1.31
1.47
1.18
1.32
1.58

0.46
0.10
-0.25
0.19
-0.41
-1.00

-0.23
-0.55
-0.87
-0.19
-0.59
-1.00

* Mulliken charge
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5.2 ZnO structures
5.2.1 Small and Large non-defect ZnO cluster
Table 5.1 Non-defect clusters
(i) Small ZnO cluster
(ii) Small ZnO cluster 6-31G(d,p)
(iii) Large ZnO cluster

i

Multiplicity

Energy (Hartree)

Band gap (eV)

E F (eV)

1
1
1

-2040.61873732
-46360.60951310
-3265.30805666

5.68
3.45
4.78

-2.22
-4.71
-2.23

ii

iii

Fig. 5.1 DOS spectra of i) Small ZnO cluster ii) Small ZnO cluster 6-31G(d,p) iii) Large ZnO cluster.

i

ii

iii

Energy (eV)

There is very little difference in bond length between the small ZnO cluster (i) and (ii), see section 5.2.2.2.
For the non-defect clusters the large ZnO cluster gave a smaller band gap, indicating better correlation
with the true band gap energy, and its Fermi level was nearly the same as for the small ZnO cluster. But the
better basis set (6-31G(d,p)) for the small ZnO cluster gave the closest agreement with the experimentally
determined value of the band gap, 3.37 eV [4].
The figures of HOMO and LUMO for the small and large ZnO cluster are shown on p. 36 and p. 41
respectively.
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5.2.2 Small ZnO cluster
5.2.2.1 Overview of Energy data and DOS spectra
Table 5.2 Defects
(a) Non-defect
(b) Oxygen vacancy 1
(c) Oxygen vacancy 2
(d) Oxygen vacancy 3
(e) Zinc vacancy
(f) Zinc interstitial
(g) Ga:ZnO

Multiplicity

Energy
(Hartree)

∆Edefect
(Hartree)

∆Edefect
(eV)

∆Edefect
(kJ/mol)

Band gap
(eV)

EF
(eV)

1
1
1
1
1
1
2

-2040.61873732
-2024.45457160
-2024.46167015
-2024.44610570
-1974.75007869
-2106.04821369
-1977.08242660

0.255
0.248
0.264
0.453
-0.0143
0.0995

6.94
6.75
7.17
12.3
-0.388
2.71

670
651
692
1190
-37.4
261

5.68
4.58
4.62
3.94
0.653
3.34
0.700 *

-2.22
-1.43
-1.41
-1.46
-4.90
-1.16
0.150 **

* calculated from a rise of orbital energy point of view. ** (alpha HOMO + beta LUMO) /2

Fig. 5.2 DOS spectra of a) Non-defect b) Oxygen vacancy 1 c) Oxygen vacancy 2 d) Oxygen vacancy 3
e) Zinc vacancy f) Zinc interstitial g) Ga:ZnO, Zn replaced by Ga

a
b
c
d
e
f
g
Energy (eV)

The oxygen vacancies and zinc interstitial both made HOMO move closer to the conduction band, which is
seen by the little peak showing up in-between the band gap, but not that near the conduction band to make
them shallow donors. The Fermi level is also shifted closer to the conduction band supporting their role as ntype defects. This localized state above the valence band maximum and the increase of the Fermi level for an
oxygen vacancy was also seen by ref. [33] in their calculations on a ZnO nanotube.
The zinc vacancy defect has LUMO very close to the valence band maximum, making it an acceptor type
defect, which is seen by the little peak in fig. 5.2.e. This acceptor-type transition level near the valence band
maximum for V Zn is also mentioned in [8]. From the calculated E F -value is concluded that the zinc vacancy
can be considered to be a p-type defect, because of the lower value compared with the non-defect cluster. If
for the band gap calculation you would make LUMO as HOMO or exclude it you would get a band gap
above 5 eV.
The Ga Zn -doping made the band gap smaller compared to the non-defect cluster by having alphas
HOMO, the little peak before 0 eV, closer to the conduction band minimum than the rest of the valence
band.
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The results points to that the oxygen vacancy and zinc interstitial defects are the candidates for the intrinsic
n-type conductivity in ZnO. The higher formation energy for V O than for Zn i in this work’s energy
calculations suggests that the zinc interstitial is more dominant. But the energy calculations use free single
atoms in gas phase which may affect the outcome. See p. 60 for more discussion about the defects.
The order of stability for the defects in this study’s calculations is: Zn i > (Ga Zn ) > V O2 > V O1 > V O3 >
V Zn .

5.2.2.2 Non-defect structure
Structure

HOMO

LUMO

Non-defect

HW basis set

Non-defect
6-31G(d,p)
basis set

a

b
c

f
e
r1
r2
r3

Distances Zn-O in Å for
the cluster with HW basis set

d

c1 c2 c3 c4 c5
b
a

Side A
r1
r2
r3

c1 c2 c3 c4 c5
d
e

Side B

a
b
c
d
e
f

c1
1.94
1.91
1.93
1.90
1.95
2.11

c2
2.02
2.06
2.05
2.06
2.05
2.20

c3
2.03
2.02
2.09
2.05
2.04
2.11

c4
2.02
2.06
2.05
2.06
2.05
2.20

c5
1.94
1.91
1.93
1.90
1.96
2.11

A
r1
r2
r3

c1-c2
2.05
2.00
2.29

c2-c3
2.01
2.03
2.02

c3-c4
2.01
2.03
2.02

c4-c5
2.05
2.00
2.30

B
r1
r2
r3

c1-c2
2.01
2.02
2.12

c2-c3
1.98
2.02
2.05

c3-c4
1.98
2.02
2.05

c4-c5
2.01
2.02
2.11
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For both HOMO and LUMO the electron
density is on oxygen. HOMO has most of
its orbitals on side B, where zinc is in the
middle. LUMO has its orbitals on the oxygens
at the two hexagonal side faces. For the cluster
with the 6-31G(d,p) basis set you also see some
orbitals on side A which were not seen with the
HW basis set.
There is very little difference in bond lengths
between the two basis sets. They give the same
length or about a 0.01-0.04 Å difference.

5.2.2.3 Oxygen vacancies
Structure

HOMO

LUMO

Oxygen vacancy 1
Input: Symm=Loose

Oxygen vacancy 2
Input: NoSym

Oxygen vacancy 3
Input: Symm=Loose

The oxygen vacancy structures of ZnO show that HOMO is in the vacancy and on the surrounding oxygens,
which means that there are free electrons in the hole. LUMO shows small electron density on oxygen and
some on zinc for Oxygen vacancy 1 and 2. LUMO for Oxygen vacancy 3 shows large electron density on the
two zinc next to the vacancy. If comparing the total Mulliken charge values of the five Zn around the
vacancy compared with the same five Zn in the non-defect cluster is seen a 1.3 decrease for V O 1 and V O 2,
and 1.2 decrease for V O 3.
The results of the oxygen vacancies of small ZnO cluster shows that Oxygen vacancy 2 has the most
favorable configuration of the three because this structure has the lowest formation energy. Its structure is
also similar to the first V O calculation done which had a ghost atom in the vacancy to see if the vacancy
itself would be a problem for optimization procedure, see figure at the bottom. Oxygen vacancy 2 was gotten
after an oxygen reaction with Oxygen vacancy 1, where the oxygen bond was pointed vertically straight up
above the vacancy (oxygen reaction 5.3.2-3 shows what was used for optimization of the vacancy). Least
stability has the configuration of Oxygen vacancy 3. For most of the gas reactions with V O was Oxygen
vacancy 1 used because it was thought that Oxygen vacancy 2 has some “distortion” (zinc pointing towards
the vacancy and the outer oxygens pointing outwards) that is probably unlikely for a bigger cluster, although
it makes sense that Zn2+ will be attracted to the electrons in the vacancy.
There is a good agreement in reaction energies between the oxygen vacancy of the large ZnO cluster and
oxygen vacancies of the small ZnO cluster, especially Oxygen vacancy 2.
The structure shown on the left is the oxygen vacancy structure with a ghost atom and it has
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a similar look as Oxygen vacancy 2. But it has not the same look on HOMO and LUMO.

5.2.2.4 Zinc vacancy

Structure

HOMO

LUMO

Zinc vacancy

The small ZnO cluster with a missing zinc shows HOMO orbitals on the oxygens surrounding the zinc
vacancy. LUMO has electron density on the oxygens far away from the vacancy at the hexagonal side faces.
Comparing the total Mulliken charge of the five oxygens surrounding the vacancy is it about a 0.5 decrease
in negativity compared to the sum of the same oxygens in the non-defect structure.
The Zinc vacancy defect has the highest formation energy of the defects investigated making it the most
thermodynamically unfavorable one. But for calculating the reaction energy a free Zn atom in gas phase is
used which makes the reaction energy not comparable to a real cluster and may give an error to the
calculation. Ref. [8] reported low formation energy in n-type samples of bulk-like ZnO but this works
calculations might be of a p-type Zn vacancy defect as discussed about in section 5.2.2.1.

5.2.2.5 Zinc interstitial
Structure

HOMO

LUMO

Zinc interstitial

The Zinc interstitial defect has HOMO on the zinc interstitial and the oxygens surrounding it. LUMO has the
electron density on the opposite side of HOMO on the zinc and oxygens on the outside of the cluster.
The Mulliken charge is 0.5+ for the zinc interstitial while all the other zinc lies around 1+ and all the oxygen
around 1- which make zinc to be Zn i +. Ref. [8] says that the zinc interstitial is only stable at the 2+ state.
Both the small ZnO cluster (p. 35) and the large ZnO cluster (p. 40) show negative formation energy for
the Zn i defect, meaning that the defect is thermodynamically stable and is the most favorable defect of the
ones studied. But since in this work a free Zn atom in gas phase is used for the energy calculation it makes
this statement uncertain and can contribute to an error of the reaction energy. Ref. [8] showed that the Zn
interstitial defect has high formation energy in n-type ZnO.
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5.2.2.6 Gallium doping, Zn replaced by Ga
Structure

HOMO - 1

HOMO

LUMO

alpha

alpha

alpha

beta

beta

beta

Ga:ZnO,
Zn replaced
by Ga

Gallium insertion into a zinc position in ZnO gave a smaller band gap compared to the non-defect structure.
The fact that gallium doping decreases the band gap is an indication that it will increase the conduction.
No orbitals on gallium were found and the plots show nothing of how gallium may be involved in
donating electrons. The Mulliken charge for Ga is 1.08+ which is no difference compared to the zinc in the
cluster. But the DOS spectra showed that the band gap decreased because of alpha HOMO being situated
near the conduction band.
All the orbitals of HOMO and LUMO are mostly on oxygen. Alpha HOMO-1 and beta HOMO have
similar looks that of HOMO for the non-defect cluster but with reversed blue and white orbitals, which
means that the phase signs are shifted, see comparison below. Alpha LUMO is similar to the look of
LUMO+1 for the non-defect cluster (not shown). The order in rise of orbital energy is: beta HOMO-1, alpha
HOMO and beta LUMO.
Band gap, diff. alpha HOMO - alpha LUMO: 1.00 eV
Band gap, diff. beta HOMO - beta LUMO:
5.64 eV
*Band gap, diff. alpha HOMO - beta LUMO: 0.700 eV
*From a rise of orbital energy point of view this is HOMO and LUMO

Non-defect ZnO

Ga:ZnO
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5.2.3 Large ZnO cluster
5.2.3.1 Overview of Energy data and DOS spectra
Table 5.3 Defects

Multiplicity

Energy
(Hartree)

∆Edefect
(Hartree)

∆Edefect
(eV)

∆Edefect
(kJ/mol)

Band gap
(eV)

EF
(eV)

(a) Non-defect
(b) Oxygen vacancy
(c) Zinc vacancy
(d) Zinc interstitial

1
1
1
1

-3265.30805666
-3249.14937456
-3199.45781943
-3330.72628217

0.250
0.435
-0.00301

6.79
11.8
-0.0820

656
1140
-7.91

4.78
3.92
0.430
2.91

-2.23
-1.68
-4.97
-1.21

Fig. 5.3 DOS spectra of a) Non-defect b) Oxygen vacancy c) Zinc vacancy d) Zinc interstitial

a

b

c

d

Energy (eV)

The same DOS properties as for the small ZnO cluster are seen for the large ZnO cluster but the band gaps
are smaller. The oxygen vacancy and zinc interstitial defects show HOMO rising to approach the middle of
the band gap and the zinc vacancy has LUMO near the valence band maximum. Compared to the small ZnO
cluster the band gaps for the non-defect structure and the oxygen vacancy are about 15% lower, for the zinc
vacancy the band gap value is 34% lower and for the zinc interstitial 13% lower.
The order of stability of the defects is the same as for the small ZnO cluster defects: Zn i > V O > V Zn .
The formation energy of the oxygen vacancy and zinc vacancy are in close agreement with the small ZnO
cluster defect energies. The zinc interstitial defect formation energy is higher than for the small ZnO cluster.
The Mulliken charge for the zinc interstitial is 0.5+ like for the small ZnO cluster.
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5.2.3.2 Structures and HOMO and LUMO
Structure

HOMO

LUMO

Non-defect

Oxygen vacancy

Zinc vacancy

Zinc interstitial

The large ZnO cluster has a similar look on the HOMO and LUMO levels like the small ZnO cluster. For the
non-defect large ZnO cluster HOMO and LUMO are on opposite sides. HOMO is situated mostly on
oxygens at the outer corners and LUMO is on the outer zinc and oxygen atoms. For the oxygen vacancy and
the zinc interstitial defect HOMO is in the oxygen vacancy or on the zinc interstitial, and on the oxygens
near the defect. LUMO shows electron density on the opposite side of HOMO and is situated on the outer
parts of the cluster with some density on oxygen and four large orbitals on zinc at the hexagonal side faces
like for the non-defect cluster. The zinc vacancy defect has HOMO on oxygens but not fully around the
vacancy like for the small ZnO cluster but instead concentrated on the oxygens on one side of the cluster.
LUMO is on the oxygens at the outer hexagonal side faces.
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5.3 Oxygen reactions
5.3.0 Energy and Properties table of all the Oxygen reactions
Oxygen reaction over Non-defect structure:………………….
Oxygen reaction over Oxygen vacancy 1:……………………
Oxygen reaction over Oxygen vacancy 3:……………………
Separated oxygen reactions over Non-defect structure: …….

5.3.1-1 to 8
5.3.2-1 to 5
5.3.2-6 to 8
5.3.4-1 to 8

p. 43 - 45
p. 46 - 48
p. 46 - 48
p. 49 - 51

As seen in table below it is only for the calculations with an oxygen vacancy that a charged oxygen
molecule, O 2 -, is seen.
If it’s only one Mulliken atomic charge value it is meant that both the oxygen’s have the same value.

Table 5.4 Reaction energies and properties of all the Oxygen reactions
Reaction

Multiplicity

Energy
(Hartree)

∆E
(Hartree)

∆E
(eV)

∆E
(kJ/mol)

Mulliken
Charge (O)

O-O lenght
(Å)

Possible
O 2 formed

5.3.1-1
5.3.1-2
5.3.1-3
5.3.1-4
5.3.1-5
5.3.1-6
5.3.1-7
5.3.1-8

3
3
3
3
1
1
1
1

-2072.44694287
-2072.44616470
-2072.44390916
-2072.43903700
-2072.41813701
-2072.41771266
-2072.41654099
-2072.41133551

-0.0102
-0.00941
-0.00715
-0.00228
0.0186
0.0190
0.0202
0.0254

-0.277
-0.256
-0.195
-0.0621
0.507
0.518
0.550
0.692

-26.7
-24.7
-18.8
-5.99
48.9
50.0
53.1
66.7

-0.090
-0.073
†
-0.005 and -0.07
-0.03
†
-0.29 and -0.20
-0.20
-0.20
-0.20

1.29
1.28
1.27
1.28
1.37
1.34
1.34
1.33

O2
O2
O2
O2
O2
O2
O2
O2

5.3.2-1
5.3.2-2
5.3.2-3
5.3.2-4
5.3.2-5
5.3.2-6
5.3.2-7
5.3.2-8*

3
3
3
3
3
3
3
1

-2056.33715628
-2056.33574829
-2056.36026396
-2056.34607655
-2056.31237389
-2056.37719721
-2056.49893802
-2056.52652455

-0.0646
-0.0632
-0.0877
-0.0735
-0.0398
-0.113
-0.235
-0.262

-1.76
-1.72
-2.39
-2.00
-1.08
-3.08
-6.39
-7.14

-170
-166
-230
-193
-104
-297
-617
-689

-0.21 and -0.54
-0.36
†
-0.24 and -0.52
-0.35 and -0.36
-0.39
-0.35
1
2
-0.30 and -0.94
1
2
-0.53 and -0.77

1.41
1.40
1.42
1.40
1.44
1.40
2.16
1.58

O2
O2
O2
O2
O2
O2
-

5.3.3-1
5.3.3-2
5.3.3-3
5.3.3-4
5.3.3-5
5.3.3-6
5.3.3-7
5.3.3-8

1
1
1
1
3
3
3
3

-2072.43191103
-2072.43036843
-2072.42770136
-2072.42319237
-2072.40581711
-2072.40233631
-2072.36953501
-2072.36507620

-0.127
-0.125
-0.123
-0.118
-0.101
-0.0972
-0.0644
-0.0600

-3.45
-3.41
-3.34
-3.21
-2.74
-2.64
-1.75
-1.63

-333
-329
-322
-310
-264
-255
-169
-157

-0.52
-0.51
-0.52
-0.51
†
-0.29 and -0.52
†
-0.29 and -0.52
-0.33
-0.35

1.58
1.58
1.59
1.59
†
2.16, 1.58
†
2.17, 1.59
2.16
2.07

-

†

†

O closest to surface
2
O above the surface and O in the vacancy
* Start structure is the optimized structure of 5.3.2-6 but a multiplicity of 1 is used instead of 3.
If instead the energy is calculated ∆E = 5.3.2-8 – 5.3.2-6 you get -4.06 eV.
1
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5.3.1 O 2 above the non-defect structure
Oxygen reactions with the non-defect structure – M=3
5.3.1 - 1

5.3.1 - 2

1.28 Å

1.29 Å
2.42 Å

5.3.1 - 3

1.28 Å

1.27 Å

2.47 Å

-0.277 eV

5.3.1 - 4

2.76 Å

-0.256 eV

-0.195 eV

3.06 Å

-0.0621 eV

Fig. 5.4 Oxygen over non-defect structure calculated with M=3. Favorability goes from right to left.

Oxygen reactions with the non-defect structure – M=1
5.3.1 - 5

1.37 Å

5.3.1 - 6

1.28 Å

5.3.1 - 7

5.3.1 - 8

1.34 Å

1.33 Å
2.20 Å

0.507 eV

0.518 eV

0.550 eV

0.692 eV

Fig. 5.5 Oxygen over non-defect structure calculated with M=1. Favorability goes from right to left.
The same start structure as for the calculations with M=3 was used.

The calculations of the non-defect cluster with an oxygen molecule shows that reactions done with a
multiplicity of three, reactions 5.3.1-1 to 4, are favorable over those done with a multiplicity of one,
reactions 5.3.1-5 to 8.
All oxygen reactions with a multiplicity of one had a positive energy which makes them thermodynamically
unfavorable. Only for oxygen reactions with a multiplicity of one could you see some Mulliken charge on
oxygen, but only up to about 0.2 and not enough to regard the oxygen molecule as an O 2 - ion.
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The preferred configuration is having oxygen interacting with two zinc between the two hexagonal sides like
a “bridge” over the trench, as reactions 5.3.1-1 and 5.3.1-2 shows. A bridging configuration has also been
found to be energetically favorable by ref. [34]. The reactions with oxygen pointing along column two have
a lower energy (more energetically favorable) than the reactions done with oxygen along column three, but
this comes from the nature of the cluster because of the zinc atoms are situated along that column. Having
the oxygen molecule like in reaction 5.3.1-4, turned 90 degrees compared to the others, is not that favorable
and is probably unlikely to happen. If only one of the oxygen atoms on oxygen interacts with the surface, as
reaction 5.3.1-3 shows, is not as favorable as if both of the oxygens are interacting with two separated zinc.
For the reactions calculated with a multiplicity of one it seems like the oxygen molecule prefers to be
between the columns rather than along the column as for the calculations with a multiplicity of three.
Reaction 5.3.1-5 has the most favorable configuration of the four and the oxygen molecule is also a bit tilted
downwards than the others.

5.3.1.1 DOS spectra of O 2 above the non-defect structure
Fig. 5.6 DOS spectra of Oxygen reactions with the non-defect structure

5.3.1-2

5.3.1-8

5.3.1-1

5.3.1-5

Energy (eV)

Comparison between 5.3.1-2 and 5.3.1-8 were done since they have similar optimized structure but were
calculated with different multiplicities. The DOS spectra of reactions 5.3.1-1 and 2 were similar which is
expected when they interact with the zinc oxide surface in the same way. Reactions 5.3.1-1 and 5.3.1-5 had
the same start structure but gave different optimized structures when using different multiplicities.
In all the DOS spectra is seen LUMO (5.3.1-8 and 5) and betas LUMO and LUMO+1 (5.3.1-2 and 1) in
the band gap. From the HOMO and LUMO plots on the next page it is seen that it is the oxygen molecule
which is contributing to the LUMO levels seen in the band gaps.
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5.3.1.2 HOMO and LUMO of O 2 above the non-defect structure
HOMO - 1

HOMO

LUMO
Alpha

5.3.1 - 2
Alpha / Beta

Alpha / Beta

Beta

5.3.1 - 8

Alpha

5.3.1 - 1
Beta

5.3.1 - 5

It is the oxygen molecule that has the most electron density at the LUMO level and from a rise in orbital
energy point of view for both reactions 5.3.1-2 and 5.3.1-1 all the beta orbitals are HOMO and LUMO.
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5.3.2 O 2 above the oxygen vacancy structure
Oxygen reactions with oxygen vacancy 1
5.3.2 - 1

5.3.2 - 2

5.3.2 - 3

1.40 Å

2.18 Å

1.41 Å

-1.76 eV

1.42 Å

2.18 Å

2.12 Å

-1.72 eV

-2.39 eV

5.3.2 - 4

5.3.2 - 5

1.40 Å

1.44 Å

2.12 Å

2.54 Å

-2.00 eV

-1.08 eV

Fig. 5.7 Oxygen over oxygen vacancy structure. Favorability goes from right to left.
Reactions 5.3.2-1 and 5.3.2-2 has the oxygen vacancy under the reaction site.

The oxygen molecule becomes charged, O 2 -, when it is interacting near an oxygen vacancy, both when the
vacancy is situated under or at the reaction site. Reactions 5.3.2-1 and 5.3.2-2 have the oxygen vacancy
under the reaction site while the rest of the reactions have the oxygen molecule above the oxygen vacancy.
For both the oxygen vacancy situations the most favorable configuration was to have the oxygen
molecule at an upright, vertical position to the surface as reactions 5.3.2-1 and 5.3.2-3 shows.
Oxygen reactions with oxygen vacancy 3
5.3.2 - 6

5.3.2 - 7

1.40 Å
2.15 Å

1.97 Å
2.16 Å

-3.08 eV

5.3.2 - 8

-6.39 eV

1.58 Å

2.08 Å

-7.14 eV

Fig. 5.8 Oxygen over Oxygen Vacancy 3 structure. 5.3.2-7 has M=3 and 5.3.2-8 has M=1

Only one reaction had an intact oxygen molecule above the vacancy of the calculations done over the
Oxygen vacancy 3 structures, reaction 5.3.2-6. For the others the oxygen molecule bond breaks and one of
the oxygen’s fills the vacancy.
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Reaction 5.3.2-7 had a vertically positioned oxygen molecule positioned above the oxygen vacancy and the
reaction carried out with a multiplicity of three. Reaction 5.3.2-8 had the optimized reaction 5.3.2-6 as start
structure and a multiplicity of one was used. It is seen that having a multiplicity of one is more favorable
than a multiplicity of three for single oxygens above the ZnO surface and this was also found to be for the
5.3.3 reactions (p. 49) where two separated single oxygens are over the non-defect ZnO surface.
Below is shown the DOS spectra for some of the oxygen reaction with an oxygen vacancy present and on the
next page HOMO and LUMO is shown for the same reactions.

5.3.2.1 DOS spectra of O 2 above the oxygen vacancy structure
Fig. 5.9 DOS spectra of Oxygen reactions with the oxygen vacancy structures

5.3.2-1

5.3.2-3

5.3.2-4

5.3.2-6

Energy (eV)

For the oxygen reaction over an oxygen vacancy it is the HOMO and LUMO levels that are seen in between
the band gaps compared to the O 2 -free non-defect ZnO cluster. For the oxygen reactions over the non-defect
cluster it was only the LUMO levels seen in the band gap.
DOS levels showing up in the band gap (the small peaks):

5.3.2-1
5.3.2-3
5.3.2-4
5.3.2-6

First two: beta HOMO then alpha HOMO. Second two: beta LUMO and LUMO+1
First beta HOMO, alpha LUMO, then beta LUMO and LUMO+1 (close to each other and seen as one)
First beta HOMO, alpha HOMO, then beta LUMO and LUMO+1
First alpha HOMO, then beta LUMO and LUMO+1
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5.3.2.2 HOMO and LUMO of O 2 above the oxygen vacancy structure
HOMO - 1

HOMO

LUMO

Alpha

5.3.2 - 1

Beta

Alpha

5.3.2 - 3
Beta

Alpha

5.3.2 - 4

Beta

Alpha

5.3.2 - 6
Beta

For all the reactions above the order of rise in orbital energy is beta HOMO is HOMO-1, alpha HOMO is
HOMO and beta LUMO is LUMO.
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5.3.3 Separated single oxygens reactions - study of an dissociated O 2
Comparing all the reactions with separated oxygens on the ZnO surface you see that the calculations with a
multiplicity of one (reactions 5.3.3-1 to 4) gave a more stable structure than using a multiplicity of three
(reactions 5.3.3-5 to 6). For the reactions with a multiplicity of three you see that one of the oxygen’s won’t
interact as close to the surface as the other oxygen and none of these structures comes as close to the stability
as the reactions with a multiplicity of one. There is a 0.47 eV energy difference between the most stable
reaction with M=3 and the least stable structure with M=1. The common feature of all the separated oxygen
reaction is that the oxygens interact more and gets closer to the oxygens on the surface than to zinc.
The reaction energies of the separated single oxygen reactions are greater compared to the reaction
energies where O 2 is adsorbed on the ZnO surface. But if the reaction energies are calculated with O 2 as
reactant, and not with two single oxygens, you get a positive energy which might be an indication that
dissociation is unfavorable.
The most favorable reaction is 5.3.3-1 where both the oxygens are interacting close to the oxygens at the
surface, on a side of the cluster where zinc is in the middle, and pointing in separate directions with C 2 symmetry. A lesser reaction energy is seen for reaction 5.3.3-3 where the oxygens interact at the opposite
cluster face, with oxygen in the middle instead of zinc, and the oxygens on the surface are along column two
and four instead of column three. For both cluster sides it is seen that having the oxygens adsorbed on the
surface pointing in different directions is more favorable than having them pointing in the same directions,
comparing 5.3.3-1 with 5.3.3-2 and 5.3.3-3 with 5.3.3-4. Reaction 5.3.3-5(M=3) has a similar look as
reaction 5.3.3-1(M=1) but instead of having both the oxygens at the same lenght to the surface one of the
oxygen’s is further away than the other, 0.10 Å further away from zinc and 0.58 Å further away from oxygen
on the surface than the other single oxygen. The surface interactions of the two single oxygens are also
similar to the reactions with only one single oxygen at the surface, comparing reaction 5.3.3-1 to 5.3.2-8 and
reaction 5.3.3-5 to 5.3.2-7.
Fig. 5.10 Dissociated oxygen molecule over the non-defect structure. Favorability goes from right to left.
Reactions 5.3.4-1 to 4 is calculated with M=1 and reactions 5.3.4-5 to 6 with M=3.
5.3.3 - 1

1.58 Å

5.3.3 - 3

5.3.3 - 2

1.97 Å

-3.45 eV

Zn-O: 1.59 Å

1.98 Å

1.58 Å

1.99 Å

1.59 Å

1.59 Å

-3.41 eV

-3.34 eV

5.3.3 - 5
O-O:
Zn-O: 2.16 Å
2.08 Å

5.3.3 - 4

-3.21 eV

5.3.3 - 6
O-O:
2.17 Å

1.58 Å
1.98 Å

-2.74 eV

-2.64 eV
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O-Zn:
2.09 Å

1.98 Å
1.59 Å

5.3.3.1 DOS spectra of the separated single oxygens reactions
Fig. 5.11 DOS spectra of the Separated single oxygens reactions with the non-defect structure

5.3.3-5

5.3.3-1

5.3.3-2

5.3.3-6

5.3.3-3

Energy (eV)

The DOS spectra shows that it is only the reactions calculated with a multiplicity of three (5.3.3-5 and 6) that
have orbital levels appearing in the band gap compared to the oxygen free non-defect cluster. It is the beta
LUMO and LUMO+1 levels that appears in the band gap. Looking at the HOMO and LUMO plots on the
next page it is seen that for both reactions 5.3.3-5 and 5.3.3-6 it is the single oxygen that is farther away from
the surface than the other oxygen that is responsible for the appearing LUMO level.
For the reactions calculated with a multiplicity of one the single oxygens can be said to become part of the
cluster and not just adsorb since the DOS spectra have more similar features with the non-defect ZnO cluster
compared to the other oxygen reactions.
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5.3.3.2 HOMO and LUMO of the separated single oxygen reactions
HOMO - 1

HOMO

LUMO

5.3.3 - 1

5.3.3 - 5

Alpha
Alpha / Beta

Alpha / Beta

Beta

5.3.3 - 2

5.3.3 - 6

Alpha / Beta

Alpha / Beta

Alpha

Beta

5.3.3 - 3

5.3.3 - 4

For both reactions 5.3.3-5 and 6 the rise in orbital energy gives alpha/beta HOMO-1, alpha/beta HOMO and
beta LUMO. The reactions with a multiplicity of three shows electron density on the oxygen closest to the
surface for the HOMO levels and electron density on the oxygen farthest away from the surface for the
LUMO level.
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5.3.4 Transition state structure of oxygen’s reaction with an oxygen vacancy
The calculations starting point is the optimized structure of oxygen reaction 5.3.2-3, from which Oxygen
vacancy 2 was calculated by taking out the oxygen molecule. Therefore the energy of Oxygen vacancy 2 is
used for the reaction energy QST3-calculation (∆E = E(QST3) – E(V O 2) – E(O 2 , c = -1, m = 2). Using O 2
with zero charge and a multiplicity of three instead you get -2.16 eV.
The result for the transition state search is that oxygen lies on the side closer to one of the zinc atoms
nearby, and the oxygen atom closest to the vacancy is having the highest Mulliken atomic charge just like for
oxygen reaction 5.3.2-3. The frequency calculation showed that this is the transition state structure, with the
oxygen closest to the vacancy vibrating in a direction towards the vacancy along the oxygen bond line.
QST3 optimized structure TS structure

Charge
Multiplicity
Energy (Hartree)
∆Ereact (Hartree)
∆Ereact (eV)
∆Ereact (kJ/mol)
O-O length (Å)
Mulliken charge (O)
Possible O 2 formed

0
3
-2056.35915904
-0.0738
-2.01
-194
1.53
-0.31 and -0.52 (closest to the
vacancy)
O2

HOMO

LUMO

ALPHA

ALPHA

BETA

BETA

From a rise in orbital energy point of view
it is alpha HOMO then beta LUMO

The structure that is the result of one of the oxygen’s occupying the vacancy is shown below. When
calculating a reaction with the optimized QST3 structure using a multiplicity of one and zero charge you get
the oxygen to fill the vacancy and the structure looks like the “single O above non-defect cluster”-structure
calculated with a multiplicity of three.
Both the reaction energies are calculated: ∆E = E(Single O) – E(non-def. ZnO) – E(O, c = 0, m = 3).
Single O above non-defect cluster M=3

Single O above non-defect cluster M=1

2.16 Å

Charge
Multiplicity
Energy (Hartree)
∆Ereact (Hartree)
∆Ereact (eV)
∆Ereact (kJ/mol)
Mulliken charge (O)
O-Zn(under vacancy) (Å)
O-O(in vacancy ) (Å)

2.08 Å

0
3
-2056.50065343
-0.0387
-1.05
-102
-0.39
2.19
2.30

Charge
Multiplicity
Energy (Hartree)
∆Ereact (Hartree)
∆Ereact (eV)
∆Ereact (kJ/mol)
Mulliken charge (O)
O-Zn(under vacancy) (Å)
O-O(in vacancy ) (Å)
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0
1
-2056.50512629
-0.0432
-1.18
-113
-0.58
2.37
1.64

TS
5.3.2-3

single O

Fig. 5.12 Red: TS of QST3, Yellow: oxygen reaction 5.3.2-3 and Blue: single O above non-defect cluster M=3.

Fig. 5.12 shows the different step calculations made for finding the transition state structure together with
the found TS-structure. The length between O closest to the vacancy and Zn from the cluster below the
vacancy is fixed, except for the QST3 calculation, oxygen reaction 5.3.2-3 and the single O reaction.
Conclusively it takes only 0.3 eV in activation energy for the oxygen molecule to fill the oxygen vacancy
and the overall reaction is exothermic. Ref. [33] calculated the dissociation energy of O 2 at an oxygen
vacancy to be exothermic and barrier less in their ZnO nanotube study.
Table 5.5 Energy calculations of O2 reaction with an VO
Energy difference
TS – 5.3.2-3 = E act
TS – Single O (M=3)

E (Hartree)
0.00110
0.141

E (eV)
0.0301
3.85

E (kJ/mol)
2.90
371

Eact =
0.0301 eV

Reaction 5.3.2-3
O-Zn: 5.14 Å
E (Hartree):
-2056.36026396

TS of QST3
O-Zn: 4.63 Å
E (Hartree):
-2056.35915904

Reaction energy (Single O – 5.3.2-3): -3.82 eV

3.85 eV

Single O (M=3)
O-Zn: 2.19 Å
E (Hartree):
-2056.50065343

Fig. 5.13 Showing the energy differences between the clusters involved in the TS reactions.
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5.3.5 Oxygen molecule dissociation
The path of theoretical oxygen dissociation is shown below in fig. 5.14 where the oxygen molecule is
thought to split along its bond axis and end up on two separate rows on the zinc oxide surface. Fixed bond
length between the oxygens was used in the optimization procedure. The conclusion that can be drawn is
that it seems unfavorable for the oxygen molecule to dissociate unless an external energy source like e.g.
light or heat would give the energy needed. The energy of activation would at least have to be 2.7 eV,
calculated by taking the difference between the energy of the configuration with the highest energy in the
graph (reaction coord. 3.1 Å, E(Hartree) = -2072.34523322), and the start structure, reaction 5.3.1-2. References
[33] and [34] also found dissociative adsorption energetically unfavorable. Dissociation seems favorable
however if an oxygen vacancy is present as talked about in the previous section 5.3.4.
Oxygen reaction 5.3.3-3 (M=1) is the most stable end result of the reactions calculated with the cluster
surface where an oxygen of the ZnO cluster is in the middle. The only difference from 5.3.3-6 (M=3) is that
now both the oxygens are interacting with the oxygens on the surface at the same distance, compared with a
multiplicity of three where you have one of the oxygen’s at a higher distance from the surface than the other.
The structure seen at 2.2 Å is tilted in a way that might indicate another way of dissociation, where the
oxygen bond breaks by coming more directly between zinc and oxygen of the cluster and ending up like
reaction 5.3.3-6, instead of going up right over zinc like in the other reactions.
Notably if a start structure with separated O straight above Zn, like the structure with highest energy seen
in the graph, is let to be optimized without a fixed bond length it ends up like reaction 5.3.1-2.
A QST3 calculation to find the TS-structure was tried but because of unknown reasons it could not be
completed.

Reaction
coordinate (Å)
O-O (Å)

5.3.3- 6
START
5.3.1-2

END?
5.3.3-3

Oxygen dissociation path
Fig. 5.14 START (red): Oxygen reaction 5.3.1-2 (M=3), END (yellow): Oxygen reaction 5.3.3-3 (M=1).
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5.4 Nitrogen dioxide reactions
5.4.0 Energy and Properties of all the Nitrogen dioxide reactions
Table 5.6 Reaction energies and properties of all the Nitrogen dioxide reactions
Reaction

Multiplicity

Energy
(Hartree)

∆E
(Hartree)

∆E
(eV)

∆E
(kJ/mol)

Mulliken
Charge

N-O lenght
(Å)

5.4.1-1

2

-2082.34848869

-0.0334

-0.908

-87.6

5.4.1-2

2

-2082.34820584

-0.0331

-0.901

-86.9

5.4.1-3

2

-2082.34179804

-0.0267

-0.726

-70.1

5.4.1-4

2

-2082.35321510

-0.0381

-1.04

-100

5.4.2-1

2

-2066.29566957

-0.145

-3.94

-380

5.4.2-2

2

-2066.28335761

-0.132

-3.60

-348

5.4.2-3

2

-2066.38848080

-0.246

-6.69

-646

1.30
O1: 1.30,
O2: 1.28
O1: 1.26,
O2: 1.33
O1: 1.26,
O2: 1.35
O1: 1.31,
O2: 1.30
O1: 1.33,
O2: 1.26
1.40

NO 2

5.4.2-4

2

-2066.41188701

-0.269

-7.33

-707

O: -0.52 , N: 0.30
O1: -0.43, O2: -0.45,
N: 0.34
O1: -0.36, O2: -0.51,
N: 0.12
O1: -0.34, O2: -0.54,
N: 0.14
O1: -0.57, O2: -0.49,
N: 0.31
O1: -0.52, O2: -0.35,
N: 0.12
O: -0.57, N: -0.19
O in V O : -1.0, NO: -0.30,
N: 0.06

1.21

NO

NO 2
NO 2

-

NO 2

-

NO 2

-

NO 2

-

NO 2

-

NO 2

-

2-

NO 2 - seems to be formed on both the clusters with and without an oxygen vacancy.

5.4.1 NO 2 above the non-defect structure
The most stable nitrogen dioxide positions on the zinc oxide surface are shown in reactions 5.4.1-1 and
5.4.1-2, where the two oxygens on NO 2 bind to two zinc. This was also found to be the preferred way a NO 2
molecule binds to the ZnO surface by ref. [33]. Reaction 5.4.1-4 has the highest energy but reaction 5.4.1-3
is the same except that it is interacting with zinc on row three instead of two, and the higher energy can only
attributed to the different side that NO 2 in reaction 5.4.1-4 is on. The DOS spectra of the reactions are on the
next page.
5.4.1 - 1

5.4.1 - 2

5.4.1 - 3

1.30 Å

O1

5.4.1 - 4

O1
O2

O1

2.07 Å

2.27 Å

-0.908 eV

O2

2.19 Å

2.18 Å

-0.901 eV

2.08 Å

-0.726 eV

Fig. 5.15 Nitrogen dioxide reactions with the non-defect structure.
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O2
2.02 Å

2.26 Å

-1.04 eV

5.4.1.1 DOS spectra and HOMO and LUMO of NO 2 above the non-defect structure
Fig. 5.15 DOS spectra of Nitrogen dioxide reactions with the non-defect structure

5.4.1-1

5.4.1-2

5.4.1-3

5.4.1-4

Energy (eV)

All the reactions show in the DOS spectra that it is first beta LUMO then alpha LUMO and beta LUMO+1
very close to each other which are seen appearing in the band gap. For reaction 5.4.1-2 the small peaks are
not as close to the valence band and the conduction band as the other reactions.
The rise in orbital energy is beta HOMO-1, HOMO and LUMO for 5.4.1-1 and alpha HOMO-1, beta
HOMO and beta LUMO for 5.4.1-2.
NO 2 reaction

HOMO - 1

HOMO

LUMO

Alpha

5.4.1 - 1

Beta

5.4.1 - 2

Alpha / Beta

Alpha / Beta

Alpha

Beta
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5.4.2 NO 2 above the oxygen vacancy structure
The most stable structure of those with nitrogen dioxide over Oxygen vacancy 1 that was investigated is
reaction 5.4.2-1 and the optimized structure has the look of Oxygen vacancy 2. The two last reactions used
NO 2 over Oxygen vacancy 3. Comparing 5.4.2-3 with 5.4.2-4 you can draw the conclusion that is favorable
for the NO 2 molecule to react with the vacancy so it gets filled with one of its oxygen’s and NO is formed.
Ref. [33] also calculated for their ZnO nanotube that NO 2 can dissociate at V O sites.
5.4.2 - 1

5.4.2 - 2

O2
2.19 Å

O1

-3.94 eV

2.10 Å

5.4.2 - 4

5.4.2 - 3

O2
O1
1.95 Å

2.25 Å

2.08 Å

-3.60 eV

2.11 Å

-6.69 eV

-7.33 eV

Fig. 5.16 Nitrogen dioxide reactions with the oxygen vacancy structures.

5.4.2.1 DOS spectra of NO 2 above the oxygen vacancy structure
Fig. 5.16 DOS spectra of Nitrogen dioxide reactions with the oxygen vacancy structures

5.4.2-1

5.4.2-2

5.4.2-3

Energy (eV)
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2.24 Å

DOS levels showing up in the band gap (the small peaks):

5.4.2-1 alpha HOMO, alpha LUMO / beta LUMO, beta LUMO+1
5.4.2-2 alpha HOMO, beta LUMO, alpha LUMO / beta LUMO+1
5.4.2-3 alpha HOMO, beta LUMO

For the nitrogen dioxide reaction over the oxygen vacancy structures is seen that both the HOMO and
LUMO levels are moving into the band gap. All the three reactions show the alpha HOMO level appearing
first. Reaction 5.4.2-1 then has alpha LUMO and beta LUMO near each other followed by beta LUMO+1,
while reaction 5.4.2-2 has beta LUMO first and then alpha LUMO and beta LUMO+1 near each other.

5.4.2.2 HOMO and LUMO of NO 2 above the oxygen vacancy structure
Looking at the HOMO and LUMO orbitals of reaction 5.4.2-1 below it is seen that the oxygen vacancy is at
the HOMO level and the LUMO level is on the nitrogen dioxide molecule.
HOMO - 1

HOMO

Alpha

5.4.2 - 1

Beta
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LUMO

6. Summary and discussion
6.1 Experimental results
Zinc oxide production and analysis

The three experimental methods used in this study worked well for producing zinc oxide, but the way the
synthesis were done didn’t produce a uniform size distribution and not only sizes below 100 nm were seen.
Generally the sizes were about 100 to 200 nm and above. The wet chemically synthesized pure zinc oxide
looked liked to have the better size distribution of the samples made, as the SEM and TEM images shows. A
smaller size would have been preferred, although the sizes of some of the particles are uncertain because of
the bad SEM images and that TEM images were not taken for all the particles. The purification and heating
of the particles could have been more consistent with each other for a better comparison between the
particles but some of the different heating times used shouldn’t matter that much and the size distribution
seen is probably more of a synthesis problem where better capping agents are needed.
Synthesis of doped ZnO with Ga or In seems possible according to this works results. No XPS studies
have been done but the smaller and wider peaks in the XRD spectra and the smaller size suggested by the
Sherrer estimations indicates that doping of Ga and In was successful. Reference [22], from which the wet
chemical method was adopted, did XPS on their Ga:ZnO nanoparticles and reported successful doping of Ga
ions that substituted into Zn sites. Indium doped zinc oxide have been synthesized indicated by the SEM
images being different from the non-doped and the gallium-doped particles. Almost the same disc shaped
structure of In:ZnO is seen by the two different synthesis methods used, EDOC and wet chemical method.
Reference [31] synthesized uniformed disc shaped particles by indium doping zinc oxide which then
supports that indium is responsible for the disc shaped particles seen in this study.
Color of the ZnO particles
Some samples, pure and doped, had a yellow color appearance, especially after heating at 500 °C and the
yellow color of an irradiated ZnO crystal can be assigned to neutral oxygen vacancies according to ref. [35].
If the yellow color achieved by doping of Ga and In is related to the dopants or the oxygen vacancies is
uncertain. Indium oxide is for example known to have a yellow color.

Oxyen gas sensing

In the gas sensing experiments was seen that all the made particles have the same peak shapes, still rising
and haven’t level off, meaning that the equilibrium is not established between adsorption and desorption.
This peak shape was seen for 5, 10 and 20 minutes response times.
The different resistance levels seen between the sensing materials made by the different production
methods are uncertain in the aspect that no comparisons between the same production samples on two
equally made sensor chips have been evaluated. Meaning that the difference in resistance between ZnO and
Ga:ZnO can be uncertain because no comparison between the same ZnO sample on two sensor chips of the
same kind, measured at the same temperature, has not been done. For some particles it even lacks gas
measurements of the pure ZnO sample.
The best sensor sample in this work was Ga:ZnO made by the wet chemical method. It showed good
sensitivity and stability. From the temperature dependency of the response and the oxygen sensitivity can
only be concluded that there is a higher response at 350 and 390 °C than at 300 °C. No gas measuring at 500
°C could be done for this sample since there was equipment limitations in the later part of the study and only
the samples made in the beginning were tested at that temperature. To better evaluate the response more
temperatures and higher oxygen concentrations need to be studied.
From the Langmuir fitting can only be drawn that the rate of desorption is larger than the rate of
adsorption, probably reflecting that the nanoparticles have a high surface to volume ratio. Preferably higher
oxygen concentrations than 20 % need to be used for the Langmuir curve to fit properly. If the oxygen
adsorption is dissociative or associative can’t be fully concluded from the experiments done in this work.
But the test between the associative and dissociative Langmuir isotherm favors to some extent an intact
adsorbed O 2 because of the associative Langmuir isotherm fitted better than the other.
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6.2 Quantum chemical results
Defects summary data table 6.1 on the next page

The results show that the defects fall in the order Zn i > (Ga Zn ) > V O > V Zn in terms of decreasing
favorability. The zinc interstitial is most favorable and the zinc vacancy is least favorable in this study. There
is good agreement between the defect energies of the small and large ZnO cluster for the vacancy defects but
not for the zinc interstitial defect. But the energy calculations are maybe not the best, if you are to fully
evaluate the defect formation you have take into account chemical potentials, Fermi levels and charge state
in the energy calculation like [8] did in their study of bulk like ZnO. Also the energy of free single atoms in
gas phase is used for calculating the defect energy in this work which may make the results uncertain.
The cluster models used in this study with B3LYP functional and HW basis set with ECP values shows
higher band gaps for the non-defect clusters than the experimentally determined value and all the defect
clusters gave lower band gaps compared to the non-defect structures. Reference [4] states an experimental
band gap of 3.37 eV and in this work the non-defect small and large ZnO clusters have band gaps of 5.68 eV
and 4.78 eV respectively. The better basis set, 6-31G(d,p), used for the small ZnO cluster gets the closest
agreement with the experimentally determined value with its 3.45 eV.
From the band gap and DOS calculations it is concluded that the oxygen vacancy and zinc interstitial
defects are the candidates for the intrinsic n-type conductivity of ZnO. Both defects have states in the band
gap that are not present for the non-defect structures and their Fermi level is higher than for the non-defect
clusters, supporting their role as n-type donors. But the states in the band gap are not as close to the
conduction band to make them shallow donors.
The zinc interstitial defect had the lowest formation energy and a band gap of 3.34 eV and 2.91 eV for the
small ZnO and large ZnO cluster respectively. The HOMO plots showed electron density on the zinc
interstitial. Of the results the Zn i is the best candidate for the unintentional n-type behavior in nanosized
ZnO even though it doesn’t seem to be a shallow donor. Though as mention before the energy calculations
uses free single Zn in gas phase which are not representative to a real cluster. The results and conclusions are
not consistent with reference [8], which reported Zn i as shallow donor with high formation energy under ntype conditions (the Fermi level close to the conduction band) and that they are fast diffusers, which make
them unlikely as stable isolated point defects. But an experimental study by Look et al. [36, 3] suggested Zn i
to be the dominant native shallow donor over V O , with ionization energy of about 30 meV.
The oxygen vacancy defects have formation energies of 4.6 eV for oxygen vacancy 1 and 2, while oxygen
vacancy 3 lies at 3.94 eV. The internal oxygen vacancy of the large ZnO cluster has a band gap of 3.92 eV.
The HOMO plots showed electrons present in the vacancy for all the V O defects. The formation energy of
the oxygen vacancy defect is higher than for the zinc interstitial defect, and should therefore be present in
lower concentrations in nanosized ZnO and be less likely for the intrinsic n-type conductivity than the Zn i
defect. The localized states showing up above the valence band and below the conduction band for the
oxygen vacancy defects were also present in ref. [33] in their calculations on a ZnO nanotube. According to
ref. [8] the oxygen vacancy defect is a deep donor that has high formation energy and is not responsible for
the unintentional n-type conductivity.
The zinc vacancy defect is an acceptor type defect with a band gap of 0.65 eV and 0.43 eV for the small
and large ZnO cluster respectively. The Fermi level was lower than for the non-defect structures, making it a
p-type defect, and the low band gap was due to LUMO being situated near the valence band maximum. A
high formation energy for the zinc vacancy as a p-type defect is also supported in ref. [8], causing it to exist
in only low concentrations. But [8] found the zinc vacancy as an n-type defect to have the lowest formation
energy of the native point defects and to be a deep acceptor. Since according to the calculations the zinc
vacancy defect seems to be of the p-type kind it might not be comparable with the other defects since they
were n-type defects. The HOMO plots showed electron density near the oxygens surrounding the vacancy
and LUMO was situated on the oxygens far away from the vacancy.
The conclusion drawn by reference [8] is that none of the native point defects are likely to be responsible
for the unintentional n-type conductivity and suggests donor impurities as the cause instead.
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Table 6.1
ZnO clusters summary
Small ZnO cluster
Non-defect structure
Non-def. struct. 6-31G(d,p)
Oxygen vacancy 1
Oxygen vacancy 2
Oxygen vacancy 3
Zinc vacancy
Zinc interstitial
Ga:ZnO, Zn replaced by Ga
Large ZnO cluster
Non-defect structure
Oxygen vacancy
Zinc vacancy
Zinc interstitial

Band gap
(eV)

Fermi level
(eV)

Formation energy
(eV)

5.68
3.45
4.58
4.62
3.94
0.653
3.34
0.700 *

-2.22
-4.71
-1.43
-1.41
-1.46
-4.90
-1.16
0.150 *

6.94
6.75
7.17
12.3
-0.388
2.71

-2.23
-1.68
-4.97
-1.21

6.79
11.8
-0.0820

Nondefect
VO 1
VO 2
VZn

*See p. 39

4.78
3.92
0.430
2.91

Zni

GaZn

Gas reactions

From the comparisons of oxygen reaction 5.3.1-1 with 5.3.1-2 and nitrogen dioxide reaction 5.4.1-4 with
5.4.1-3 is seen that it is possible for the reactions on a small ZnO cluster to preferable take place along the
outer parts of the cluster and not in the middle (column two instead of column three).
This works calculations shows that O 2 (reactions 5.3.2-7, 5.3.2-8 and the TS calculation in section 5.3.4)
and NO 2 (reaction 5.4.2-4) can dissociate on the ZnO surface if an oxygen vacancy is present, which is also
supported in ref. [33].
Both O 2 and NO 2 tend to act as acceptor molecules by taking up electrons from the ZnO cluster, forming
O 2 and NO 2 -. This was mostly seen for the oxygen reactions involving an oxygen vacancy while the
nitrogen dioxide reactions showed this tendency for both the non-defect and oxygen vacancy clusters. The
electron-acceptor behavior is supported by the oxygen gas sensing experiments done on the n-type ZnO
made in this study because the resistance was increased when exposed to the gas and therefore the
conduction was less [33].
Oxygen reactions
Oxygen adsorbs preferably with a bridge configuration between two zinc ions over the trench in-between the
two hexagonal structures of the cluster. Over an oxygen vacancy it prefers to only have one of its oxygens
pointing near the hole and the oxygen molecule may point straight upward from the vacancy. The transition
state calculation of an O 2 molecule’s reaction with an oxygen vacancy shows that there isn’t much activation
energy needed for the oxygen molecule to fill the vacancy with one of its oxygen’s, only 30 meV. O 2 ionizes
to O 2 - either if the oxygen vacancy is under or at the surface where the oxygen molecule adsorbs.
Dissociative adsorption is not favorable because of the high activation energy needed to cleave the
oxygen bond. This is also supported by refs. [33] and [34]. If the oxygen molecule is dissociated so that
single oxygen species are formed at the surface they will react with the oxygens on the surface and not with
zinc, as the separated oxygen reactions shows.
Nitrogen dioxide reactions
Nitrogen dioxide adsorbs preferably with its two oxygens interacting with two of the zinc on the surface. At
an oxygen vacancy it prefers to point one of its oxygens down to the vacancy.
Fig 6.1 The most favorable oxygen reactions and TS with VO.
5.3.1 - 2

5.3.2 - 3

TS

5.3.3 - 1
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Fig 6.2 The most favorable NO2 reactions.
5.4.1 - 1

5.4.1 - 2

5.4.2 - 1

7. Concluding remarks
ZnO synthesis and characterizations

ZnO nanoparticles can be made by the three methods used in this study - EDOC, combustion method, wet
chemical method - but the synthesis have to optimized for better size control and uniformity to be
satisfactory. Doping seems to work with all the methods, to produce Ga:ZnO and In:ZnO, as indicated by the
XRD and SEM, but XPS have to done to be sure.
For EDOC a better control over the voltage would be good because the equipment used was not an easy
way of getting good reproducible synthesis when you manually have to adjust the voltage. Better capping
agents could be used alongside TBAB to produce more uniformed sized particles, i.e. oleic acid.
For the combustion method a higher fuel to oxidant ratio could have been tried according to [11] to yield
smaller nanoparticles.
The wet chemical method seems the most promising of the three experiment methods used because of its
easy synthesis and time needed. But better purification and annealing procedures have to be used. The use of
capping agents should also be tried for this method.

Oxygen gas sensing

All the sensing materials behaved the same to the oxygen exposure and only differed in the resistance values
measured. The response is slow, seen by up-hill shape of the peak as the time of the exposure increases. The
best sensing properties was got from Ga:ZnO made by the wet chemical method. Though more gas studies
should be done to better evaluate this since some of the particles made never got to be used in the gas
measurements.
It is uncertain if the difference in resistance can be used to compare the gas sensing materials properties
since a lot of factors can contribute to the different resistance values seen. Comparison should be made
between the resistance levels of the same material on two equally made sensor chips to further see if the
resistance values can be used for evaluation.
The loading of the sample on the sensor chip is tricky and it is also hard to solve ZnO to get an evenly
mixed solution. Ethanol worked better as solvent than 2-propanol but the particles still needed some heat
treatment and sonication to solve them properly.
The Langmuir fitted curves indicated a higher rate of desorption than adsorption which might be due to
the high surface to volume ratio of the nanoparticles. If the adsorption can be concluded to be associative or
dissociative is uncertain but a simple linear regression test indicates that dissociation is less favorable.
SEM images before and after gas sensing measurements should be taken to see if growth occurs, but this
wasn’t done due to time. Lower oxygen concentrations than 1 % would liked to have been tried to further
analyze the sensitivity and detection limit of the material. Gas sensing of In-doped particles would have been
interesting to study for comparison with the ZnO and Ga:ZnO made samples.

Quantum chemical calculations of ZnO nanoparticles

In this study the most likely intrinsic defects are the zinc interstitial and the oxygen vacancy. Both showed a
donor state above the valence band maximum and may therefore increase conductivity in n-type samples.
But they were not shallow donors and the formation energy for the oxygen vacancy defect was higher than
for the zinc interstitial. The zinc vacancy defect caused acceptor states to be introduced near the valence
band maximum and it had the highest formation energy of the defects calculated. But it seems to be a p-type
defect and not an n-type defect which may make the calculation incomparable with the other defects.
Gallium doping introduced donor states near the conduction band minimum and justifies it as a donor in
ZnO that increases the conductivity. More Ga-doped ZnO studies can be tried.
The oxygen reactions shows non-dissociative adsorption to be favorable and that oxygen bind like a
bridge to two zinc on the non-defect surface. Negatively charged oxygen, O 2 -, was only seen in calculations
where an oxygen vacancy was present. Dissociation of the oxygen molecule is only favorable if oxygen
vacancies are present. The separated single oxygens react with the oxygens on the surface and not with zinc.
In the nitrogen dioxide reactions the oxygens of the nitrogen dioxide molecule interacts favorably with
the surface zinc atoms. The molecule gets ionized to NO 2 - when interacting with the surface, both with and
without an oxygen vacancy present. Nitrogen dioxide can dissociate to NO if an oxygen vacancy is present.
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