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Abstract 

The work presented in this thesis is motivated by the great commercial impact of 

ZnO for its peculiar properties useful especially in optoelectronics. In particular, I focused my 

attention on some of the current challenges in thin film transistors from the point of view of 

the characterization of properties of the aforementioned material and the study of the device 

physics. 

In view of the interest in thin film depositions and given the potential of ZnO for 

obtaining thin film transistors, based on what is known in the literature I propose two ways to 

produce uniform films of the material. My attempt is to provide precious information on the 

relative importance of the relevant physical and electrical properties of ZnO. 

Firstly, based on previous preliminary experiments in the group of Prof. Cacialli, I 

propose a wet chemical technique, employing colloidal solutions of K-rich ZnO nanoparticles 

to produce a thin film on top of the substrates via spin-coating depositions. Following this 

strategy, I obtained n-type ZnO thin-film transistors (TFTs) showing apparent values of 

charge carrier mobility comparable to or better than the best low-temperature-processed 

thin-film ZnO TFTs reported on in the literature (the highest previously reported value was 

~85 cm
2
/Vs). 

 I believe that the results obtained provide valuable information to the scientific 

community, as they suggest material design criteria. The work nonetheless produced some 

interesting additional results. In particular, the effects of processing on the SiO2 layer on the 

substrate may constitute a previously unseen phenomenon of oxide growth at low 

temperature and the formation of a high-κ dielectric by chemical reaction. 

The results presented in this thesis show a combination of analyses used to obtain 

useful and complementary information regarding the surface and interface characteristics of 

ZnO films deposited on Si/SiO2 substrates. The major result regarding the films is that the 

ZnO composition/structure is dependent on the atmosphere conditions during deposition 

onto the substrate as well as during its storage. I-V investigation will show how the devices 

performance will change if the device is kept in air or inert atmosphere. SEM and STEM 

investigation will show structural modifications, as well as the presence of Zn and K, 

penetrated into the substrate in the XPS spectra, both are a strong indication that a chemical 

interaction between the ZnO film and the substrate.   

I will also show how the preparation technique has been improved in term of time 

and energy, leading to a promising simple widely available and low-cost preparation 

technique for TFTs. 

Secondly, I explored a physical method using the pulsed plasma deposition (PPD) 

for the same purpose. Besides providing an alternative method of deposition at room 

temperature (compared to similar techniques such as pulsed laser deposition (PLD) and the 
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radio frequency magnetron sputter deposition, both requiring the annealing of the substrate 

at temperatures above 300˚C), I contributed to expand the knowledge about the possibilities 

of this deposition technique providing new details about the dependence of the final product 

on the deposition conditions. In addition, I have also contributed to the preliminary work to 

produce p-type ZnO using an extra target material, besides the ZnO one, as doping material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

Acknowledgements 

This dissertation is based on the work carried out at the Organic Semiconductors 

and Nanostructures group at the Dept. of Physics and Astronomy and London Centre for 

Nanotechnology, University College London between September 2013 and March 2016. 

My Ph.D. was funded by Leverhulme Trust. 

First and foremost I would like to thank Prof Franco Cacialli for the opportunity he 

gave me, the support and the scientific insights. I would also like to express my gratitude to 

Prof. Ed Romans, my secondary supervisor for his support. 

I would like to thank  all the people involved and  that made this project possible: Dr. 

Keith Fraser , who worked side by side with me at UCL; Prof Ramon Tena and his team (in 

particular Sandra Rodriguez), for the great experience I had during my visit to their facility at 

CIDETEC in San Sebastian. Furthermore Dr. J. W. Jin and Prof A. Nathan from the 

Department of Engineering, University of Cambridge for their contribution to the capacitance 

investigation; Dr. Giorgio Divitini and Prof. Caterina Ducati, from the Department of Materials 

Science & Metallurgy, University of Cambridge for the SEM/STEM characterizations; last but 

not least Prof. Tony Kenyon and Mark Buckwell for their contribution with the conductive 

AFM investigations. 

Finally, big thanks to all the Organic Spintronics team: the late Prof. Carlo Taliani, to 

whom I express my gratitude for everything he taught me. Alessandro Neri, Riccardo Lotti, 

for their help and in particular Dr. Valeria Sanginario, not only an excellent collaborator but 

she also revealed to be an amazing friend. You all made my years as Ph.D. students less 

hard. 

 

 

 

 

 

 

  



7 

 

Contents 

Introduction…………………………..……………………………………………………………...25 

Outlook…………………………………..….…………………………………………………….….29 

1. Basic Characteristics of ZnO and Applications ...................................................... 29 

1.1 Crystal Structure ............................................................................................... 29 

1.2 ZnO Electrical Properties .................................................................................. 31 

1.2.1 Zinc Vacancies ..................................................................................... 33 

1.2.2 Zinc Interstitials ..................................................................................... 33 

1.2.3 Oxygen Vacancies ................................................................................ 34 

1.2.4 ZnO Thin Film Mobility .......................................................................... 35 

1.3 ZnO Optical Properties ...................................................................................... 35 

1.4 ZnO Thin Film Transistors ................................................................................. 38 

1.5 Conclusion ........................................................................................................ 40 

2. Experimental Techniques ......................................................................................... 41 

2.1 Morphology Characterization Techniques .......................................................... 41 

2.1.1 X-Ray Photoelectron Spectroscopy ....................................................... 41 

2.1.2 X-Ray Diffraction (XRD) ........................................................................ 45 

2.1.3 Scanning Electron Microscopy .............................................................. 47 

2.1.4 Atomic Force Microscopy ...................................................................... 48 

2.2 Optical Techniques ........................................................................................... 51 

2.2.1 Ellipsometry .......................................................................................... 51 

2.2.2 UV/Vis Spectroscopy ............................................................................ 53 

2.2.3 Photoluminescence .............................................................................. 56 

2.3 Electrical Characterization Techniques .............................................................. 60 

2.3.1 C-AFM .................................................................................................. 60 

2.3.2 n-Type Enhancement TFT .................................................................... 61 

2.3.3 Capacitance Measurements ................................................................. 65 

2.3.4 Four-Point Probe Method ...................................................................... 67 

2.3.5 Hall Effect ............................................................................................. 69 

 



8 

 

3. Nanoparticles Synthesis and Characterization ...................................................... 73 

3.1 Introduction ...................................................................................................... 73 

3.1.1 Nanoparticles Electronic Transport ....................................................... 74 

3.1.2 Colloids Stability................................................................................... 78 

3.2 Experiment Details ........................................................................................... 82 

3.2.1 Synthesis of Nanoparticles ................................................................... 82 

3.3 Results and Discussions .................................................................................. 84 

3.3.1 Nanoparticles Optical Characterization ................................................. 84 

3.3.1.1 Temperature Dependency ..................................................... 84 

3.3.1.2 Effect of the Hydroxide on the Growth Mechanism ................. 86 

3.4 Conclusions ..................................................................................................... 92 

4. Nanoparticles Thin Film Transistors ....................................................................... 95 

4.1 Experiment Details ........................................................................................... 95 

4.1.1 Method and Materials ........................................................................... 95 

4.2 Results and Discussions .................................................................................. 99 

4.2.1 Channel Length Dependency ............................................................... 99 

4.2.2 Hysteresis Effects .............................................................................. 107 

4.2.3 Multiple Scans Effects ........................................................................ 111 

4.2.3 Storage Environment Effects .............................................................. 113 

4.3 Conclusions ................................................................................................... 115 

 

 
 

 
 

 
 



9 

 

5. The Dielectric Material ............................................................................................ 117 

5.1 Introduction ......................................................................................................... 117 

5.1 Experiment Details .......................................................................................... 118 

5.1.1 SEM/STEM Experiments .................................................................... 118 

5.1.2 XPS Experiments................................................................................ 118 

5.1.3 Capacitance Experiment Details ......................................................... 119 

5.2 Result and Discussion ..................................................................................... 121 

5.2.1 SEM and STEM Investigations ............................................................ 121 

5.3.2     XPS Investigations ............................................................................. 124 

5.3.3     Capacitance Investigations ................................................................. 136 

5.4 Conclusions .................................................................................................... 140 

6. Pulsed Plasma Deposition ..................................................................................... 143 

6.1 Introduction ..................................................................................................... 143 

6.2 Experiment Details .......................................................................................... 145 

6.2.1 Materials ............................................................................................. 145 

6.2.2 Film Deposition ................................................................................... 145 

6.3 Results and Discussions ................................................................................. 147 

6.3.1 Deposition Conditions ......................................................................... 147 

6.3.2 Morphology Investigations .................................................................. 151 

6.3.2.1 Topography ........................................................................ 151 

6.3.3 Electrical Characterizations ................................................................. 154 

6.3.3.1 C-AFM ................................................................................ 154 

6.3.3.2 n-type TFT .......................................................................... 159 

6.3.3.3 p-Type TFT ......................................................................... 165 

6.4 Conclusions .................................................................................................... 166 

7. Conclusions ............................................................................................................ 169 

7.1 TFTs with Nanoparticles.................................................................................. 169 

7.2 TFTs with PPD ................................................................................................ 171 

Bibliography……………………………………………………………………………………….173 

 



10 

 

List of Figures 

Figure 1.1: Stick-and-ball representation of ZnO crystal structures: (a) cubic rock-salt (B1), 

(b) cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). Shaded yellow and 

red spheres denote Zn and O respectively. Adapted from Morkoҁ et al. 
[52]

. .... 29 

Figure 1.2: Hexagonal close-packed arrangement of atoms; the unit cell consists of three 

layers of atoms. The top and bottom layers consist of six atoms at the corners 

and one atom at the centre of each hexagon.
 
Adapted from M. T. Dove 

[53]
. .... 30 

Figure 1.3: ZnO wurtzite structure, also called B4 type structure 
[52]

. Shaded yellow and red 

spheres denote Zn and O respectively. Adapted from Onodera et al. 
[54]

. ........ 30 

Figure 1.4: Molecular orbital model of ZnO. The 2s  and the 3 2p orbitals of oxygen combine 

to form 4 sp
3
 orbitals with 6 electrons; The 4s and the 3 4p orbitals of zinc as 

well combine to form 4 sp
3
 orbitals but with 2 electrons. ................................. 31 

Figure 1.5: Tetrahedral geometry of sp
3
 orbitals for both O and Zn atoms. ........................ 32 

Figure 1.6: Schematic energy diagram showing the possible radiative transitions of ZnO, 

due to defects levels. Eg = energy gap, Zni = zinc interstitial, VZn = zinc vacancy, 

OZn = oxygen antisite,     ,     , and     = oxygen vacancies, Oi = oxygen 

interstitial. Adapted from Mehmood et al.
[97]

 and Alvi et al.
[98]

. ......................... 37 

Figure 2.1: Schematic diagram for the XPS emission process. The incident X-ray with 

energy h causes the ejection of a core electron. The binding energy is equal to 

the difference between the energy of the incident photon h and the kinetic 

energy of the photoelectron. Adapted from Skoog et al. 
[114]

. ........................... 42 

Figure 2.2: Universal curve for the mean free path of various metals indicating their electron 

escape depth as a function of the electron kinetic energy, index of how far 

an electron  travels through a solid before losing energy. Adapted from S. 

Hüfner 
[120]

...................................................................................................... 43 

Figure 2.3: XRD apparatus, X-rays hit the sample to generate photoelectrons separated 

according to their kinetic energy by the energy analyser before entering into the 

detector. Adapted from Skoog & Leary 
[114]

. .................................................... 43 

Figure 2.4: Bragg's Law reflection. The diffracted X-rays exhibit constructive interference 

when the distance between paths ABC and DEF differs by an integer number of 

wavelengths ( ). Adapted from D. A. Skoog & J. J. Leary 
[114]

. ........................ 45 

Figure 2.5: The  -2  -geometry of an XRD apparatus. The source is fixed while the 

detector moves at twice the rate of the sample holder to maintain the  -2  

geometry. Adapted from Skoog & Leary 
[114]

. .................................................. 46 



11 

 

Figure 2.6: Schematic of SEM apparatus. Essential components include at least one 

electron gun, lenses, a sample stage, a magnification control system, a detector 

for the secondary electrons and a display device 
[125]

. Adapted from F. 

Krumeich 
[125]

. ................................................................................................ 47 

Figure 2.7: Schematic of AFM apparatus: the sample (1) is brought in the proximity of the tip 

(2) attached to the cantilever (3). Any deflection of the cantilever due to the 

interaction between the sample and the tip is monitored by the change in the 

reflection of a laser (4) that hit the cantilever and thanks to a mirror (5) is 

reflected toward the detector (6). Adapted from P. C. Braga 
[131]

. .................... 49 

Figure 2.8: Schematic representation of tip convolution effect: features smaller than the tip 

radius are not fully imaged leading to artefacts in the topography image. 

Adapted from E. Meyer 
[128]

. ........................................................................... 49 

Figure 2.9: Schematics of tip lateral resolution. Parameters definition (a); expected result of 

AFM topography (b). Adapted from http://www.ntmdt.com 
[133]

. ....................... 50 

Figure 2.10: Schematic diagram of ellipsometry measurement: polarised light hits the 

sample. The measured signal is the change in the phase () and the amplitude 

ratio () of the parallel (p) and perpendicular (s) components to the oscillation 

plane of the polarised radiation due to the interaction with the sample. Adapted 

from M. Dressel 
[140]

. ...................................................................................... 52 

Figure 2.11: Schematic diagram of UV-Vis Spectrometer. The main components are: a light 

source, a collimator to direct the light, a monochromator to split the lights in 

discrete wavelengths, a slit to select a single wavelength, a cuvette for the 

sample and a detector for the incoming light from the sample. Adapted from N. 

Heda 
[146]

. ...................................................................................................... 54 

Figure 2.12: Schematic of the relative orientations of the two electron spins for the singlet 

and the triplet states respectively. The two spins are indicated by the blue and 

red arrows, precessing around a local magnetic field in z-direction. The 

corresponding wavefunctions and the values of S and Ms are also given. 

Adapted from Köhler et al. 
[153]

. ...................................................................... 57 

Figure 2.13: Jablonski diagram showing the excitation from the ground state S0 to singlet 

excited states S1 and S2, internal conversion from S2 and S1, intersystem 

crossing from a singlet state S1 to a triplet state T1, Fluorescence emission from 

the singlet state S1 to the ground state S2, phosphorescence from the triplet 

state T1 to the ground state e the non-radiative decays due to vibrational 

relaxation. Adapted from R. J. Lakowicz 
[148]

. ................................................. 58 

Figure 2.14: Essentials of a luminescence experiment. The sample is irradiated at one 

wavelength and emission is observed over a range of wavelengths. The 



12 

 

excitation monochromator selects the excitation wavelength and the emission 

monochromator selects one wavelength at a time to observe. Adapted from D. 

C. Harris 
[155]

. ................................................................................................. 59 

Figure 2.15: Schematic of the setup used for the conductive AFM measurements. Ag paint 

is used to make the contact in order to apply the DC bias to the sample. The 

signal is the electric current between tip and sample for an applied DC bias. 

The topography is acquired using the deflection signal of the cantilever, the 

electric conductivity is measured through an electric current amplifier. Adapted 

from Pomarico et al. 
[160]

. ................................................................................ 60 

Figure 2.16: Schematic cross-section of a field-effect transistor (FET). The gate and drain 

electrodes have an applied voltage, VGS and VDS respectively, while the source 

contact is grounded. Adapted from Presley et al. 
[162]

. ..................................... 61 

Figure 2.17: Output characteristic of an n-type enhancement mode FET. The IDS is 

measured scanning VDS while keeping VGS constant. The image shows IDS vs. 

VDS curves at increasing values of VGS and the behaviour in the different 

operating regions. .......................................................................................... 62 

Figure 2.18: Transfer characteristic of an n-type enhancement mode FET. The IDS is 

measured scanning VGS while keeping VDS constant. The image shows IDS vs. 

VGS curves at increasing values of VDS and the behaviour in the different 

operating regions. .......................................................................................... 62 

Figure 2.19: Schematic representation of a parallel plate capacitor. Two conductive plates 

are sandwiched together with a dielectric in the middle................................... 65 

Figure 2.20: Schematic diagram of a four-point probe. Four probes are arranged linearly at 

equal distance S from each other. The potential drop V between the two inner 

probes is measured when a current is passed through the two outer probes. 

Adapted from F. M. Smith 
[170]

. ....................................................................... 67 

Figure 2.21: Schematic of the Hall Effect. The current I flows along the positive x-direction, 

the magnetic field B, along the positive z-direction, deflects the electrons along 

the negative y-direction generating the Hall field ɛH along the negative y-

direction. The potential drop between the two faces of the sample along the 

y-direction is the Hall voltage VH. Adapted from R. S. Muller & T. I. Kamins 
[172]

.

 ...................................................................................................................... 69 

Figure 2.22: Schematic representation of the van der Pauw measurements. Eight resistance 

values are obtained from a set of eight I-V measurements. Adapted from L. J. 

van der Pauw 
[173]

. .......................................................................................... 70 



13 

 

Figure 3.1: Schematic of the band structures in which the size quantization effect is 

responsible for the transition from a bulk metal or semiconductor to cluster 

species. Adapted from H. Hofman 
[175]

. .......................................................... 74 

Figure 3.2: Schematic of charge mobility mechanisms in nanoparticles, applied to TFTs. It is 

shown the charge conduction through a two-dimensional matrix formed by self-

assembled NPs. For Mott insulators, there are nearest-neighbour hopping and 

variable range co-tunnelling. Adapted from Jiang et. Al. 
[186]

. .......................... 76 

Figure 3.3: Sintering on a microscopic scale: 1 particle bonding initiated at contact point; 2 

contact points grow into necks; 3 pores between particles reduce and grain 

boundaries develop between particles in place of the necked regions Adapted 

from M P Groover 
[212]

. ................................................................................... 77 

Figure 3.4: SEM images showing the ZnO nanoparticles sintering after annealing 

treatments. Top view of the surface (a), lateral view of the aggregates (b). ..... 77 

Figure 3.5: SEM image of ZnO film on top of a Si/SiO2 substrate cross section obtained via 

FIB milling using Ga
+
 ions.  The image confirmed the thickness of the ZnO and 

SiO2 layers ~ 50 nm and ~ 235 nm respectively. ............................................ 78 

Figure 3.6: Schematic representation of a suspension, a colloidal and a true solution 

discriminated by their particles size. ............................................................... 78 

Figure 3.7: Potential energy curves for stable (purple curve) and unstable dispersions 

(green curve). Adapted from Oshima et al.
[219]

. ............................................... 81 

Figure 3.8: Schematic graph of the set-up apparatus used for the synthesis of the ZnO 

nanoparticles. A. Thermocouple; B. Siring for drop-wising the KOH solution; C. 

Syringe needle for providing air inside the reaction flask; D. Balloon flask for the 

reaction; E. Backer with the solution of methanol and KOH; F. Rotating stirrers; 

G. Constant temperature silicon bath; H. Hot plate and magnetic stirrer. ........ 83 

Figure 3.9: Absorbance spectra obtained from the nanoparticles suspensions, prepared 

using different temperatures and stirring time; the spectra are red shifted as the 

nanoparticles’ size increases. ........................................................................ 85 

Figure 3.10: Absorbance spectrum and onset wavelength for a solution stirred at 60 °C for 2 

hours. The onset wavelength was used to calculate the nanoparticle radius. .. 85 

Figure 3.11: UV/Vis optical absorption spectra of the synthesized ZnO nanoparticles using 

different alkali-hydroxides. ............................................................................. 87 

Figure 3.12: Plot of (h)
2
 vs. h from which the Eg values is extrapolated using the 

interception with the x axe. ............................................................................ 88 

Figure 3.13: Room temperature photoluminescence spectra for suspensions prepared using 

different alkali metals and an organic precursor. The sharp emission around 



14 

 

360 nm corresponds to the energy band gap and a broad one in the green 

region is due to surface defect. ...................................................................... 90 

Figure 3.14: Normalized green emission for the ZnO solution containing CsOH. The band 

can be fitted with two bands at ~524 nm for     emission and at ~ 588 nm for 

     contribution respectively 
[96]

.................................................................. 90 

Figure 4.1: Layout of FET Chip containing 4 sets of 4 transistors with channel length 2.5, 5, 

10, 20 µm, with a magnification of a single transistor. ..................................... 95 

Figure 4.2: Diagram of OFET substrates, showing AxB notation used to label devices. The 

numbers printed on the substrate in the centre of each group of 4 devices refer 

to the channel length of the surrounding devices in μm. ................................. 96 

Figure 4.3:  Image of a TFT chip after three depositions of ZnO NPs via spin-coating and 

the subsequent annealing treatments. ............................................................ 97 

Figure 4.4: PM5 probe station consists of the followings: a mobile stage to move the sample 

back and forth, a metal chuck to make the contact with back gate substrates, 

magnetic micromanipulators to move the tungsten needles on top of substrate 

for the source and drain contacts, an optical microscope with camera and 

monitor for an easy display of the sample features. ........................................ 98 

Figure 4.5: (a)–(d), Output characteristics curves of ZnO NPs-TFTs with different channel 

lengths (L = 20 µm, 10 µm, 5 µm and 2.5 µm, respectively). ........................... 99 

Figure 4.6: Transfer characteristics (IDS vs. VGS plots) measured in the saturation regime (at 

VDS = 20 V) for the different channel lengths (L = 2.5 µm, 5 µm, 10 µm and 20 

µm) available on each substrate. .................................................................. 100 

Figure 4.7: Schematic of a TFT circuit. The source and drain contacts resistances RS and 

RD, respectively, are in series with a capacitor in which the gate and the 

semiconductor are the two conductive plates, sandwiched with the dielectric 

material. Rch is the channel resistance while RDG was added to keep in 

consideration the leak current. Adapted from Alvarez et al. 
[276]

..................... 101 

Figure 4.8: Plot of the total resistance RTOT as a function of the channel length, L at different 

VGS values. .................................................................................................. 102 

Figure 4.9: Schematic diagram of charge sharing model with the portion of the channel 

controlled by the gate only highlighted in blue and the sharing portion with the 

s/d contacts in green.  As the channel length decrease less gate charge is 

required to turn on the channel, VT decrease
[284]

. Adapted from Kim et al. 
[287]

.

 .................................................................................................................... 104 

Figure 4.10: Schematic of DIBL. The drain contact creates an electric field affects the 

channel as the channel length is reduced, lowering the potential barrier 



15 

 

between the source and the channel, determining a lower VT with respect to the 

long channel case 
[288]

. Image from T. A. Fjeldly et al. 
[289]

. ........................... 104 

Figure 4.11: Transfer characteristic for ZnO transistor with channel length of 5 μm prepared 

using 3 depositions steps and annealing times of 15 and 90 minutes. .......... 106 

Figure 4.12: Output characteristics with hysteresis effect; (a) output gained using VDS step 

1 V, the mean value of the difference between the backward current and the 

forward current is 35%; (b) output gained using V VDS step 0.2 V, the mean 

value of the difference between the backward current and the forward current is 

12%. ............................................................................................................ 107 

Figure 4.13: Transfer characteristic with higher BSC hysteresis effect. The mean value of 

IDS is 264% higher for the backward scan than the one for the forward scan, 

whilst the difference in field-effect mobility is 12.46%. .................................. 108 

Figure 4.14: Graph of IDS+|IGS|-|IS| vs. VGS showing that some extra charges, besides the 

ones coming out from the source, contribute to the current measured between 

the source and drain electrodes. .................................................................. 110 

Figure 4.15: Transfer characteristics obtained by multiple scans for VDS = 10 V and 

scanning VGS from -5 V to 10 V with steps of 0.2 V. For subsequent tests the 

on/off ratio and the mobility values both decrease and the transfer 

characteristics do not longer resemble the theoretical model. ....................... 111 

Figure 4.16: Transfer characteristics for consecutive tests (a) and tests taken hours apart 

from each other (b), in both case VG swept = 1 V was used.......................... 112 

Figure 4.17: Transfer characteristics comparison for separate measurements on the same 

samples after storage under different conditions. ......................................... 113 

Figure 5.1: SEM image top view of a transistor channel for a) reference sample b) sample 

treated with KOH 0.01 M in methanol; c) sample treated with ZnO NPs solution. 

The Au contacts appear damaged for both the treated samples. .................. 121 

Figure 5.2: SEM images of the TFT cross section showing the actual channel length...... 121 

Figure 5.3: TEM characterization via an FEI Osiris S/TEM at 200 kV; FEI Helios Nanolab 

was used for the milling of the sample. Two cross sections showing the ZnO 

layer, the exposed ITO of the contacts, voids on the SiO2 layer (a), and dark 

spots of K on the contacts and difference in contrast in the SiO2 layer (b) 

respectively. ................................................................................................ 122 

Figure 5.4: XPS spectrum of the reference sample at the very surface (i.e. before any 

etching takes place), with the expected binding energies for the Si 2p and O 1s 

peaks. ......................................................................................................... 124 



16 

 

Figure 5.5: Depth profile for the Si spectra, for etching from 900 to 1000 s with spectra 

taken 10 s apart from each other. The two peaks are both for the Si 2p 

electrons, one for Si
4+

 and the other for Si
0
. .................................................. 125 

Figure 5.6: Peak for Si
0
 after 960 s etching, the peak can be fitted as combination of two 

peaks arising from spin-orbit coupling of the 2p electrons. ............................ 126 

Figure 5.7: Atomic concentration profile for the reference sample as a function of the etch 

time (a); depth profile for the reference sample as a function of the SiO2 depth 

gained using an etching rate of 0.25 nm/s (b). Spectra for O and Si lines were 

taken before etching (0 s), 3 spectra taken at 300 s apart from each other and 

10 spectra taken at 10s intervals (910-1000s). ............................................. 126 

Figure 5.8: XPS spectrum for the sample treated with ZnO nanoparticles solution 

corresponding to the surface before etching, the peaks for the main 

composition elements Si, K, O, and Zn are indicated. ................................... 127 

Figure 5.9: XPS atomic concentration profile for the ZnO sample as a function of the etch 

time (a) and the depth of the SiO2 layer (b). The profile shown consists of 31 

steps 10 s apart for a total etch time of 300 s. .............................................. 128 

Figure 5.10: O1s XPS spectra (blue) together with fitted peaks (red, black) measured during 

depth profile taken from a sample prepared by spin-coating ZnO onto a 

contactless substrate with accompanying annealing steps. Etch time: a) 80, b) 

100s, c) 120s. .............................................................................................. 129 

Figure 5.11: K2p XPS spectra (blue) together with fitted peaks (red, black) measured during 

depth profile taken from a sample prepared by spin-coating ZnO onto a 

contactless substrate with accompanying annealing steps. Etch time: a) 80s, b) 

100s, c) 120s. .............................................................................................. 130 

Figure 5.12: XPS spectrum for the sample treated with KOH 0.01 M solution corresponding 

to the surface before the etch, with the main composition elements Si, K, O, 

indicated. ..................................................................................................... 131 

Figure 5.13:  XPS atomic concentration profile for a sample treated with KOH 0.01M without 

ZnO as a function of the etch time (a) and as a function of the SiO2 depth (b) 

respectively. Spectra for O Si and K were taken before etching and at 25 s 

intervals (0 – 1025 s). .................................................................................. 131 

Figure 5.14: comparison of the atomic concentration of Si
4+ 

for the untreated (reference) 

and processed samples as a function of the etch time (a) and the depth of the 

SiO2 layer (b). The Spectra were taken 1 before etching, 3 after 300 s from 

each other (300 – 900 s), and 10 spectra taken at 10 s intervals (910 – 1000 s).

 .................................................................................................................... 132 



17 

 

Figure 5.15: XPS profile of Au 4f scan at different etching times for a reference transistor 

substrate (a) and a transistor substrate treated with ZnO NPs (b)................. 133 

Figure 5.16: XPS atomic concentration profile comparison for a reference samples with Au 

contacts and a sample treated with ZnO NPs, plotted as a function of  the etch 

time (a) and as a function of the Au depth (b). .............................................. 134 

Figure 5.17: Au4f 7/2 and 5/2 spectral peak positions for the reference and the treated 

samples as a function of the etch time (a) and the Au depth (b) respectively. 134 

Figure 5.18: a) Capacitance values for the reference sample; b) capacitance values of the 

reference sample, the KOH-treated sample, the ZnO-removed sample. ....... 137 

Figure 6.1: Schematic of PPD chamber. The electron beam hits the target material, a 

plasma plume is generated and directed trough the substrate permitting the 

deposition. Both target and substrate are placed on rotating holders 
[338]

. ..... 146 

Figure 6.2: Inside view of the deposition chamber. The electron beam comes out from a 

quartz tube hitting the ZnO target; a plasma plume is then generated and 

directed towards a sample placed in a sample holder opposite to the target. 146 

Figure 6.3: Five substrates with Au contacts after the ZnO deposition at the same oxygen 

pressure. As the deposition time is extended the colour of the films changes 

due to thickness increases. .......................................................................... 147 

Figure 6.4: Inside view of the load-lock unit equipped with the Organic Spintronic RF plasma 

cleaner (OS-RFPC). Argon plasma is produced from the RF electrode towards 

a face-down sample placed in the sample holder turned upside-down. ......... 148 

Figure 6.5: Deposition rate for sample prepare under different oxygen pressure conditions. 

The graph shows the inverse relationship between the deposition rate and the 

O2 pressure used during the deposition. ...................................................... 149 

Figure 6.6: Sheet resistance as a function of the oxygen pressure used during the 

depositions. ................................................................................................. 150 

Figure 6.7: SEM images (a) and AFM topography (b) of a ZnO film growth onto a Si/SiO2 

substrate at an oxygen pressure of 8.5 x 10
-4

 mbar, Ra = 1.0 nm, Rrms = 1.2 nm.

.................................................................................................................... 151 

Figure 6.8: XRD patterns for ZnO thin films obtained by pulsed plasma deposition at three 

different oxygen pressure conditions. ........................................................... 152 

Figure 6.9: C-AFM depth profile after 60 hours scanning, showing the layers has been 

etched 40 nm deep. ..................................................................................... 154 

Figure 6.10: a) AFM topography and b) current map acquired before the conductive tip 

etched the device’s surface: the surface contains some areas more conductive 

than the rest of the surface. ......................................................................... 155 



18 

 

Figure 6.11: a) AFM topography and b) current map acquired etching the layer: the material 

removed is accumulated at the edges of the scanned region. ....................... 155 

Figure 6.12: a) Topographic image showing the topography of the sample where the defects 

appear; b) current map showing the conductivity of the scanned region; c)3D 

tomogram of the etched region. Some spots with a much higher conductivity 

appear buried in the layer. Note that the data have been cropped to reveal the 

defects. ........................................................................................................ 156 

Figure 6.13: a) AFM topography and b) current map acquired after 60 hours of scanning the 

final trench the current map becomes a square. ........................................... 157 

Figure 6.14: I-V characteristics before (continuous lines) and after (dotted lines) the etching 

showing that after 60 hours the tip was damaged and became more conductive.

 .................................................................................................................... 157 

Figure 6.15: SEM images of the conductive tip, pristine (a) and after etching of the ZnO 

surface (b). .................................................................................................. 158 

Figure 6.16: a) IDS vs. VDS output characteristics, VGS from 0 to 40 V with steps of 8 V; b) IDS 

vs. VGS transfer characteristics, keeping VDS at 50 V..................................... 159 

Figure 6.17: IDS vs. VDS output characteristic for a device prepared using a tension of 13.5 V 

for the electron gun. The device shows a resistor-like behaviour with very small 

current modulation as the gate voltage increases. ........................................ 163 

Figure 6.18: Transfer characteristics of P3Ht TFTs. a) reference sample made with a brand 

new TFT substrate; b) TFT prepared using a former ZnO transistor. ............. 164 

Figure 6.19: Output characteristic for a Li-doped ZnO TFT showing p-type behaviour. .... 165 

 

 
 

 
 

 
 

 



19 

 

List of Tables 

Table 2.1: Geometry equation, relating the miller index with the lattice parameters and the d-

spacing for the cubic, tetragonal and hexagonal symmetries 
[53]

. ..................... 46 

Table 2.2: Designation of electromagnetic radiation regions together with the wavelength 

interval in which they are confined 
[143]

. ........................................................... 53 

Table 2.3: Basis states for a two-electrons system. The singlet state is characterized by S = 

0, multiplicity 1 and Ms = 0. The triplet state possesses S = 1, its multiplicity is 3 

hence it has three values for Ms = -1, 0 or 1. In the wavefunctions the arrows 

refer to the spin of electron 1 and 2 respectively, their directions indicate 

whenever the spin is up (ms =    ) or down (ms =    ) 
[152,153]

. ...................... 56 

Table 3.1: List of features that distinguish among the three type of systems suspensions, 

colloidal solutions and true solutions. .............................................................. 79 

Table 3.2:  Colloidal dispersions classification based on their dispersion and continuous 

phases with the relative examples for each one. Adapted from D. H. Everette 

[216]
.................................................................................................................. 80 

Table 3.3: List of five colloidal solutions, each one prepared using a different temperature 

and/or stirring time. ......................................................................................... 84 

Table 3.4: Value of nanoparticles’ radius for each solution, calculated using the onset 

wavelength of the absorbance. The radius values and standard deviation refer 

to the mean value calculated for multiple solutions prepared in the same 

conditions. ...................................................................................................... 86 

Table 3.5: Band-gap values of ZnO suspensions obtained from the square - root 

absorbance extrapolation. ............................................................................... 89 

Table 3.6: Intensity ratio of the UV to visible bands observed in the photoluminescence 

spectra. .......................................................................................................... 91 

Table 4.1: Electrical characteristics of TFT as a function of the channel length. ............... 103 

Table 4.2: Average results for devices prepare using the five ZnO NPs solutions prepared 

using different stirring time and temperatures. The performances are compared 

looking at the values of field-effect mobility, threshold voltage and on-off ratio.

..................................................................................................................... 105 

Table 5.1: Values of dielectric constant calculated using the capacitance values measured 

directly from the samples. ............................................................................. 138 

Table 5.2: Capacitance per unit area of the reference sample and the treated samples 

calculated using the new values for the oxide dielectric constant κox from table 

5.1. ............................................................................................................... 138 



20 

 

Table 6.1: Sheet resistance of samples with Au contacts as a function of the cleaning 

processes. .................................................................................................... 148 

Table 6.2: Preparation conditions, final thickness and deposition rate for spectrosil prepared 

at different oxygen pressures. A Horiba ellipsometer was used to evaluate the 

thickness. The table shows the inverse relationship between the deposition rate 

and the oxygen pressure used during the depositions. .................................. 149 

Table 6.3: Hall-Effect characterization of Si/SiO2 substrates prepared at various oxygen 

pressures inside the deposition chamber....................................................... 150 

Table 6.4: Values of structural parameters for ZnO films grown at different values of oxygen 

pressure. (hkl) denotes the Miller indices,   the Bragg angle, dhkl the interplanar 

spacing, D the crystallite size, a and c the lattice parameters for hexagonal 

(wurtzite) structure. The thickness was evaluated using a Horiba ellipsometer.

 ..................................................................................................................... 153 

Table 6.5: Field-effect mobility values for transistors prepared at oxygen pressures in the 

range of 8.5 and 9.5 x 10
-4

 mbar. *Sample A shows inconsistent behaviour with 

respect to the resistance, due to a shorter distance between the sample and the 

target used during the deposition. ................................................................. 160 

Table 6.6: Field-effect mobility values for transistors prepared at oxygen pressures outside 

the range of 8.5 and 9.5x10
-4

 mbar................................................................ 161 

Table 6.7: Thin-film deposition rate calculated using the deposition times and the film 

thicknesses, also reported, related to samples prepared at different voltages 

applied to the electron gun. ........................................................................... 162 

Table 6.8: Sheet resistance, field-effect mobility and on-off ratio values for transistors 

prepared with different voltages applied to the electron gun. .......................... 162 

 

  



21 

 

List of Acronyms and Abbreviations  

AFM:   Atomic force microscope 

BO:   Bridging oxygen 

BSC:   back sweep current 

CB:    Conduction band 

CBM:   Conduction band minimum 

CCD:   Charge-coupled device 

CW:   Continuous wave 

DIBL:   Drain induced barrier lowering 

EF:    Fermi energy 

FET:    Field-effect transistor 

HOMO:   Highest occupied molecular orbital 

IC:   Internal conversion 

IDS:    Drain current 

IGS:   Gate current 

ISC:   Inter system crossing 

ISD:   Source current 

ITO:    Indium tin oxide 

LUMO:    Lowest unoccupied molecular orbital 

MOS:   Metal-oxide-semiconductor 

NBO:   Non-bridging oxygen 

NP:    Nanoparticle 

NR:   Non-radiative 

Oi:                                  Oxygen interstitial 

OZn:                                Oxygen antisite 

PL:   Photoluminescence 

PLD:   Pulsed laser deposition 

PPD:    Pulsed plasma deposition 

RF:    Radio frequency 

RSF:   Relative sensitive factor 



22 

 

SCLC:   Space charge limited current 

SEM:    Secondary ions mass spectroscopy 

TCO:    Transparent conductive oxide 

TFT:    Thin Film Transistor 

TTFT:   Transparent thin film transistor 

VB:    Valence band 

VBM:   Valence band maximum 

VDS:    Drain voltage 

VGS:    Gate voltage 

VHB:   Very high bond 

VO:                                 Oxygen vacancy 

VT:    Threshold voltage 

VZn:                                 Zinc vacancy 

XPS:    X-ray photoelectron spectroscopy 

XRD:    X-ray diffraction 

Zni:                                 Zinc interstitial 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

Introduction 

For more than 60 years 
[1-5]

, synthesis of ZnO thin films has been an active field of 

study 
[6-10]

. It is well known that ZnO is a wide band-gap (~3.37 eV) semiconductor, with a 

hexagonal wurtzite structure and a high melting temperature (1975 ºC) 
[11,12]

. ZnO exhibits 

mostly n-type semiconducting behaviour and also guarantees environmental stability and 

optical transparency. The excellent electrical properties of bulk ZnO are related to its low 

background impurity (with Nitrogen at 8x10
16

 cm
-3

, Silicon at 1.5x10
16

 cm
-3

 and any other 

impurities below 1x10
16

 cm
-3

) 
[13]

. Thanks to these properties ZnO can be considered an 

ideal material for various applications in the fields of electronics, optics and photonics 
[6-10]

: it 

has been used for many applications, such as for transparent conductors, surface acoustic 

waves, gas sensors, piezoelectric transducers, UV detectors 
[14]

. 

More recently ZnO has generated considerable interest due to the possibilities of 

producing thin film transistors (TFTs), replacing amorphous Si as the channel layer: ZnO is 

transparent to visible wavelengths, due to the wide band gap and it is also expected to be 

less light sensitive than Si. It will not degrade on exposure to visible light, on the contrary, 

amorphous Si and poly-Si do degrade. Therefore, there is no need to shield the active 

channel layer from visible light 
[15-17]

. Its advantages also include its low cost, low 

photosensitivity, lack of environmental concerns, and especially high mobility (peak value of 

~1000 cm
2
/Vs at 50-60 K) 

[18]
 and transparency. ZnO is particularly attractive (compared to 

other transparent conducting oxides) because of good quality polycrystalline 
[19]

 films with 

Hall mobility ~ 1 cm
2
/Vs 

[20]
 that can be made at room temperature, making it compatible with 

low melting point plastic or flexible substrate materials 
[17]

. 

The candidates considered for the channel of the transparent thin film transistor 

(TTFT) are wide band gap semiconductors such as GaN 
[21]

 and SiC 
[22]

. Numerous 

experiments have established that these materials exhibit good performance e.g., a field 

effect mobility of 140 cm
2
/Vs and durability in high- temperature (up to 500 ºC) 

[23]
 and high-

power operation (50 W) 
[21-23]

. However, GaN exhibits several degradation mechanisms 

triggered by high electric fields 
[24-26]

. The two big advantages, that ZnO exhibits over GaN, 

are the following: both crystallizes in the wurtzite structure, but GaN is usually grown on 

sapphire, leading to a high concentration of extended defects (10
6
-10

9
 cm

−2
) due to their 

lattice mismatch (∼16%) 
[27]

. On the contrary ZnO is available as large bulk single crystals 

[28]
, presenting reduced concentration of extended defects and, therefore, better 

performance in electronic and photonic devices 
[13,29-32]

; another big advantage over GaN is 

the possibility to use wet chemical etching with ZnO, particularly important in the device 

design and fabrication 
[33]

.  

Furthermore, despite a decade of long research on MOS-based SiC power devices 

some fundamental physics-based issues and technological development issues have 

prevented the realization of their full commercial potential 
[34]

. A serious physics-based 
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reliability challenge results from carrier tunnelling into dielectrics. The most commonly cited 

intrinsic oxide degradation mechanism in SiC is the Fowler–Nordheim (FN) tunnelling 
[35,36]

. 

Alternatively the use of transparent conductive oxides such as indium tin oxide (ITO) 

and ZnO have also been proposed 
[37,38]

 as active channel materials 
[15-17,39-42]

, however 

transparency of ZnO at 450 nm is more than that of ITO (90%), a significant advantage over 

the ITO  for uses in optoelectronic devices based on transparent semiconductor such as 

ultraviolet photodetectors 
[43]

. 

This project was conceived as building on previous works on a ZnO transistor 

project started in 2011 by Dr. Mattia Lazzerini, Dr. Sadi Ahmad and Dr. Oliver Dicks, such 

past work led to the submission of my thesis presented for the degree of Master of Science 

in 2013 
[44]

. In the master thesis, I had investigated preparation parameters such as the 

number of spin-coating steps used, the spin rate applied during spin-coating and the length 

and temperature of annealing steps between depositions using 5 nanoparticles solutions, 

each one containing one of the following basic chemicals: KOH, LiOH, NaOH, CsOH or 

Bu4NOH. The best results, in that case, had been obtained under the following preparation 

conditions: 3 spin coated depositions at 500 RPM with annealing steps of 30 min at 350˚ 

between each deposition, followed by a final annealing of 3 hours at the same temperature 

using the KOH-reach solution. The samples prepared with the other solutions all had shown 

inferior performances (mobility < 0.01 cm
2
/Vs). However the large variation in mobility 

among identically prepared devices on one hand together with anomalous behaviour of 

some devices (such as resistor behaviour) on the other had brought up the issues with 

reproducibility of high-performance transistor, starting point on which the work presented in 

this thesis was built upon, with the intent to optimize the preparation process and improve 

reproducibility. In order to provide further information and verify the reliability of the original 

results the following thesis produced an improved understanding of the devices and some 

interesting additional results: in particular, the effects of processing on the SiO2 layer on the 

substrate may constitute a previously unseen phenomenon of oxide growth at low 

temperature and the formation of a high- dielectric by chemical reaction. 

Low-temperature SiO2 growth and the formation of a high- silicate phase may 

have practical applications. For example, the former may be of use in silicon-based 

electronics applications where low processing temperatures are required (e.g. forming 

insulating oxide after the creation of heat-sensitive structures), while the latter, like other 

methods of producing high-  dielectrics, and may facilitate transistor miniaturization. 

Evidence was found that the process used to prepare TFTs can cause the growth of silicon 

oxide films (a highly surprising result as SiO2 growth is normally carried out at 700 °C or 

higher, compared to 350 °C on our samples) and/or a measurable increase in the dielectric 

constant of the oxide. 

The work of this thesis aimed at improving reproducibility and understanding of the 

factors affecting mobility, issues in the past works.  
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I will describe the preparation of TFTs, with particular attention to the use of ZnO as 

active (semiconductive) material. I present the results obtained by using two different 

approaches, one based on a wet chemical method, the other on a physical technique. The 

processing technologies reported here present the main advantage of being relatively simple 

and compatible with inexpensive plastic/flexible substrate technology 
[14,17,38,45]

.  

The first approach was via spin-coating of a basic colloidal solution of ZnO 

nanoparticles in methanol onto a Si/SiO2 substrate with the aim of producing n-type thin film 

transistors with bottom-gate bottom-contact structure. In particular, to ensure better quality 

control, I travelled to CIDETEC to observe and carry out the process used to prepare the 

nanoparticle dispersions, learning to prepare dispersions on-site, varying the process to give 

different particle sizes, increasing the speed with which new ones can be obtained, and 

preventing possible degradation during shipping. The effect of the annealing time and 

temperature and the storage environments were investigated, together with morphology and 

electrical investigations. Here I report the possibility to produce ZnO TFTs using colloidal 

solutions by annealing at temperature of 350°C, achieving the realization of  high-

performance devices that exhibit field-effect mobility in saturation regime > 100 cm
2
/Vs at 

room temperature, on-to-off current ratio of 10
6
 and threshold voltage (VT) between 2 and 5 

V. These results seem extremely promising especially when compared with the ones 

reported in the up to date literature (Lin Y. H. et al. 
[46,47]

, reported ZnO TFT with mobility ~ 

10 cm
2
/Vs; Be-doped ZnO with mobility ~ 2 cm

2
/Vs has been reported by S. R. Thomas et 

al. 
[48]

, whereas Adamopoulos G. et al. 
[49]

 reported Li-doped ZnO with mobility up to 85 

cm
2
/Vs). Furthermore, they resemble the values reported for the bulk ZnO at room 

temperature (~ 150 cm
2
/Vs) 

[50,51]
. 

Furthermore, beside the chemical method, a physical method it was also 

investigated for the production of thin films, I spent some time in Organic Spintronics facility 

to learn the pulsed plasma deposition (PPD) process for the formation of ZnO thin, as an 

alternative to the spin-coating deposited nanoparticle films. Using the pulsed plasma 

deposition (PPD) technique ZnO thin films were grown on plain Si/SiO2 substrates and 

Si/SiO2 substrates with evaporated gold contact on top. The influence of oxygen pressure, 

time of deposition and tension applied to the electron gun was investigated. The structural, 

optical and electrical properties of ZnO thin films were investigated using X‐ray diffraction 

(XRD), atomic force microscopy (AFM), scanning electronic microscopy (SEM), 

spectrophotometers, sheet carrier density and resistance and Hall mobility via Hall 

measurements. I also demonstrate for the transistors field-effect mobility up to 5.39 cm
2
/Vs 

in the saturation regime. The PPD method has the advantage of working at room 

temperature (with also no need for annealing the sample), it’s a faster technique (only ~5 

minutes for the deposition of 50 nm film) and also has the possibility of doping control, which 

is particularly useful for preparing p-type ZnO. 
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Outlook 

This thesis is divided into seven chapters. The first chapter gives a general 

introduction on ZnO as semiconductor and the literature review, while experimental 

techniques used together with the various hypothesis and suggestions are being addressed 

in the following chapters. Detailed descriptions of the content of each section are given as 

follows. 

Chapter 1 provides an introduction to the basic characteristics of ZnO such as its 

mechanical, electrical and optical properties. I begin with a comprehensive portrayal of the 

crystal structure. It follows a general outline on the electrical properties with particular 

attention to the semiconductor behaviour of the material. Furthermore, I give an outline of 

the optical properties. Moreover, a closer look to ZnO applied in thin film transistor is given, 

encompassing a literature review of the up to date works done where either a chemical or 

physical method was used. Finally, a description of the method used to characterize the 

transistors and extrapolate the field effect mobility is included. 

In chapter 2 the theoretic principles behind the experimental techniques used are 

described. Several techniques have been used for morphology information, the study of 

optical properties and for electrical characterizations. 

Chapter 3 gives a description of the basic technique used to produce the ZnO. In 

particular, I focus on the chemical method of nanoparticles synthesis. I start with a generic 

description of the nanoparticles and their properties, followed by the description of the 

method and materials used. I also compare the photoluminescence emission for 

suspensions prepared with different alkali metals used as precursors. 

In chapter 4 I investigate the behaviour of ZnO nanoparticles in solution processed 

TFT and discuss the problem related to the morphology of the devices. I investigate the 

impact of chemical modifications do to the presence of the basic conditions used for the 

synthesis. I also investigate whether the storage environment has beneficial or detrimental 

effects on the performance of the TFTs. 

Chapter 5 is centred on our investigations on the anomalous transistor behaviour, 

with particular attention to the gate dielectric, the insulating material separating the active 

semiconductor material from the gate. Scanning Electron Microscopy and X-ray 

Photoelectron Spectroscopy analyses were performed to investigate any possible chemical 

change in its structure. Capacitance measurements were also performed to verify whether 

either the colloidal solution or the processing itself caused any modifications in the dielectric 

properties such as changing in the dielectric constant or in thickness. 

In chapter 6 provides another example of strategy to produce thin film depositions. 

In this case, a physical method is described: the pulsed plasma deposition. The deposition is 

obtained via ablation of a target material by a pulsed plasma of electrons. This causes the 
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formation of an ionized dense plasma that eventually transfers onto the desired substrate. In 

this chapter, I investigated how the film composition and its electrical properties were 

affected by the deposition conditions used. I also present a detailed study of the 

performances of TFTs with n-type and p-type behaviour. 

Finally, a summary of the achievements obtained as well as an outlook on future work is given 
in chapter 7 
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1. Basic Characteristics of ZnO and Applications 

In this chapter, the main theoretical premises behind  the ZnO properties are 

introduced, encompassing crystal structure, electronic band structure, electrical and optical 

behaviour
[52]

. Furthermore, I will present ZnO applied in the production of thin film 

transistors. 

 

1.1 Crystal Structure  

ZnO is a II–VI compound semiconductor. Fig. 1.1 shows the main crystal structures 

in which ZnO can be found, these are wurtzite, zinc blende, and rocksalt (or Rochelle salt) 

respectively. 

 

Figure 1.1: Stick-and-ball representation of ZnO crystal structures: (a) cubic rock-salt (B1), (b) cubic 

zinc blende (B3), and (c) hexagonal wurtzite (B4). Shaded yellow and red spheres denote 

Zn and O respectively. Adapted from Morkoҁ et al. 
[52]

.
  

 

At ambient conditions, the wurtzite symmetry is the most thermodynamically stable 

phase. The structure has a hexagonal unit cell with lattice parameters a = 0.3296 and c = 

0.520 nm. More precisely it is composed of two interpenetrating hexagonal close-packed 

(hcp) sublattices consisting of one type of atom (either O or Zn) tetrahedrally coordinated by 

the other. These sublattices alternate one another along the threefold c-axis, each one 

displaced with respect to the other by an amount of 0.375 (for an ideal wurtzite structure) in 

fractional coordinates 
[52]

. Fig. 1.2 shows the hexagonal close-packed arrangement of atoms: 

three layers of atoms form the unit cell. The top and bottom layers consist of six atoms at the 

corners and one atom at the centre of each hexagon 
[53]

.  
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Figure 1.2: Hexagonal close-packed arrangement of atoms; the unit cell consists of three layers of 

atoms. The top and bottom layers consist of six atoms at the corners and one atom at the 

centre of each hexagon.
 
Adapted from M. T. Dove 

[53]
. 

A schematic representation of the wurtzite ZnO structure is shown in Fig. 1.3, in an 

ideal wurtzite structure the ratio of the two lattice parameters a and c is      =       

      . 

 

 

 Figure 1.3: ZnO wurtzite structure, also called B4 type structure 
[52]

. Shaded yellow and red spheres 

denote Zn and O respectively. Adapted from Onodera et al. 
[54]

. 

The tetrahedral coordination in ZnO results in non-central symmetric structure and 

consequently piezoelectricity and pyroelectricity. Another important characteristic of ZnO is 

polar surfaces 
[55]

. This property is important because the electrical conductivity at these 

surfaces can change by adsorption of atomic hydrogen or of oxygen  
[56]

. The effect of the 

polar surface will be expanded in chapter 4. 
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1.2 ZnO Electrical Properties 

The electrical properties of bulk ZnO might be considered excellent: good electrical 

properties demand low point-defect and dislocation concentrations and low background 

impurity concentrations. These are all qualities  possessed by bulk ZnO and it  actually 

excels in these aspects 
[13]

. 

The ZnO band-gap is a direct one with energy of 3.44 eV at 4 K 
[57]

 and 3.37 eV at 

room temperature 
[58]

. For comparison, the respective values for wurtzite GaN are 3.50 eV 

[13]
 and 3.44 eV 

[59]
. It also exhibits exciton binding energy of 60 meV 

[28]
, compared with 25 

meV in GaN 
[13,59]

.  

This large exciton binding energy (compared to the one for other inorganic 

semiconductors) indicates that efficient excitonic emission in ZnO can persist at room 

temperature and higher 
[28]

. Since the oscillator strength of excitons is typically much larger  

than that of direct electron–hole transitions in direct-gap semiconductors 
[60]

, its exciton 

binding energy makes ZnO a promising material for optical devices that are based on 

excitonic effects 
[33]

. 

ZnO is a tetrahedrally-bonded semiconductor and the electronic structure together 

with its major intrinsic defects (such as zinc vacancy VZn, zinc interstitial Zni, oxygen vacancy 

VO, oxygen interstitial Oi) can be understood using the molecular orbital theory  
[61]

. The 

orbitals may be constructed from tetrahedral sp
3
 hybrids: the 2s and the 3 2p orbitals of 

oxygen combine to form 4 sp3 orbitals with 6 electrons, the 4s and the 3 4p orbitals of zinc 

as well combine to form 4 sp3 orbitals but with 2 electrons, the overlap of these orbitals 

gives rise to occupied bonding orbitals in the valence band and unoccupied antibonding  

orbitals in the conduction band 
[62,63]

 (Fig. 1.4). 

 
Figure 1.4: Molecular orbital model of ZnO. The 2s  and the 3 2p orbitals of oxygen combine to form 4 

sp
3
 orbitals with 6 electrons; The 4s and the 3 4p orbitals of zinc as well combine to form 4 

sp
3
 orbitals but with 2 electrons. 
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The model, however, is a very simple one: the zinc atom possesses a full d-shell (10 

electrons), for this reason, its sp
3
 orbitals have in reality a strong d-character. ZnO has a 

rather strong ionic binding, consequently, the conduction band (CB) arises essentially from 

the Zn
2+

 4s orbitals and the upper valence bands (VB) from the O
2−

 2p states with an 

admixture of Zn
2+

 3d levels 
[64]

. 

 

 

Figure 1.5: Tetrahedral geometry of sp
3
 orbitals for both O and Zn atoms. 

The sp
3
 orbitals have a tetrahedral configuration, the coordination number for both 

oxygen and zinc in the wurtzite structure is 4 (each oxygen atom bonds with 4 Zinc atoms 

and vice versa) 
[65]

.  

Taking in mind these considerations upon the ZnO electronic structure, each one of 

the intrinsic defect will be considered in the following sections, starting with the Zinc 

vacancies. 
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1.2.1 Zinc Vacancies 

Considering the electronic structure described in the previous section, it can be 

easily seen how the removal of a Zn atom from the ZnO lattice result in four O dangling 

bonds with a total of six electrons; these bonds combine into a total of 4 states: one located 

deep in the valence band (and doubly occupied); the other three, with an almost degenerate 

energy, are close to the Valence Band Maximum (VBM) into the band gap. These three 

states are occupied by four electrons and, therefore, can accept up to two additional 

electrons, explaining the acceptor behaviour of VZn in ZnO 
[33]

. 

As it is known the formation energy of acceptor-type defects decreases as the Fermi 

level increase, consequently VZn can more easily form in n-type materials. These vacancies 

have the lowest formation energy among the native point defects, hence they can occur in 

modest concentrations in n-type ZnO, they have been identified as the dominant 

compensating centre (via positron annihilation measurements) 
[66,67]

. On the contrary, in the 

p-type ZnO, VZn has very high formation energies and therefore its concentration should be 

negligibly low. Hence the VZn is unlikely to play any role in p-type conductivity, due to its very 

high formation energy in p-type materials 
[33,68]

. 

 

1.2.2 Zinc Interstitials 

A Zn interstitial atom (Zni) could in principle occupy the tetrahedral site or the 

octahedral site in the ZnO wurtzite structure. At the tetrahedral site, the Zni has one Zn and 

one O as nearest-neighbour atoms. At the octahedral site, the Zni has three Zn and three O 

atoms as nearest neighbours.  

It has been found that the octahedral site is the stable site for Zni, whereas the Zni at 

the tetrahedral site is 0.9 eV higher in energy and unstable as it spontaneously relaxes to 

the octahedral site 
[69,70]

. 

Regarding its electronic structure, Zni induces a state with two electrons above the 

Conduction Band Minimum (CBM). These two electrons are transferred to conduction-band 

states, stabilizing the +2 charge state (   
  ). Hence, Zni will always act as a shallow donor, 

donating electrons to the conduction band 
[69]

. 

In n-type samples, the Fermi level lies near the CBM and the formation energy of Zni 

is high even under extreme Zn-rich conditions. Zni will be present in very low concentrations 

in n-type ZnO, therefore unlikely to be responsible for n-type conductivity 
[33]

. On the other 

hand, as the Fermi level decreases toward the VBM the formation energy of    
  

 decreases 

rapidly, making Zn interstitials a potential source of compensation in p-type ZnO 
[33]

. 

Furthermore, it is also unlikely that Zn interstitials mediate the phenomenon of 

Zn self-diffusion, due to their high formation energy. Tomlins et al, instead, suggested that 
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Zn self-diffusion is controlled by a Zn vacancy which has a higher migration barrier of 1.40 

eV, but has a much lower formation energy in n-type ZnO 
[69,71]

. 

 

1.2.3 Oxygen Vacancies 

The oxygen vacancy is the most mentioned defect in the ZnO literature and 

frequently invoked as the source of unintentional n-type conductivity 
[33]

. 

However recent research indicates that this assumption might not be correct: 

although it shows the lowest formation energy among the donor defects, the density-

functional calculations indicate that VO is a very deep donor rather than a shallow one, 

consequently, it cannot contribute to n-type conductivity  
[69,70,72]

.   

On one hand, in the n-type material, when the Fermi level is close the CBM, VO has 

high formation energy (> 6 eV) furthermore, even in the case of formation it would be in its 

neutral state and it could not contribute to the conductivity. 

On the other hand it can be a consistent source of compensation in the p-type 

material: in this particular case, the Fermi level is close to the VBM and the VO can assume 

the +2 charge state with relatively low formation energy (< 4 eV) 
[33]

. 

To avoid the incorporation of this   
  

 and the consequent compensation in p-type 

ZnO, it is necessary to increase its formation energy during growth or annealing either by 

approaching the O-rich conditions and keeping the Fermi level away from the VBM in which 

cases the formation energy of   
  

 increases 
[69]

. 

Once again the molecular orbital theory model can be used to understand the 

electronic structure of an oxygen vacancy in ZnO. This defect leaves four Zn dangling bonds 

(sp
3
 hybrids) and two electrons. These dangling bonds combine into 4 energy states, located 

one in the band gap and the other three (almost) degenerate in the conduction band, 

respectively.  

In the neutral state of the oxygen vacancy, the first is doubly occupied while the 

other three are empty. The oxygen vacancy in ZnO can, therefore, in principle, exist in three 

charge states: neutral, +1 and +2, in which the first energy level is doubly occupied, singly 

occupied or empty, respectively. The occupation of this level is directly related to the local 

lattice relaxation around the oxygen vacancy 
[69,70,72]

. In particular, the four Zn atoms strongly 

relax toward the vacancy by 12% in the neutral state; in the +1 state they slightly relax by 

3% outward; and in the +2 state, they strongly relax by 23% outward. These values lead to 

the formation energies for   
   and   

  to be the lower in comparison to the one for   
  and, 

consequently,  the   
  been never thermodynamically stable 

[33]
.  
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1.2.4 ZnO Thin Film Mobility 

It is well known that ZnO spontaneously exhibits n-type semiconducting properties 

because of the two major intrinsic defect species present in ZnO, namely, Zn interstitial (Zni) 

and oxygen vacancy (Vo). The p-type material is more difficult to achieve 
[73]

.  In reality, 

impurities such as H, Al, and Ga, commonly found in commercial sources, also cause the 

electron doping. Whatever the origins of donors are, the impurity scattering suppresses the 

electron mobility 
[74]

. 

ZnO can be used as a transparent electrode as well as a semiconductor in which a 

carrier concentration is a major factor determining its electrical characteristics. Empty 

oxygen sites (i.e., oxygen vacancies, VO) are potential wells that can trap either one or two 

electrons, and these oxygen vacancies create deep levels in the band-gap structure. The 

removal of the oxygen vacancy decreases the charge carrier concentration (i.e., e
-
 in the n- 

type ZnO) and in turn, reduces the current that can flow across the source and the drain 

electrodes. More intrinsic oxygen vacancies and thus higher carrier concentrations. The 

mobility of the charge carrier eventually increases due to the decreased deep levels 
[10]

. The 

electronic transport behaviour is conditioned by how vacancies are generated and 

compensated. Indeed, in the case of the ZnO films the Zn structure _3d104s2_ gives rise to 

ZnO→Zn
2+ 

+ O
2−

, and so, the number of free carriers is highly dependent on the state of the 

Zn metal ion 
[75]

. 

1.3 ZnO Optical Properties 

A semiconductor has characteristic optical properties which are connected with its 

intrinsic and extrinsic effects. The former refer to optical transitions taking place between the 

electrons in the conduction band and holes in the valence band and include excitonic effects 

due to the Coulomb interaction. The latter relate to the presence of dopants or defects, 

which create discrete electronic states in the band-gap influencing both absorption and 

emission processes. By far the most important causes for luminescence are shallow 

neutral-donor-bound exciton and shallow neutral-acceptor-bound excitons, two classes of 

bound excitons in which the excitons bound to neutral or charged donors and acceptors 

respectively. Other defect-related radiative transitions that could be seen in the optical 

spectra can be caused by free to bound electron-acceptor and  bound to bound donor-

acceptor 
[29]

. 

At room temperature a typical ZnO photoluminescence (PL) spectrum presents 

emission bands in the ultraviolet (UV) and visible regions 
[76]

.  ZnO also exhibits exciton 

binding energy of 60 meV, a value considered large when compared to the binding energy 

for GaN (25 meV) and the more significant thermal energy value at room temperature (26 

meV). The implication of such value is that it ensures an efficient exciton emission at room 

temperature under low excitation energy 
[55]

 .  
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The UV emission is usually considered as the characteristic emission of ZnO 
[77,78]

 

and attributed to the band-edge transition or the exciton combination 
[79]

. ZnO often also 

exhibits a broad green luminescence, centred between 2.4 and 2.5 eV 
[80-83]

. This green 

luminescence has been observed in samples prepared with a variety of growth techniques, 

and there may not be a single source for this luminescence 
[33]

. 

Although the emissions in the visible regions are universally considered to be 

associated with the intrinsic or extrinsic defects in ZnO, the origin of the luminescence centre 

and the luminescence mechanism are not really understood and extensive controversies 

have existed for more than two decades 
[84]

. For green emissions, a number of different 

hypotheses have been proposed, being frequently attributed to oxygen vacancies or zinc 

interstitials, without any clear evidence 
[85]

: transition between singly ionized oxygen 

vacancies and photoexcited holes 
[86]

, transition between electrons close to the conductive 

band and deeply trapped holes at VO 
[87]

, surface defects 
[88]

, have been proposed 
[76]

. 

It has also been suggested that zinc vacancies, which behave as acceptors and are 

likely to form in n-type ZnO, are a more likely cause of the green luminescence 
[33]

. 

Experiments by Sekiguchi et al also provide a strong argument in favour of VZn being the 

source of green luminescence 
[89]

. They reported a strong passivation of the green 

luminescence by hydrogen plasma treatment. This observation is consistent with the green 

luminescence being caused by VZn, which acts as acceptor and can be passivated by 

hydrogen 
[90,91]

. Oxygen vacancies have been reported as the cause of the characteristic 

green luminescence of ZnO 
[92-94]

. Normally, oxygen vacancies exhibit three types of charge 

states such as neutral oxygen vacancy   
 , the singly ionized oxygen vacancy   

 , and the 

doubly ionized oxygen vacancy   
  , situated below the bottom of the conduction band (CB) 

in the series of   
 ,   

 , and   
  , from top to bottom 

[95]
. The position of different defect levels 

is illustrated in Fig. 1.6 
[96]

. 
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Figure 1.6: Schematic energy diagram showing the possible radiative transitions of ZnO, due to 

defects levels. Eg = energy gap, Zni = zinc interstitial, VZn = zinc vacancy, OZn = oxygen 

antisite,   
  ,   

  , and     = oxygen vacancies, Oi = oxygen interstitial. Adapted from 

Mehmood et al.
[97]

 and Alvi et al.
[98]

.   

The visible emission of ZnO is mainly due to electronic transitions from levels close 

to the conduction band edge to a defect associated trap states. According to Vanheusden et 

al. 
[93]

, it is originated from the defect states such as oxygen vacancies and zinc interstitials. 

It was reported that the transition involving zinc vacancies would result in blue emission 
[99]

  

together with oxygen antisite (OZn). However the latter is an acceptor-type defect with a very 

high formation energy, even under the most favourable O-rich conditions 
[33]

. The green 

emission is commonly attributed to the ionized oxygen vacancies   
   and   

   
[100]

.  Finally, 

the red emission in ZnO can be attributed to oxygen interstitials (Oi) and to neutral oxygen 

vacancies (Vo). 

The optical properties of ZnO nanoparticle will be fully discussed in chapter 3.  
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1.4 ZnO Thin Film Transistors 

ZnO is attracting considerable attention for its possible application to thin film 

transistors 
[14]

. Its properties make ZnO thin film transistors an alternative to amorphous 

silicon TFTs for use in flat panel display. Thin film transistors provide a common and 

inexpensive method of driving individual pixels in LCD and OLED displays. 

 Zinc oxide possesses a higher mobility than amorphous silicon (1500 cm
2
/Vs) 

[101]
 

and lower deposition temperatures than polycrystalline silicon (> 550)  
[102,103]

, both qualities 

that make it an ideal semiconductor for electronic applications. 

In its most common form, zinc oxide is an n-type semiconductor. This behaviour is 

commonly attributed to a stoichiometric excess of zinc ions, which occupy interstitial 

locations in the crystal lattice. The conductivity can be varied by doping with other elements 

to replace either the zinc or the oxygen in the structure 
[104]

 . 

An attempt to fabricate a ZnO TFT by chemical solution deposition has been 

published by Y. Ohya and co-workers in 2001. Their method involved annealing steps with 

combined heating at 600°C and 900°C 
[39]

, but the field-effect mobility reported was much 

less than 10
-2

 cm
2
/Vs 

[17]
. R. L. Hoffman reported in 2003 ZnO prepared via chemical 

solution deposition with subsequent annealing (600-800°C), the devices showed an on-to-off 

ratio of 10
7
, threshold voltages 10 to 20 V and mobility 0.3 to 2.5 cm

2
/Vs 

[16]
. Here the 

possibility to produce ZnO TFT using colloidal solutions by annealing at the lower 

temperature of 350°C is reported. I managed to get high-performance ZnO TFTs fabricated 

by spin coating of ZnO colloidal nanoparticles in methanol under alkaline conditions, with a 

bottom gate bottom contact configuration. The device exhibits a field-effect mobility in 

saturation regime > 100 cm
2
/Vs or higher at room temperature, an on-to-off current ratio 

of 10
6
 or higher and VT between 2 and 5 V. These results seem extremely promising 

especially when compared with the ones reported in the up to date literature (Lin Y. H. et 

al.
[46,47]

, reported ZnO TFT with mobility ~ 10 cm
2
/Vs; Be–doped ZnO with mobility ~ 2 

cm
2
/Vs has been reported by S. R.Thomas et al. 

[48]
, whereas Adamopoulos G. et al. 

[49]
 

reported Li-doped ZnO with mobility up to 85 cm
2
/Vs) 

[46-49]
. Furthermore, they resemble the 

values reported for the bulk ZnO at room temperature (~ 150 cm
2
/Vs) 

[50,51]
. 

Besides the chemical method, a physical method it was also investigated for the 

production of thin films. P. F. Carcia and co-workers reported in 2003, ZnO thin-film 

transistors fabricated by radio frequency (RF) magnetron sputtering with the best devices 

having a field-effect mobility of more than 2 cm
2
/Vs and an on/off ratio of 10

6 [17]
.  Later on in 

2004 H. Q. Chiang used the same technique to fabricate transparent thin-film transistors 

using an amorphous zinc tin oxide channel layer reporting field-effect mobility up to 15 

cm
2
/Vs obtained for devices annealed at 300 °C post-deposition and up to 50 cm

2
/Vs for 

devices annealed at 600 °C 
[105]

. George Cramer reported in 2006 ZnO deposited using 
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pulsed laser deposition (PLD). In this process, the substrate was placed in a vacuum (10
-6

 

Torr) and heated to 350°C 
[103]

.  More recently (2011) it was found that pulsed plasma 

deposition (PPD) technique provides films with superior electrical and structural properties at 

room temperature, which permits to deposit ZnO films on a plastic substrate 
[106]

, with also 

the main advantage of no annealing needed after the deposition. Using this technique ZnO 

thin films were grown on transistors substrates and we demonstrate for the transistors field-

effect mobility up to 5.39 cm
2
/Vs in the saturation regime. 
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1.5 Conclusions 

ZnO is a II–VI compound semiconductor. At ambient conditions, the most 

thermodynamically stable form is the wurtzite, with a hexagonal crystal structure. The bulk 

material shows excellent electrical properties due to its low point-defect and dislocation 

concentrations and low background impurity concentrations. It also possesses a direct and 

wide band-gap, 3.44 eV at 4 K 
[57]

 and 3.37 eV at room temperature 
[58]

. 

The native points defects are: Zn vacancies, more common in the n-type material 

and acting as acceptors; Zn interstitials present in very low concentration in n-type ZnO, but 

potential source of compensation in p-type ZnO 
[33]

; finally O vacancies, the most 

controversial: frequently invoked as the source of unintentional n-type conductivity they are 

recently identified as deep donor rather than a shallow one, consequently they probably 

cannot contribute to n-type conductivity 
[69,70,72]

; on the other hand they can be a consistent 

source of compensation in the p-type material.  

A typical ZnO photoluminescence (PL) spectrum displays emission bands in the 

ultraviolet (UV) and visible regions 
[76]

. The UV emission is usually considered as the 

characteristic emission of ZnO 
[77,78]

 attributed to the band–edge transition or the exciton 

recombination 
[79]

. ZnO often also exhibits a broad green luminescence whose origin and 

mechanism are still not completely understood with a number of different hypotheses been 

proposed that frequently associate the phenomenon with the presence of oxygen vacancies 

or zinc interstitials. Although recent studies provide a strong argument in favour of VZn being 

the source of green luminescence  
[89]

. 

Due to these unique electrical and optical properties, ZnO is extensively used in 

various applications such as transparent electrode in solar cells 
[107]

, field emitters 
[108]

, 

ultraviolet laser emission 
[109]

, photodetectors 
[110]

, piezoelectricity 
[111]

, bio-sensors 
[112]

 and 

short wavelength light emitting diode 
[113]

.  
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2. Experimental Techniques 

In this chapter, I will address a discussion into the operating principles for n-type 

field-effect transistors working in enhancement mode and the main experimental techniques 

used to investigates the properties of these devices. By means of such techniques, 

electrical, optical and morphological characterizations were performed.  

 

2.1 Morphology Characterization Techniques 

2.1.1 X-Ray Photoelectron Spectroscopy 

X-rays electromagnetic radiation is in the range of wavelength between 10
-4

 and 

10 nm. The range used in spectroscopy is usually between 0.01 and 2.5 nm. There are three 

ways to obtain X-rays: 

1. By hitting a metal target with a beam of high energy electrons (~100 keV) causing 

the electron transitions of inner orbital electrons. 

2. By exposing a substance to a primary beam of x-rays to produce a secondary beam 

of x-rays via fluorescence. 

3. By the radiative decay process of a radioactive source 
[114]

. 

Once a photon impinges upon an atom, one of the following events may occur: 1) no 

interaction between the two species; 2) partial energy loss due to scattering of the photon by 

an electron in the atomic orbital, also known as ‘Compton scattering’ and studied by Electron 

Spectroscopy; 3) total transfer of the photon energy to the atomic orbital electron, which will 

be emitted out from the atom (photoemission process, Fig.2.1, basis of XPS). 

Total transfer of the photon energy to the electron is the essential element of 

photoemission: no electron will be ejected from an atom unless the frequency of excitation is 

equal to or greater than a threshold level characteristic for each element. The number of 

electrons emitted will be proportional to the intensity of the illumination. The process from 

excitation to emission is extremely rapid (10
−16

 s). The photoelectric interaction between 

monoenergetic X-rays and a sample causes electrons to be ejected with discrete kinetic 

energies, the observable quantities in photoelectron spectroscopy. These energies are 

linearly proportional to the frequency of the exciting photons with the possible excess in 

photon energy transferred to the emitted electrons. The energy conservation for the 

photoemission process can be expressed by the Einstein equation 
[115]

:  

BE = h – KE                                                                      2.1 

BE is the binding energy of the electron in the atom (a function of the type of atom 

and its environment), h is the energy of the X-ray source (known value) and KE is the 
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kinetic energy of the emitted electron that is measured during the experiments. BE, 

expressed in electron volts (eV), can be then determined using the equation 2.1 
[116]

 

providing with valuable information about the photo-emitting atom 
[117,118]

.  

 

Figure 2.1: Schematic diagram for the XPS emission process. The incident X-ray with energy h 

causes the ejection of a core electron. The binding energy is equal to the difference 

between the energy of the incident photon h and the kinetic energy of the photoelectron. 

Adapted from Skoog et al. 
[114]

. 

The binding energy varies with the type of atom (i.e. a change in nuclear charge), 

both initial (ground) and final (excited) state effects contribute to the observed BE. The 

formation of chemical bonds with other atoms will alter the electron distribution, changing the 

energy of the first atom’s ground state, as a consequence, the BE of its electrons will 

change. Such change is called “chemical shift” 
[115]

. During emission of the photoelectron, 

other electrons in the sample (both electrons on the ionized atom and on surrounding atoms) 

will rearrange to minimize the energy of the ionized atom. The resulting energy reduction is 

called the ‘relaxation energy’. In addition to relaxation, quantities such as electron correlation 

and relativistic effects will affect the final energy but they are typically small and usually can 

be neglected 
[115]

. 

XPS analyses are conducted in a vacuum chamber at typically ~10
-10

 Torr. The 

energy spectrum of the emitted photoelectrons is determined by an electron spectrometer 

and the vacuum conditions facilitate the transmission of the photoelectrons to the analyser 

and minimize the re-contamination rate of a freshly cleaned sample. The last factor is of 

crucial importance since XPS  is a surface-sensitive technique, with a typical “sampling 

depth” of only a few nanometers 
[119]

. 

The main reason for the aforementioned surface sensitivity is the mean free path of 

electrons in matters. This is determinate by collisions according to the curve for the mean 

free path of electrons in solids as a function of electron energy, often called universal curve. 

The mean free path curve has a broad minimum around a kinetic energy of about 70 eV, of 
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~1 nm. This means that if we observe an electron whit this kinetic energy which has left the 

solid without suffering an inelastic scattering event it must originate from the first few layers. 

Fortunately, the energy loss associated with a scattering from the valence electron is rather 

large (keV). Therefore it is relatively easy to distinguish between inelastically scattered and 

non-scattered electrons 
[120]

. 

 

Figure 2.2: Universal curve for the mean free path of various metals indicating their electron escape 

depth as a function of the electron kinetic energy, index of how far an electron  travels 

through a solid before losing energy. Adapted from S. Hüfner 
[120]

. 

An X-ray photoelectron spectrometer with its essential components is shown in 

Fig. 2.3: an X-ray source produces a beam of X-rays; the photoelectrons are separated 

according to their kinetic energies by the analyser then collected into the detector 
[116]

.  

 
Figure 2.3: XRD apparatus, X-rays hit the sample to generate photoelectrons separated according to 

their kinetic energy by the energy analyser before entering into the detector. Adapted from 

Skoog & Leary 
[114]

. 

 

https://en.wikipedia.org/wiki/Electron
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Irradiation of a solid by X-rays can also result in the emission of Auger electrons. 

The characteristic of the Auger electrons is that their energy is independent of irradiation 

energy, however, this technique has not been used for the investigations so it will not be 

treated in detail into this work 
[115,121]

.   

XPS characterizations were used in these work in order to provide information on 

the composition of the transistors prepared with the ZnO nanoparticles to prove a theory 

about a high dielectric material formation. The relative results are reported in chapter 5.  
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2.1.2 X-Ray Diffraction (XRD) 

The crystal structure of materials is usually investigated by means of X-ray powder 

diffraction (XRD). This technique provides information on the unit cell dimensions, the atomic 

spacing and phase identification. A monochromatic X-rays radiation is directed toward the 

sample, then when constructive interference occurs, a diffracted X-rays beam will leave 

the crystal at an angle equal to that of the incident beam 
[114]

.  

 

Figure 2.4: Bragg's Law reflection. The diffracted X-rays exhibit constructive interference when the 

distance between paths ABC and DEF differs by an integer number of wavelengths ( ). 

Adapted from D. A. Skoog & J. J. Leary 
[114]

. 

The relationship between the wavelength of the incident X-rays, angle of incidence 

and spacing between the crystal lattice planes of atoms is described by the Bragg’s Law:  

                                                                    2.2 

Where n (an integer) is the "order" of reflection,   is the wavelength of the incident 

X-rays,   is their angle of incidence and d is the interplanar spacing of the crystal 
[122]

. 

The mathematically description of a crystal in the real space is made via a three-

dimensional space lattice, defined by vectors, the unit cell of a lattice is defined as the 

smallest possible volume, with basic unit vectors a, b, and c.  The atoms (or ions) in the 

lattice are represented as points, with specific coordinates, connected by lattice planes. A 

family of planes is uniquely defined by three indices, h, k, l, (Miller indices). A lattice plane is 

indexed (hkl): h, k and l are integers  representing  the value of na/x, nb/y, nc/z respectively, 

i. e. the reciprocal of the intercepts of the lattice constant a , b and c with the edges of the 

unit cell on the x-, y- and z- axes multiplied for a common factor n. The larger the indices, the 

smaller the inter-plane distances (d). For each geometry, one can write an equation relating 

the Miller indices, the d-spacing and the unit vectors. Table 2.1 shows the equations for the 

cubic, tetragonal and hexagonal symmetries 
[53]

. 
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Symmetry Geometry equations for XRD d-spacing and Miller indices 

Cubic 
 
  

  
  

        

  
  

Tetragonal   

  
  

     

  
 

  

  
 

Hexagonal   

  
  

 

 
 

        

  
 

  

  
 

Table 2.1: Geometry equation, relating the miller index with the lattice parameters and the d-spacing 

for the cubic, tetragonal and hexagonal symmetries 
[53]

. 

Once the diffracted X-rays are detected, processed and counted, by combining 

these equations with the one from the Bragg’s law, one can evaluate the value of the d-

spacing and the lattice parameters for each plane detected. Each mineral has a set of 

unique d-spacing, by comparison of the obtained data with standard reference patterns,  the 

identification of the material is possible 
[53,123]

. A typical geometry for a XRD instrumentation 

is the  -   geometry: the source is fixed while the detector moves at twice the rate of the 

sample holder to maintain the  -   geometry.  

 

Figure 2.5: The  -2  -geometry of an XRD apparatus. The source is fixed while the detector moves at 

twice the rate of the sample holder to maintain the  -2  geometry. Adapted from Skoog & 

Leary 
[114]

.  

XRD was used to study the crystal structure of ZnO thin films growth via pulsed 

plasma deposition. The results are showed in chapter 6. 
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2.1.3 Scanning Electron Microscopy 

In the scanning electron microscope (SEM), a focused beam of high-energy 

electrons ranging from 0.2 keV to 40 keV interacts with the sample to generate 

secondary electrons by inelastic scattering. Due to their low energy (<50 eV), the 

secondary electrons are originated within a few nanometers from the sample surface 

[120]
. A detector will collect these electrons to produce a high-resolution image and to 

show spatial variations in chemical composition of the specimen material
[124]

. 

 
Figure 2.6: Schematic of SEM apparatus. Essential components include at least one electron gun, 

lenses, a sample stage, a magnification control system, a detector for the secondary 

electrons and a display device 
[125]

. Adapted from F. Krumeich 
[125]

. 

The sample preparation mostly depends on the nature of the sample itself and 

the information one wants to gather. To prevent charge build-up on electrically insulating 

samples, these can be coated with a layer of conducting material, i.e. carbon, gold, or 

some alloy. The choice of material for conductive coatings depends on the kind of data 

to acquire: carbon is most desirable if the elemental analysis is a priority, while metal 

coatings are most effective for high-resolution electron imaging applications 
[126]

. 

SEM images and FIB cross section were used on several occasions during the 

development of this work, most of the investigations have been done at LCN using a Zeiss 

XB1540, and some of them have been done by Dr. Divitini in Cambridge. Each image 

https://en.wikipedia.org/wiki/Electronvolt
https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/Inelastic_scattering
https://en.wikipedia.org/wiki/Nanometer
http://www.microscopy.ethz.ch/krumeich.htm
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reported in the following sections will have a full description caption containing all the 

information. 

2.1.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a surface analysis technique belonging to the 

family of so-called Scanning Probe Microscopy (SPM). Like the other techniques of the same 

category, such as scanning tunnelling microscopy, scanning capacitance microscopy, 

scanning near-field optical microscopy and so on,  the interaction between a sharp probe 

(<10nm) and the sample is investigated, however, each of these techniques differs from 

each other by the type of the interaction 
[127,128]

. 

In the AFM a 3D profile of the surface on a nano-scale is obtained by measuring the 

forces between the specimen surface and a probe placed on the end of a flexible cantilever 

brought at very short distance (0.2-10 nm) from each other. The intensity of the force 

between the probe and the sample depends on the distance between the two and the 

stiffness of the cantilever (the spring constant). This force can be described using Hooke’s 

Law 
[129]

: 

                                                     2.3 

Where F is the force, k is the spring constant of the cantilever (typically ~ 0.1-1 N/m) and x is 

the cantilever deflection. When cantilever bends the deflection is monitored.  

The AFM tip will be lowered or raised by the cantilever, as a consequence of the 

measured attractive or repulsive forces between the tip and the sample. The cantilever 

deflection is recorded through the use of a laser beam that is reflected or refracted by the 

cantilever 
[130]

. Alternatively, the deflections can also be monitored by a piezoelectric ceramic 

which moves thanks a feedback mechanism maintaining the deflection constant hence 

keeping constant the force between the tip and the sample as well 
[129]

. The main component 

of the AFM instrument is the tip, mounted at the end of a cantilever, the surface image is 

given by the interaction between the tip and the surface when they are brought in close 

quarters 
[131]

. 
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Figure 2.7: Schematic of AFM apparatus: the sample (1) is brought in the proximity of the tip (2) 

attached to the cantilever (3). Any deflection of the cantilever due to the interaction 

between the sample and the tip is monitored by the change in the reflection of a laser (4) 

that hit the cantilever and thanks to a mirror (5) is reflected toward the detector (6). 

Adapted from P. C. Braga 
[131]

. 

A wide variety of samples (from plastic to metals, even biological samples such as 

the walls of cells and bacteria) can be investigated by means of the AFM, however, the 

atomic resolution is limited not only by the distance between the surface and the tip, but also 

by the shape of the tip itself. The probe used in AFM imaging is not ideally sharp and, as a 

consequence, it is clear that an AFM image, representing the interaction of the probe with 

the sample surface, cannot reflect the true sample topography. This behaviour is called tip 

convolution 
[128]

: the resolution that can be achieved is limited by the radius of curvature of 

the tip, because features having a radius less than the one of the tip are not fully imaged 
[132]

. 

 

Figure 2.8: Schematic representation of tip convolution effect: features smaller than the tip radius are 

not fully imaged leading to artefacts in the topography image. Adapted from E. Meyer 
[128]

. 

The lateral resolution depends on the tip radius and the distance between tip and sample 

surface, this dependence can be expressed as 
[133]

: 

                                                                                2.4 

With d = lateral resolution limit, Z = vertical resolution limit, R = tip curvature radius 

and r = detected object curvature radius. 
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Figure 2.9: Schematics of tip lateral resolution. Parameters definition (a); expected result of AFM 

topography (b). Adapted from http://www.ntmdt.com 
[133]

. 

 

The three primary modes of AFM imaging are listed.  

1. Contact Mode AFM: the cantilever bends when it has a stiffness less than the one 

of the surface, the force on the tip is repulsive. An image of the surface is obtained by 

keeping such force constant, maintaining a constant cantilever deflection 
[134]

.  

2. Tapping Mode: thanks to a cantilever oscillating the probe lightly “taps” on the 

sample surface during scanning. The image of the surface is obtained by keeping constant 

the tip-sample interaction maintaining unchanged the cantilever oscillation amplitude 
[127]

.  

3. Non-contact Mode: during scanning the probe oscillates above the adsorbed fluid 

layer on the surface sample. The changes in the amplitude of the oscillation due to attractive 

forces are monitored to obtain the surface topography; usually, ultra-high vacuum (UHV) is 

needed to have the best imaging 
[135]

. 

In chapter 6 AFM images are described for samples prepared via pulsed plasma 

deposition to gain information about the roughness of the film and in general about the 

quality of the deposition. 

 

 
 

 
 

 

http://www.ntmdt.com/
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2.2 Optical Characterization Techniques 

2.2.1 Ellipsometry  

The dielectric properties of thin films can be investigated by means of ellipsometry, 

an optical technique suitable to characterize several properties such as composition, 

thickness, roughness, electrical conductivity and doping concentration. The measured signal 

is the change in polarization of an incident radiation, due to its interaction with the material 

investigated 
[136]

.
 
The polarized state of the light is decomposed into two components 

oscillating one perpendicular (s) and the other parallel (p) to the plane of incidence, the after-

reflection normalized amplitudes of such components are denoted as rs and rp,  

respectively 
[137]

. 

Ellipsometry measures the complex reflectance ratio ρ which is the ratio of rs and 

rp 
[138]

: 

   
  

  
                                                                     2.5 

The values of the ellipsometry parameters depend on thicknesses and complex 

material permittivity of the layered structure, including a substrate. While the material 

constants are dependent on the wavelength of incident light and also the light can interfere 

with the layered structure, the parameters ψ and Δ exhibit spectral dependencies. In 

ellipsometry, a theoretical model is compared with the measurement data 
[138]

.  

The model comprises a multilayer structure consisting of individual material models 

representing the substrate, assumed layers (interface layers), material layer studied and a 

possible roughness layer on the top of the structure. The material model is an analytical 

dispersion function of complex permittivity or index of refraction. As the simplest 

approximation, a spectral dependence of the index of refraction in the visible region could be 

described by the Cauchy model 
[139]

.The Cauchy model describes a dependence of the 

refraction index and wavelength.  

 
 

 
 

https://en.wikipedia.org/wiki/Electrical_conductivity
https://en.wikipedia.org/wiki/Reflection_(physics)
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Figure 2.10: Schematic diagram of ellipsometry measurement: polarised light hits the sample. The 

measured signal is the change in the phase () and the amplitude ratio () of the parallel 

(p) and perpendicular (s) components to the oscillation plane of the polarised radiation 

due to the interaction with the sample. Adapted from M. Dressel 
[140]

. 

The experiment for a film thickness determination can be summarized as follow: the 

parameters ψ and Δ vs. wavelength are measured and a model based on the structure is 

built using a tabulated list of materials which the software is provided with.  The model 

consists of a semi-infinite substrate and an ambient of known dielectric functions, and one or 

more intermediate layers with user defined variables, such as layer thicknesses or dielectric 

function parameters, and these are adjusted to match the simulated ψ and Δ spectra to 

those obtained experimentally using as dispersion equation the Cauchy equation, then a 

graph of the diffractive index n vs. the wavelength in nm is obtained. Finally, by fitting the 

model, the thickness is estimated. 

The success of the ellipsometry measurement depends on how well the numerical 

model can be approximated to the reality. Especially the surface roughness brings in 

difficulties to this approach 
[141,142]

.  

Ellipsometry was used to determinate the thickness of the films grown on Si/SiO2 

substrates via PPD. The measurements were carried out using a polarimeter Horiba Jobin 

Yvon MM-16 with spectral range 430–850 nm with a resolution of 2 nm. The light beam 

diameter was 1 mm. Data were analysed by the DeltaPsi2 software. The results are reported 

in chapter 6. 
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2.2.2 UV/Vis Spectroscopy 

The full electromagnetic radiation spectrum is continuous and each region merges 

slowly into the next, Table 2.2 displays the wavelengths interval in which each region can be 

ascribed   
[143]

.  

 

 

 

 

 

 

Table 2.2: Designation of electromagnetic radiation regions together with the wavelength interval in 

which they are confined 
[143]

.  

The proportion of the electromagnetic spectrum approximately between 400 nm and 

700 nm corresponds to the range in which the human eye perceive the colours.  

The absorption of a radiation is associated with the excitation of electrons from its 

lower state to higher energy levels. The energy levels are quantized, only the radiation with 

the precise amount of energy can be absorbed and cause the transitions from one level to 

another. The energy values for a photon absorbed or emitted is given by the following 

relations:  

                                                                              2.6 

                                                                 2.7 

Therefore     
  

 
                                                                            2.8 

h is Planck's constant,  is the frequency of the photon, c is the speed of light and   

is the wavelength. 

The internal energy of a molecule can be considered as the sum of contributions 

from the energies of its electrons and the energies due to the atomic vibrations and 

molecular rotations.  Electron transitions will absorb light in the near ultraviolet and visible 

regions. The vibrational energy states changes occur in the infrared region while the far 

infrared and microwave radiations have enough energy to cause the transitions in the 

rotational energy states. 

Region Wavelength (nm) 

Far ultraviolet 10-200 

Near ultraviolet 200-400 

Visible 400 – 700 

Near infrared 700 – 3000 

Middle infrared 3000 - 3×10
4
 

Far infrared 3×10
4 
- 3×10

5
 

Microwave 3×10
5 
- 1×10

9
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The ultraviolet and visible spectra of most molecules consist of a few humps rather 

than sharp lines due to the electronic level transitions being accompanied by simultaneous 

changes in the vibrational levels also associated with a large number of rotational transitions. 

In addition, close molecules exert influences on each other which slightly disturb the energy 

levels and blur the sharp spectral lines into bands  
[144]

.  

A UV-visible spectrometer enables to measure the absorbance (index of the sample  

capacity to absorb light) of ultraviolet and visible radiation, either measuring for a single or 

scanning over a range of wavelengths 
[144]

. 

The relation between the sample absorbance (A) and the intensity of both the initial 

light (Io) and the light (I) that passes through the sample is given by the equation 2.10 
[145]

: 

       
 

  
                                                             2.9 

Io and I are measured and for any value of I is less than Io some of the light has been 

absorbed by the sample.  

 

 
Figure 2.11: Schematic diagram of UV-Vis Spectrometer. The main components are: a light source, a 

collimator to direct the light, a monochromator to split the lights in discrete wavelengths, a 

slit to select a single wavelength, a cuvette for the sample and a detector for the incoming 

light from the sample. Adapted from N. Heda 
[146]

. 

Figure 2.11 shows a schematic diagram of a UV-visible spectrometer: the light 

source usually a combination of tungsten/halogen and deuterium lamps are used as source 

visible and near ultraviolet radiations; a collimator (a lens) directs the light from the source 

into a monochromator, either a prism or grating, to split the incoming light into its different 

wavelengths components. A wavelength selector is used to choose the wavelength that will 

hit the sample contained in a transparent cuvette. Finally, the out-coming light from the 

sample is collected in a detector. The detector converts the light into a current (higher 

current = greater the intensity) to produce a plot of the absorbance (dimensionless) vs. the 

wavelength (nm) 
[145]

. 

Furthermore, the absorbance and the concentration of a substance in solution can 

be expressed by means of the Beer-Lambert law in the form of the equation 2.9 
[147]

: 
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                                                                 2.10 

A  =  absorbance  

l    =  optical path length, i.e. the dimension of the cell or cuvette (cm) 

c   =  concentration of solution (
   

 
)  

e = molar extinction, which is constant for a particular substance at a particular 

wavelength (
 

      
) 

If the Beer-Lambert Law is obeyed  a graph of the absorbance of  a series of sample 

solutions plotted against their corresponding concentrations should be linear, such graph is 

called calibration graph and its construction using sample solutions of  known concentrations 

is a typical way to determinate the unknown concentration of  a sample solution, using its 

absorbance 
[147]

. 

On the basis of the consideration made so far it is a clear deduction that UV-visible 

spectroscopy can be used for the quantitative analysis of all molecules that absorb ultraviolet 

and visible electromagnetic radiation,  enabling  not only to determine the concentrations of 

substances  but also to study the rates of reactions and determine rate equations 
[145]

.      

 

Absorbance measures, described in chapter 3, were performed to gain information 

on the properties of nanoparticles solutions. In particular, the UV-vis spectra were a useful 

instrument to verify the presence of the ZnO nanoparticles in solution after the synthesis, 

also a tool to extrapolate the nanoparticles dimensions and determinate the energy band 

gap. The data were gathered using a UV/Vis/NIR V-570 Jasco spectrometer in the CIDETEC 

facilities, and quartz cuvette for the absorption 1x1 cm
2
 consisted of two transparent faces. 

Absorbance experiments were also performed at UCL using an Agilent 8453 UV-Vis 

spectrometer. 
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2.2.3 Photoluminescence 

Photoluminescence is the emission of light occurring from the decay of an 

electronically excited state (due to absorption of light) to the ground state. It can be divided 

into two different processes: fluorescence (emission from singlet excited states) and 

phosphorescence (emission from the triplet excited states) 
[148]

.  

To understand the difference between the two phenomena it is necessary to 

introduce the concepts of singlet and triplet. As the Pauli Exclusion Principle states, two 

electrons are not allow having the same set of 4 quantum numbers, n (the principal quantum 

number), ℓ (the angular momentum quantum number), mℓ (the magnetic quantum number) 

and ms (the spin quantum number). Consequently, no more than two electrons can occupy 

the same orbital furthermore, these two electrons must possess opposite spins (paired spin, 

antiparallel) characterized by ms=     and ms=     , respectively 
[149]

.  

Considering a system with two electrons, namely 1 and 2, each has spin s =    , the 

total spin angular momentum S, which can assume only value for s1+ s2, s1+ s2-1… |s1-s2|, 

will be either 0 , indicating a singlet state, or 1, characteristic of a triplet state.  Furthermore, 

the equation for multiplicity, 2S+1, tells that there are four basis states in which the two 

electrons can arrange: one singlet state, with total magnetic quantum number(ms1 + ms2) 

Ms = 0 and three triplet states which only differ from each other for the z-component of the 

angular momentum Sz, with total magnetic quantum number  Ms = 1, 0 or -1 (Fig. 2.12) 
[150]

. 

By means of the Dirac notation 
[151]

 a wavefunction can be written for each state, Table 2.3 

displays the characteristics of singlet and triple states in term of S and Ms and their 

wavefunctions  
[152,153]

. 

S

State 

 

Total Spin Angular 

Momentum 

S 

 

Multiplicity 

2S+1 

 

Total Magnetic 

Quantum Number 

Ms  

 

Wavefunction 

 

Singlet 

 

 

0 

 

1 

 

 

0 

 

     (|↑1↓2− |↓1↑2) 

 

Triplet  

 

1 

 

3 

-1 

0 

1 

|↓1↓2 

     (| ↑1↓2+|↓1↑2) 

| ↑1↑2 

Table 2.3: Basis states for a two-electrons system. The singlet state is characterized by S = 0, 
multiplicity 1 and Ms = 0. The triplet state possesses S = 1, its multiplicity is 3 hence it has 
three values for Ms = -1, 0 or 1. In the wavefunctions the arrows refer to the spin of electron 

https://en.wikipedia.org/wiki/Principal_quantum_number
https://en.wikipedia.org/wiki/Principal_quantum_number
https://en.wikipedia.org/wiki/Angular_momentum_quantum_number
https://en.wikipedia.org/wiki/Magnetic_quantum_number
https://en.wikipedia.org/wiki/Spin_quantum_number
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1 and 2 respectively, their directions indicate whenever the spin is up (ms =     ) or down 

(ms =     ) 
[152,153]

. 

 
Figure 2.12: Schematic of the relative orientations of the two electron spins for the singlet and the 

triplet states respectively. The two spins are indicated by the blue and red arrows, 

precessing around a local magnetic field in z-direction. The corresponding wavefunctions 

and the values of S and Ms are also given. Adapted from Köhler et al. 
[153]

. 

The electronic transactions are ruled by selection rules. One of these, known as spin 

rule,establishes that allowed transitions must involve the promotion of electrons without a 

change in their spin, S = 0. The ground state of a molecule is almost always a singlet state 

S0, the aforementioned selection rule implies that, when an electron is excited from its 

ground state, it will be promoted to an excited state of singlet, either S1 or S2 (Fig. 2.13) 
[154]

.

In the fluorescence process, the radiative decay of the excited electron to the ground 

state is “spin-allowed”, being from the excited state S1 (or S2) to the ground state S0: this is 

the  reason why the fluorescence lifetime is short, usually ranging from tens of pico-seconds 

to tens of nano-second 
[148,155,156]

. 

On the other hand, the phosphorescence transition, the absorbed energy 

undergoes, through the so-called intersystem crossing, into a state with a different spin 

multiplicity making the transition to the ground state partially forbidden by the selection rules 

so that the lifetime of phosphorescence is usually from 10
-4
 - 10

-2 s, much longer than 

that of fluorescence. During this long lifetime, the exciton is able to diffuse to trap states or 

to undergo bimolecular reactions with other singlet excitons, triplet excitons or charge 

carriers, preventing the observation of phosphorescence at room temperature. Therefore, 

the phosphorescence has less probability than fluorescence  
[148,155,156]

 to happen. 

Both fluorescence and phosphorescence come at lower energy than absorption 

(the excitation energy). After absorption, in fact , these  radiative transitions have to 
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compete with non-radiative decay processes which decrease the overall efficiency of the 

light emission process: vibrational relaxations (Fig. 1.7, NR) possess a high rate (~10
12

 s
-1

) 

and therefore a high yield 
[148,156]

. As a consequence, the emission of photons takes place 

from the lowest vibration excited state, such phenomenon is known as Kasha’s rule (named 

after Michael Kasha) 
[157]

, Another non-radiative process is the internal conversion (Fig. 2.13, 

IC) which occurs when a vibrational level of an electronic excited state couples to an iso-

energetic vibrational level of a lower electronic state of the same multiplicity 
[156]

. Alternately, 

the intersystem crossing (Fig. 2.13, ISC) is a spin conversion process from a singlet to the 

triplet excited state. This is usually the only way to populate the triplet excited state and to 

increase the yield of ISC 
[148]

. All these processes have the effect  to red- shift the emission 

spectrum with respect to the absorption one. The phenomenon is known as Stoke shift 
[148]

. 

The different energy levels of a molecule and their transitions can be described by 

the Jablonski diagram (Fig. 2.13) 
[148,156]

. 

 

Figure 2.13: Jablonski diagram showing the excitation from the ground state S0 to singlet excited 

states S1 and S2, internal conversion from S2 and S1, intersystem crossing from a singlet 

state S1 to a triplet state T1, Fluorescence emission from the singlet state S1 to the ground 

state S2, phosphorescence from the triplet state T1 to the ground state e the non-radiative 

decays due to vibrational relaxation. Adapted from R. J. Lakowicz 
[148]

. 

A schematic of the apparatus used for an emission experiment is given in 

Fig. 2.14: the excitation wavelength is selected by one monochromator, while the 

luminescence is observed through a second one, usually positioned at 90° to the 

incident light in order to minimize the intensity of scattered light reaching the detector. 

The emission spectrum is produced by fixing the excitation wavelength and scanning the 

emitted radiations. 
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Figure 2.14: Essentials of a luminescence experiment. The sample is irradiated at one wavelength and 

emission is observed over a range of wavelengths. The excitation monochromator selects 

the excitation wavelength and the emission monochromator selects one wavelength at a 

time to observe. Adapted from D. C. Harris 
[155]

. 

The photoluminescence properties of ZnO nanoparticles were studied using as 

excitation source a continuous wave (CW) He-Cd laser by means of an ANDOR-Shamrock 

spectrograph coupled with an ANDOR-Newton charge-coupled device (CCD) unit. The 

details are described in chapter 3. 
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2.3 Electrical Characterization Techniques 

2.3.1 C-AFM 

C-AFM is an imaging mode derived from the AFM contact mode. It is used to 

characterize conductivity variations of semiconducting materials, measuring and 

mapping currents in the range from 2pA to 1µA collecting simultaneously the classic 

AFM topographic information. 

Similarly to the Scanning Tunnelling Microscopy (STM), a voltage is applied 

between the sample and the C-AFM cantilever and the tunnelling current between the two 

is measured during the topographic scan (Fig. 2.15), however, the C-AFM presents the 

main difference, compared with the STM, to uses a conductive cantilever rather than a 

sharpened metallic tip. 

A C-AFM image presents a current contrast that results from the differences in 

semiconducting properties of the material and is  exploited to identify domain structure, size, 

and composition with high resolution. Moreover, measuring local current–voltage (I–V) 

characteristics using C-AFM can directly investigate the current-transporting properties in the 

confined domain or area 
[158]

. 

In the conductive AFM, topography and the current images were obtained 

simultaneously, using the deflection signal of the cantilever for the first and measuring 

the electric current between the cantilever and the sample for the second ones. The 

conductive atomic force microscope (C-AFM) is used to investigate the charge transport 

properties 
[159]

. One of the main advantages of C-AFM is that both the tip position and the 

interaction between tip and sample can be controlled directly by AFM, bypassing the 

problems related to macroscopic contacts. 

 

Figure 2.15: Schematic of the setup used for the conductive AFM measurements. Ag paint is used to 

make the contact in order to apply the DC bias to the sample. The signal is the electric 

current between tip and sample for an applied DC bias. The topography is acquired using 

the deflection signal of the cantilever, the electric conductivity is measured through an 

electric current amplifier. Adapted from Pomarico et al. 
[160]

. 

https://www.bruker.com/products/surface-and-dimensional-analysis/atomic-force-microscopes/modes/modes/imaging-modes/contact-mode.html
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2.3.2 n-Type Enhancement TFT 

The thin film transistor (TFT)   belongs to the class of field effect transistors (FET). 

Three are the main elements which characterize the device: (1) a thin semiconductor film; (2) 

an insulating layer; and (3) three electrodes. Two of them, the source and the drain, are in 

contact with the semiconductor film at a distance L from each other.  The third electrode, the 

gate, is a control electrode to modulate the current between the source and drain 
[9]

 and is 

isolated from the other elements by the insulating layer 
[161]

. A schematic of the TFT structure 

is showed in Fig. 2.16. 

A TFT can operate either in enhancement- or depletion-mode. In an 

enhancement-mode TFT, a negligible drain current flows in the channel at zero gate bias 

(the TTF is off). In contrast, a depletion-mode TFT is normally “on” at zero gate bias, some 

mobile electrons are present in the channel when no gate voltage is applied and a negative 

gate voltage is needed in order to turn off an n-channel depletion-mode TFT (hence more 

power consumption that an enhanced mode one). The TFT take in consideration in this work 

is the n-type enhancement mode. 

 

Figure 2.16: Schematic cross-section of a field-effect transistor (FET). The gate and drain electrodes 

have an applied voltage, VGS and VDS respectively, while the source contact is grounded. 

Adapted from Presley et al. 
[162]

. 

 

A FET has three operating regions summarized below for the particular case of an n-

 type device: 

1. Cut off regime in which there is no channel,        and ID = 0 for any VD. 

2. Linear regime, in which the channel is formed and not pinched off,        

and           .  
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3. Saturation regime, in which the channel is pinched off,         and     

       and ID does not change with VD 
[163]

. 

It is possible to plot the behaviour of the drain current as a function of the drain 

voltage, when the gate voltage is kept constant (Fig. 2.17). This plot is called output 

characteristic and shows the three different regions: 

 

 

Figure 2.17: Output characteristic of an n-type enhancement mode FET. The IDS is measured scanning 

VDS while keeping VGS constant. The image shows IDS vs. VDS curves at increasing values 

of VGS and the behaviour in the different operating regions. 

It is also possible to have a transfer characteristic: a plot of ID vs. 

VGS with VDS as the constant parameter (Fig. 2.18). 

 

Figure 2.18: Transfer characteristic of an n-type enhancement mode FET. The IDS is measured 

scanning VGS while keeping VDS constant. The image shows IDS vs. VGS curves at 

increasing values of VDS and the behaviour in the different operating regions. 
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The prevalent method to extract the field-effect mobility is by using the expressions 

that describe the drain current (ID) for crystalline MOSFETs in enhanced mode. From simple 

FET theory, in the linear regime, the device behaves like a resistor, which is described by the 

following equation, 

     
    

 
  

            
 

 
                                               2.11 

where, for a grounded source, VD is drain-source voltage, VG is gate-source voltage, 

W is the transistor channel width, L is the transistor channel length, μ is the field-effect 

mobility, VT is the threshold voltage and Ci is the capacitance per unit area of the gate 

insulator. 

Ci is given by: 

    
  

  
                                                                                2.12                                                                                                 

 Where εi is the insulator permittivity and ti is the insulator thickness.   

Equation (2.8) is obtained from the relation: 

                                                                   2.13                                                                

Where Q(y) is the charge and v(y) is the drift velocity at position y. 

Now, knowing that             with               

Where µ is the charge mobility, we can write the equation (2.10) as 

                                                                 2.14                                                              

We assume that the mobility is constant and we can use the gradual-channel 

approximation: the field due to the gate is much greater than the field due to the drain. 

Thanks to this approximation, we can look at the y direction, independently from the 

x direction, and we can write: 

                                                               2.15                                                       

With VT =                  

± qnods = bulk charge  

no = density of free carriers at equilibrium 

ds = semiconductor thickness 

Vfb= flat-band voltage 

Combining the equations (2.4) and (2.5), we can write 
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                    2.16 

Integrating this integral gives rise to the equation (1.1) 
[164,165]

  

Equation (1.1) can be simplified for small VD << (VG−VT) to 

                                                        2.17                                         

The field-effect mobility in the linear regime is extracted from the transconductance, 

which is defined as 

    
   

   
                                                      2.18 

For small VDS, the mobility in the linear regime is calculated from the relationship 

       
   

     
                                                  2.19 

In the saturation regime, VD > (VG−VT), ID is given by 

         
    

  
          

                                   2.20
 

The mobility is calculated using  

   

   
      

 

 
                                         2.21 

or 

            
    

  
 
 

            
[164,166]

                     2.22 

The transistors electric characterization was performed using an HP4145 

semiconductor parameter analyser, together with a Cascade Microtech PM5 probe station 

working under a nitrogen atmosphere. The results of such investigations are reported in 

chapter 4 for the transistors prepared with ZnO NPs and on chapter 6 for the ones prepare 

via PPD.                                          
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2.3.3 Capacitance Measurements 

Figure 2.19 shows the basic concepts of how capacitors function, using the parallel 

plate model. Two conductive plates are sandwiched together a dielectric material, each plate 

is also connected to the terminal of a battery (used as a source of potential difference). With 

the assumption of an initially uncharged capacitor, an electric field will be established by the 

battery in the connecting wires. The electrons will move because of such field into the 

negative plate, leaving the other positively charged. The current, proportional to the potential 

difference, will flow until the equilibrium condition in which the plate, the wire and the battery 

terminal are at the same potential is achieved: there will not be a field in the wire anymore 

and the electrons movement will cease. In this condition, the potential difference between 

the plates of the capacitor is the same as that one between the terminals of the battery (the 

electric field is uniform between the plates and zero elsewhere) 
[167]

. 

 

Figure 2.19: Schematic representation of a parallel plate capacitor. Two conductive plates are 

sandwiched together with a dielectric in the middle. 

The capacitance is defined as the change in the capacitor charge (Q) occurring 

when a change in voltage (V) is applied:  

   
  

  
                                                                                 2.23 

Knowing that the charge induced in the capacitor as a function of the voltage applied 

is: 

   
    

 
    [167]

                                                           2.24 

Where    is the vacuum permittivity   is the dielectric constant of the dielectric 

material between the metal plates, A is its area and t its thickness. 

It is of logical deduction the capacitance relation with the properties of dielectric 

material: 

   
 

 
                                                               2.25 
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This relation has an important implication as one may, in order to reduce the voltage 

required to induce the same amount of charge in the semiconductor, increase the value of 

the capacitance C through  either increasing the dielectric constant ɛ or reducing the 

thickness t of the dielectric material 
[168]

. 

Capacitance-Voltage measurements can be made to measure the capacitance in a 

parallel capacitor using two simultaneous voltage sources: an applied AC voltage and a DC 

voltage. The magnitude and frequency of the AC voltage are fixed; the magnitude of the DC 

voltage is swept in time.  The C-V measurement is actually an AC current measurement: for 

a given DC bias, the instrument applies a sinusoidal AC fluctuation, with a frequency and 

amplitude that one can choose (frequency used was 50 kHz; the amplitude was 100mV). 

Because of this fluctuation of applied bias, a current appears to charge/discharge the charge 

stored in the capacitor, the instrument measures this AC current (note that, if only DC current 

is applied, one will have some transient current at the beginning, and soon, no current). The 

input bias signal is AC with certain offset (i.e., DC bias) and the output current measurement 

is also AC: the capacitance is calculated by observing the magnitude of this AC current and 

the phase difference between input and output. 

Capacitance measurements were carried out thanks to the collaboration of Prof. 

Arokia Nathan and Dr. Jong Woo Jin, from the Department of Engineering, at Cambridge 

University. The experiments were carried out in their facilities, using a Keithley 4200-scs. 
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2.3.4 Four-Point Probe Method 

In chapter 6 the four-point probe method was employed to measure the resistivity of 

the semiconductor thin film grown via pulsed plasma deposition. The apparatus consists of 

four probes arranged linearly in a straight line at equal distance S from each other (Fig. 

2.20).  

To estimate the sheet resistance of a thin film, the probes are brought into contact 

with the sample, then  the probes are connected such as a constant current will pass through 

the outer probes causing a potential drop V across in the two inner probes,  that is finally 

measured by a multimeter 
[169]

. The sheet resistivity is then extrapolated from the relation: 

   
  

      
       [170]

                                                        2.26 

Where: 
  

     
       

 

Figure 2.20: Schematic diagram of a four-point probe. Four probes are arranged linearly at equal distance S from 

each other. The potential drop V between the two inner probes is measured when a current is passed through the 

two outer probes. Adapted from F. M. Smith 
[170]

. 

By adjusting the previous equation (2.26) for the wafer thickness, t in cm, the 

measurement of bulk resistivity in cm
-3
 can also be calculated. For thickness less than half 

the probe spacing (t < s/2) the bulk resistivity is given by eq. 2.27 

   
 

     
 
 

 
       

 

 
    [169]

                                             2.27 

For thicker samples the formula becomes: 

   
 

 

  

   
    

 
 

    
 
  

 

        
[171]

                                                2.28 

Where “s” is the probe spacing. 



Chapter 2 Experimental Techniques 

68 

 

The four-point probe method is effective for a uniform value of resistivity across the 

film material and if the diameter of the contacts between metallic probes and the thin film are 

small compared to the distance between the probes 
[171]

.  

The four-point probe measurements were performed in Physics facility using a 

Keithley 2000 multimeter, for thin films prepared via PPD, the details are reported in 

chapter 6. 
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2.3.5 Hall Effect 

The Hall Effect is a relatively simple method used to determine carrier density, 

electrical resistivity, and the mobility of carriers in semiconductors.  The physical principle 

which the method is based on is the Lorentz force F, defined as the force experienced by an 

electron subject to both an electric and a magnetic fields perpendicular to each other. Such 

force is equal to - q (E + v x B) where q is the elementary charge, E is the vector electric 

field, v is the vector for particle velocity, and B is the vector magnetic field with its direction 

perpendicular to both E and B. 

The electrons, affected by the Lorentz force, begin to divert from their initial direction 

and start to accumulate on one side of the sample, causing a potential drop across this side 

and the opposite one. Such potential drop is known as Hall voltage and depends on the 

current value I, the magnetic field B and the sample thickness d. The relation can be 

expressed according to the following equation: 

                                                  2.29 

where q is the elementary charge and n is the number of charges 
[172]

.  

Once estimated the Hall voltage VH, the sheet charge-carriers density, ns, of a 

semiconductor can also be determined: 

                                                          2.30 

 

Figure 2.21: Schematic of the Hall Effect. The current I flows along the positive x-direction, the 

magnetic field B, along the positive z-direction, deflects the electrons along the negative 

y-direction generating the Hall field ɛH along the negative y-direction. The potential drop 

between the two faces of the sample along the y-direction is the Hall voltage VH. Adapted 

from R. S. Muller & T. I. Kamins 
[172]

. 

By means of the van der Pauw resistivity measurement technique 
[173]

 it is possible 

to determine the sheet resistance RS of the semiconductor.  In this method Rs is associated 

with two characteristic resistances RA and RB through the van der Pauw equation: 
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     [173]

                         2.31 

To obtain an accurate value for the RA and RB, eight resistance values, equals by 

twos, are obtained from a set of eight measurements performed as showed in fig 2.22: for 

each horizontal and vertical contacts couple a DC current I is applied to two terminals and 

the voltage V from the other two is measured, then the experiment is repeated switching the 

current polarity. 

 

Figure 2.22: Schematic representation of the van der Pauw measurements. Eight resistance values 

are obtained from a set of eight I-V measurements. Adapted from L. J. van der Pauw 
[173]

. 

Using the values obtained, RA and RB are derived from: 

                                                                 2.32 

                                    [173]
                        2.33 

Once Rs is estimated from eq. 2.31, the Hall mobility can also be calculated from the 

equation 2.34: 

                           
[172]

                                          2.34 

Then, by knowing the thickness value d, both the bulk resistivity (ρ = RSd) and the bulk 

density (n = nS/d) can be determined. 

Hall-effect measurements based on the Van der Pauw method were performed 

during my visit to the start-up Organic Spintronics, in their facility in CNR in Bologna. The 

instrument used (an HP 3458A multimeter and a Bruker B-E10C8 magnet of 1T) were 

provided by the IMM group who also developed the software used to elaborate the data 

using Labview script. The results of such investigations are reported in chapter 6. 



Chapter 2 Experimental Techniques 

71 

 

2.4 Conclusions 

The purpose of this chapter was to summarize the methods used to experimentally 

characterize the ZnO as a semiconductor material and its behaviour in the fabricated 

devices. 

The described experimental methods encompass electrical characterization 

techniques such as four-point probe, Hall effect, capacitance-voltage 

profiling, current-voltage profiling (used to determine resistivity, carrier concentration, carrier 

mobility, oxide charge) as well as optical characterization techniques  such as 

ellipsometry, photoluminescence, absorption spectroscopy and electron beam techniques 

such as SEM, and  X-ray techniques (XPS and XRD), used  to reveal the chemical 

composition, composition variation, crystal structure and photoelectric properties of 

materials. 

Each section gives full detail of the theory behind the technique issued, the specifics 

of the instruments used and the people involved in the investigations, indicating also in which 

part of this thesis one can find the relative results for the specific experiment. 

  

https://en.wikipedia.org/wiki/Semiconductor_material
https://en.wikipedia.org/wiki/Capacitance_voltage_profiling
https://en.wikipedia.org/wiki/Capacitance_voltage_profiling
https://en.wikipedia.org/wiki/Resistivity
https://en.wikipedia.org/wiki/Ellipsometry
https://en.wikipedia.org/wiki/Photoluminescence
https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Electron_beam
https://en.wikipedia.org/wiki/Scanning_Electron_Microscopy
https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
https://en.wikipedia.org/wiki/X-ray_Diffraction
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3.  Nanoparticles Synthesis and Characterization 

Nanoparticles present different properties from those shown by bulk materials, such 

as band-gap engineering by quantum confinement and increase in reactivity, due to a 

reduction in volume and an increase in the specific surface area. Precisely for their unique 

properties, the current research is exploring what possibilities the materials in their 

nanoparticle state have for a wide range of applications in various fields  
[174]

. 

This chapter the discussion will point to the description of the methodology used to 

synthesize the nanoparticles in colloidal solution form, followed by the characterization of the 

suspensions synthetized, aimed to investigate their optical properties. 

 

3.1 Introduction  

The physical and chemical properties of matter gradually change from solid state to 

molecular behaviour with decreasing of the size, for this reason, the state of nanoparticles 

can be considered between the bulk solid and the single molecule 
[175]

. The explanation of 

such behaviour lays in two phenomena in particular. 

The first one is related to their dimensions: because to the small size the 

surface-to-volume ratio increases, hence the surface properties are no longer negligible, 

with the number of surface atoms similar to or even higher than those located in the 

crystalline lattice core 
[176]

. When no other molecules are adsorbed, the surface atoms are 

highly unsaturated,  their electronic contribution affects the  NPs behaviour in a totally 

different way compare to that of the inner atoms 
[176]

. This leads eventually to different 

electronic transport and catalytic properties of the nanoparticles 
[177]

. 

The second phenomenon is an electronic effect occurring in metal and 

semiconductor nanoparticles, in which their band structure gradually evolves with the 

decreasing in the particle size. Such phenomenon is known as the size quantization effect 

and is responsible for the transition from a bulk metal or semiconductor to cluster species 

(Fig. 3.1). Metal particles with a diameter between 1 and 2 nm start to lose their metallic 

behaviour, their quasi-continuous density of states split into the valence and the conduction 

bands, and they tend to resemble the semiconductors 
[178]

. The band-gap already exists in 

the case of a semiconductor, this increases with decreasing of the particle size 
[179,180]

. In 

both cases, these energy bands eventually convert into discrete molecular electronic levels 

[181]
. If the particle size is less than the De Broglie wavelength of the electrons, the charge 

carrier may be treated quantum mechanically as "particle in a box", where the size of the 

box is given by the dimensions of the particle 
[179]

. 
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Figure 3.1: Schematic of the band structures in which the size quantization effect is responsible for the 

transition from a bulk metal or semiconductor to cluster species. Adapted from H. 

Hofman 
[175]

. 

 

3.1.1 Nanoparticles Electronic Transport 

On logical grounds, considering the basic premises described in the previous 

section, one can assert that the collective properties of nanoparticle aggregates are 

determined not only by the properties of the individual ones but also by the coupling 

between each other 
[182]

.  

Even for particles that individually may show a metal behaviour, the arrangement as 

a whole can exhibit a large variety of electrical characteristics, from “insulating” to “metallic” 

properties. Furthermore, the nature of  nanoparticles charge transport depends on the 

competition among several energy variables such as the mean energy level spacing and the 

Coulomb charging energy for a single particle, as well as the tunnelling energy associated 

with the inter-particle coupling 
[183,184]

. 

Research into quantum transport has provided ample support for proving that the 

influence of these factors on  nanoparticles electrical characteristics 
[184,185]

, can be 

controlled independently by tuning the properties of the particles and their geometric 

arrangement. This tunability can be easily achieved via chemical substitution and via 

assembling the modified NPs into monolayers or thin films 
[183,186]

. The main factors that 

strongly affect the electron transport in NP assemblies are the particle size 
[187]

, the inter-

particle distance 
[188]

, the conductance of linking molecules  
[189]

, the structure disorder 
[190,191]

 

and the distribution of charge traps 
[192]

. 
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Among the aforementioned factors, the leading one can be considered the 

interparticle coupling strength, showing an exponential decay with the barrier height and the 

length of the molecular junction 
[193-195]

.  This factor can be quantified by the ratio of the 

tunnelling resistance of the molecular junction, RT, over the quantum resistance, RK = h/e
2
 

(~25.8 kΩ), this ratio is known tunnelling conductance g = RK/RT 
[183,186]

. 

The meaning of such quantity is that for g >> 1 (strong coupling), the Coulomb 

interaction is screened and electrons propagate easily and the NPs network has metallic 

properties 
[196]

. In the opposite limit of g << 1 (weak coupling), the single electron charging 

becomes significant, leading to the localization of electrons on individual particles known as 

Coulomb blockade behaviour 
[197]

. In such conditions, the electrons inside the nanoparticle 

will create a strong coulomb repulsion preventing other electrons to flow, the conduction 

electrons need to be thermally activated in order to overcome  the single-electron charging 

energy owing to the small capacitance of a nanoparticle 
[198,199]

. As a result, these arrays 

behave as insulators in the low-temperature low bias limit 
[183,186]

. The metal-to-insulator 

transition is well described by the Mott-Hubbard model 
[200]

, considering structural disorders, 

such as imperfections in the particle arrangements, having an effect on the current-voltage 

characteristics. Even though other works have also found a similar behaviour  by controlling 

other factors such as the surface coverage 
[189,191] 

or  the diameter 
[187]

 of NPs 
[186]

, the 

disorder is the most common in NP films and results in versatile transport properties 
[190,201]

.  

One can distinguish among three types of disorder: structural disorder affecting the 

array topology, the inter-particle couplings local disorder and local charge disorder due to 

random offset charges 
[193]

. The latest arises from trapped parasitic charges in the substrate 

or in the ligand shells surrounding the particles which may cause polarization, hence 

variations in the local chemical potentials 
[183]

. In granular systems, disorder and charge 

interaction affect the transport in different ways 
[202-204]

. For example, in the presence of 

disorder at a sufficiently low temperature, the charges conduct in variable range hopping 

(VRH), a collective transport mechanism involving several NPs 
[183,205]

. Charge disorder in 

NPs arrays is unavoidable and the tunnelling occurs along the paths that optimize the overall 

energy cost. Two distinct regimes can be identified: At the applied voltage, large enough to 

overcome local Coulomb energy costs, the transport occurs along a set of optimal paths by 

sequential tunnelling between neighbouring particles 
[192,206]

. Alternatively, for small bias and 

low temperatures, the aforementioned Coulomb blockade prevails suppressing the 

sequential tunnelling. In this condition, the conduction is due to the so-called co-tunnelling, a 

higher order cooperative tunnelling process that can transport the charges over the distance 

of several particles without incurring the full Coulomb energy costs 
[183,184,207-209]

. The co-

tunnelling  can be described as the effective electron tunnelling from an initial to a final state 

with a long-range tunnelling path of virtual intermediate states depending on the overall 

energy cost 
[186,192,210]

.  
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Figure 3.2: Schematic of charge mobility mechanisms in nanoparticles, applied to TFTs. It is shown 

the charge conduction through a two-dimensional matrix formed by self-assembled NPs. 

For Mott insulators, there are nearest-neighbour hopping and variable range co-tunnelling. 

Adapted from Jiang et. Al. 
[186]

. 

However, in this particular case there is a compelling reason to argue that the 

charge transport mechanism can be described differently: once the nanoparticles are spin 

coated onto the substrates they are subject to thermal annealing for sintering, hence 

aggregation of nanoparticles. Upon the substrate, the nanoparticles can actually be 

considered as a bulk material semiconductor from the point of view of band structure and 

electric transport. During the sintering, the particles bond to a coherent structure leading to 

improved strength and lower system energy. The free surface energy decreases, producing 

a thermodynamically more stable system due to progressive changes in shapes and size of 

both grains and pores (fig. 3.3). Such changes will occur through two different stages: an 

early stage with local bonding (neck formation) between adjacent particles, and a later one 

with pore-rounding and pore shrinkage. In both stages, the bulk volume of the sintering 

particles will shrink 
[211]

. 
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Figure 3.3: Sintering on a microscopic scale: 1 particle bonding initiated at contact point; 2 contact 

points grow into necks; 3 pores between particles reduce and grain boundaries develop 

between particles in place of the necked regions Adapted from M P Groover 
[212]

. 

The sintering process starts with an assembly of contacting particles. Upon sintering 

the initially point-contacts grow in size to highly deformed interfaces. In the initial stage there 

is an extensive loss of surface area, the structure of the residual pores becomes rounded 

and the originally discrete particles are less evident 
[213]

. Fig. 3.4a and Fig. 3.4b show SEM 

images of nanoparticles after sintering, a top view of the surface and a lateral view showing 

the aggregates, respectively. The images were gained using a Zeiss XB1540. 

 

Figure 3.4: SEM images showing the ZnO nanoparticles sintering after annealing treatments. Top 

view of the surface (a), lateral view of the aggregates (b). 

Cross section also gave information about the thickness of the layer, the cross 

section was performed using the  FIB of Ga
+
 ions  to milling a section 1x5 mm

2
 for 60 s; the 

thickness found for the ZnO film was ~ 50 nm. 
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Figure 3.5: SEM image of ZnO film on top of a Si/SiO2 substrate cross section obtained via FIB milling 

using Ga
+
 ions.  The image confirmed the thickness of the ZnO and SiO2 layers ~ 50 nm 

and ~ 235 nm respectively. 

 

3.1.2 Colloids Stability 

The word colloid derives from the Greek word, kolla, meaning glue-like. A colloidal 

state depends on the particles size and it is usually considered an intermediate state 

between a true solution and a suspension (Fig 3.6).  

 

Figure 3.6: Schematic representation of a suspension, a colloidal and a true solution discriminated by 

their particles size. 

In Table 3.1 the features that distinguish the  three types of systems are described 

to a better understanding of their different properties and behaviour 
[214,215]

. 

 
Property Suspension Colloid True solution 
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solution 

Nature Heterogeneous Heterogeneous Homogeneous 

Particle size > 100 nm 1 nm – 100 nm < 1 nm 

Separation via  

Ordinary filtration 

Ultra-filtration 

 

Yes 

Yes 

 

No 

Yes 

 

No 

No 

Settling of 
particles 

under gravity only on 
centrifugation 

No 

Appearance opaque generally 
transparent 

transparent 

Tyndall effect Yes Yes No 

Diffusion of 
particles (through 
parchment paper) 

No Yes Yes 

Brownian 
movement 

may show shows negligible 

Table 3.1: List of features that distinguish among the three type of systems suspensions, colloidal 

solutions and true solutions. 

A colloid is typically a two-phase system consisting of a continuous phase (the 

dispersion medium) and dispersed phase (the particles or emulsion droplets).  The particle 

size of the dispersed phase typically ranges from 1 nm to 1 µm. A complete range of 

colloidal dispersions is shown in table 3.2. 
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Table 3.2:  Colloidal dispersions classification based on their dispersion and continuous phases with 

the relative examples for each one. Adapted from D. H. Everette 
[216]

. 

In a stable dispersion, the collisions among the particles do not lead to aggregation 

due to Brownian motions ensuring that the particles are in continual movement and remain 

dispersed indefinitely, although particles bigger than about 0.1 µm can sediment depending 

on their density.  On the contrary, in an unstable dispersion, the collisions lead to aggregate 

formation 
[217]

. 

The aggregation and/or phase separation can be prevented via two main 

mechanisms that can be held responsible for the colloids stabilization, involving both steric 

and electrostatic modifications. The latter is based on the mutual repulsion of alike electrical 

charges. In this case, the stability of the colloidal dispersion can be enhanced by altering the 

surface chemistry to induce new charges on the surface of particles. The presence of 

surface charges causes a surface potential existing at the solid particle/surrounding liquid 

interface. The ions with an opposite charge, present in the medium, are attracted closer to 

the particles surface, maintaining the electrical neutrality and resulting in a diffuse layer 

mainly composed of counter-ions. The concentration of the counter ions in the diffusion layer 

decays exponentially over a distance of tens of nanometres from the surface. The result is 

an ionic cloud, called diffuse region. During particle-particle collisions, the ionic clouds 

overlaps giving rise to an osmotic repulsion that pushes the particles apart 
[217]

. On the other 

hand, a steric stabilization can be obtained by means of materials, such as polymers, which 

by surrounding the particles prevent them from getting closer, in the range of attractive 

forces. An electrosteric stabilization is also possible by using a combination of the two 

mechanisms.  
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To minimizing  the particles aggregation, the above-mentioned mechanisms rely on the 

enhancement of the repulsive forces 
[215,218]

. For a better understanding of how these forces 

may work, The DLVO theory of colloid stability – named after its developer Derjaguin and 

Landau, and Verwey and Overbeek, respectively – can be cited. This theory proposes a 

balance among the attractive (and negative by convention) van der Waals' forces and the 

repulsive (and positive by convention) electric double layer forces. The former increase as 

an inverse power of separation, whilst the latter increase exponentially as particles approach 

each other. These forces may be expressed via a potential energy vs. separation curve 

(Fig. 3.7): a positive resultant would correspond to repulsion caused by an energy barrier, 

while a negative resultant corresponds to attraction and hence aggregation. 

 

Figure 3.7: Potential energy curves for stable (purple curve) and unstable dispersions (green curve). 

Adapted from Oshima et al.
[219]

. 

 

 
 

 
 

 
 

 

https://en.wikipedia.org/wiki/Particle_aggregation
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3.2 Experiment Details 

3.2.1 Synthesis of Nanoparticles  

In this section, the discussion centres on ZnO nanoparticles which have been 

prepared via a wet chemical method in form of so-called nano-fluids, in particular, colloidal 

solutions 
[220]

. The procedure for the nanoparticles synthesis was learned thanks to the 

collaboration with the group of Dr. Ramon Tena-Zaera at the IK4-CIDETEC centre in San 

Sebastian (Spain). 

The literature on ZnO abounds with examples of the role of OH
-
 ions concentration 

in the synthesis of ZnO particles 
[221-223]

. Dakhlaoui et al. 
[223]

 statistically identify the role of 

the concentration of OH
-
 ions in determining the morphology of the synthesized ZnO 

particles and proposed a growth mechanism of the ZnO particles on the basis of the 

evolution of the morphology of the elaborated particles in relation to the concentration of the 

OH
-
 ions 

[223]
. 

Although the formation mechanism of the ZnO nanoparticles is a complex process, 

two main steps can be definitely identified: the generation of a ZnO nuclei, and subsequent 

ZnO crystal growth with the [Zn(OH)4]
2-

 complex as basic growth unit 
[224,225]

. The growth 

process can be rationalized through the following reactions: firstly the zinc acetate 

Zn(CH3COO)2∙2H2O may convert into Zn(OH)2 colloids in an alkali solution; under basic 

conditions part of the Zn(OH)2 colloids will form the [Zn(OH)4]
2–

 species until the 

supersaturation conditions are reached, then ZnO nuclei will form: 

[Zn(OH)4]
2–
↔ ZnO2

2-
 + 2H2O ↔ ZnO + 2OH

−
 + H2O 

[226]
. 

ZnO nanoparticles were prepared from zinc acetate dihydrate in alcoholic solution 

under basic conditions using the Pacholski 
[221]

 method. This method, however, did not 

produce stable colloidal solutions, which were considerably affected by the atmosphere's 

humidity. For this reason, the initial method had been modified following the Spanhel 
[222]

 

instructions, adding 100 µl of water to the methanol and zinc acetate solution. In this way, 

the stability of the nanoparticles in the suspension was guaranteed thanks to the formation 

of the species Zn5(OH)8(Ac)2(H2O)2 as an intermediate product during the reaction 
[222]

.  

 100 ml of ZnO colloidal solution was prepared starting from the preparation of two 

different solutions: a KOH solution 0.3 M prepared by dissolving 0.057g of KOH pellet in 

34 ml of methanol and a zinc acetate solution 0.1 M prepared by dissolving 0.144 g of zinc 

acetate dihydrate in 66 ml methanol in order to obtain KOH and zinc acetate with ratio 3:1. 

Both solutions were kept warm and stirred at 60 ˚C. Humidity was checked all the time, 

showing values between 50 and 60%. 
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Firstly 100 µl of water were added to the zinc acetate solution, then the KOH 

solution was added to the first solution dropwise, 5 ml at the time, using a needle syringe 

and waiting 1 minute between each adding. When all the KOH was added the resulting 

solution was left to stir at 60 ˚C for two hours. Right after the synthesis, the solutions were 

kept in the fridge to guarantee their long-term stability. Fig. 3.8 shows a scheme of the 

apparatus set up for the synthesis.  

 

 

Figure 3.8: Schematic graph of the set-up apparatus used for the synthesis of the ZnO nanoparticles. 

A. Thermocouple; B. Siring for drop-wising the KOH solution; C. Syringe needle for 

providing air inside the reaction flask; D. Balloon flask for the reaction; E. Backer with the 

solution of methanol and KOH; F. Rotating stirrers; G. Constant temperature silicon bath; 

H. Hot plate and magnetic stirrer. 

In order to obtain solutions with nanoparticles of different sizes, some parameters 

were changed during further synthesis, changing either the timing or the temperature of the 

stirring or both. In particular, a total of five solutions were prepared for this purpose, listed in 

table 3.3 together with the criteria used to prepare them. 
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Designation Preparation 

temperature (
o
C) 

Stirring time 

(Minutes) 

A 60 120 

B 60 90 

C 70 90 

D 60 60 

E 70 60 

Table 3.3: List of five colloidal solutions, each one prepared using a different temperature and/or 

stirring time. 

3.3 Results and Discussions 

3.3.1 Nanoparticles Optical Characterization 

3.3.1.1 Temperature Dependency 

 In this section, I put forward the absorption spectra of the synthesized solutions, 

recorded to confirm the presence and the size of the ZnO nanoparticles. The data were 

gathered using a UV/Vis/NIR V-570 Jasco spectrometer in the CIDETEC facilities, and 

quartz cuvette for the absorption 1x1 cm
2
 consisted of two transparent faces. The spectra 

are reported in Fig. 3.9. 

The band-gap of the bulk ZnO material is 3.4 eV (365 nm) at room temperature 
[227-

229]
. 

However, the band-edge of the ZnO nanoparticle is blue-shifted by the quantum confinement 

effect 
[230]

 when compared with bulk ZnO. The relationship between the band-gap of 

nanoparticle Eg
nano

 and particle radius r is given by: 

  
        

     
  

    
  

 

  
  

 

  
   

     

      
    

[231,232]
                  3.1 

Where Eg 
bulk

 is bulk band-gap (in J), h is Planck’s constant (in J∙s), e is the 

elementary electric charge, me is the electron effective mass, mh is the hole effective mass, 

m0 is the electron mass, ε is the  permittivity, and ε0 is the permittivity of vacuum. 
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The absorbance (A) was proportional to the concentration of the solutions, as 

described by the Lambert-Beer law:        with ɛ wavelength-dependent molar absorptivity 

coefficient with units of M
-1
∙cm

-1
, b the path length, c concentration of the solution 

[147]
. 

Edge onset and height of the absorption spectrum indicated the size and 

concentration of the ZnO nanoparticles, respectively. Higher absorbance meant a higher 

concentration of ZnO nanoparticles 
[174]

. 

 

 

Figure 3.9: Absorbance spectra obtained from the nanoparticles suspensions, prepared using different 

temperatures and stirring time; the spectra are red shifted as the nanoparticles’ size 

increases. 

 

Figure 3.10: Absorbance spectrum and onset wavelength for a solution stirred at 60 °C for 2 hours. 

The onset wavelength was used to calculate the nanoparticle radius. 



Chapter 3 Nanoparticles Synthesis and Characterization 

86 

 

The nanoparticles size was calculated rearranging the formula 3.1 as follow: 

   

  
     

     
 
 

     
     

     
 
 

    
     –   

     
  

   
 

 

  
  
   

 

  
  

    
     –   

     
                            3.2 

The energy gaps for the nanoparticles (Eg
nano

) and for the bulk material (Eg
bulk

) were 

calculated using the onset wavelength from the absorption spectra (Fig. 3.10) and 

λ
bulk 

= 365 nm respectively, then ε = 8.66, me* = 0.24, mh* = 0.59 
[227-229]

. Table 3.4 

summarizes the nanoparticles radius size as a function of the preparation parameters. 

Nanoparticle size 

(nm) 

Stirring time 

(minutes) 

Stirring temperature 

(˚C) 

Solution 

2.11 ± 0.02 60 60 D 

2.22 ± 0.05 90 60 B 

2.23 ± 0.05 120 60 A 

2.28 ± 0.03 90 70 C 

2.31 ± 0.08 60 70 E 

Table 3.4: Value of nanoparticles’ radius for each solution, calculated using the onset wavelength of 

the absorbance. The radius values and standard deviation refer to the mean value 

calculated for multiple solutions prepared in the same conditions. 

At lower temperature the size of the nanoparticles increased with longer stirring 

time, on the contrary, larger nanoparticles are obtained for the shorter stirring time when the 

temperature is higher 
[233]

. 

3.3.1.2 Effect of the Hydroxide on the Growth 

Mechanism 

The role of OH
-
 ions concentration in the synthesis of ZnO particles has been 

discussed in the previous section. In this section the role of the cation is investigated to 

prove how the nanoparticles formation is affected by the hydroxide used during the 

synthesis, different alkali metal hydroxides and an organic precursor were used:   

1. LiOH  

2. NaOH  

3. KOH  

4. CsOH  

5. Bu4NOH 
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A reliable method for monitoring the stability of nanoparticle solutions is the 

UV-Visible spectroscopy. This characterization technique provides information on whether a 

nanoparticle solution has destabilized over time. As a matter of fact, the original extinction 

peak will decrease in intensity as the particles destabilize, and often the peak will broaden or 

a secondary peak will form at longer wavelengths in presence of aggregates 
[234,235]

. The 

room temperature UV-Vis absorption spectra of the as-prepared ZnO particles are shown in 

Fig. 3.10, they were collect using an Agilent 8453 UV-Vis spectrometer. 

 

 

 

Figure 3.11: UV/Vis optical absorption spectra of the synthesized ZnO nanoparticles using different 

alkali-hydroxides. 

The synthesized ZnO nanoparticles with KOH show a sharp absorbance onset, 

which attains a plateau above 3.54 eV (350 nm). However, changing the alkali metal, a slight 

red-shift in the absorption spectra of the nanoparticles was observed, which indicates a 

marginal increase in the size of the ZnO nanoparticles. The data gathered indicate that 

strong UV absorption is characteristic of all solutions, except for the solution containing 

NaOH, which does not show a clear peak. The absorption spectrum of the solution prepared 

with the aforementioned hydroxide suggests that aggregation of nanoparticles might have 

taken place. In fact, aggregation induces more effective photon-capturing in the visible 

region causing a strong light scattering, an effect clearly illustrated in the spectrum. 

The absorption coefficient () associated with the strong absorption region of the 

sample was calculated from absorbance (A) and the sample thickness (t) using the relation: 

        
 

 
 [236,237]

                                                         3.3 

the optical band gap of ZnO nanoparticles is calculated using the Tauc relation 
[238]
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                                                                 3.4  

 is the absorption coefficient, A is a constant, Eg is the energy gap,  is the frequency of the 

incident radiation and h is Planck’s constant. The value of n depends on the type of 

transition and may be 
 

 
,  , 

 

 
 or   corresponding to the allowed direct, allowed indirect, 

forbidden direct and forbidden indirect transitions, respectively 
[236,239,240]

. 

For the direct transitions, the absorption coefficient is expressed by 
[241,242]

: 

             
 

                                                    3.5 

Fig. 3.11 shows the plot (h)
2
 vs. h.  

 

Figure 3.12: Plot of (h)
2
 vs. h from which the Eg values is extrapolated using the interception with 

the x axe. 

The band-gap energy is obtained by extrapolating the straight line portion of the plot 

to zero absorption coefficient 
[242]

. The Eg values of the nanoparticles are calculated from this 

plot. The presence of a single slope in the plot suggests that the films have direct and 

allowed transition 
[239]

. Using the values found for Eg, the nanoparticles size for each solution 

was also calculated using the relation described previously with eq. 3.2. The band-gap 

values of ZnO solutions together with the nanoparticles size values are listed in 

table 3.5 
[243]

. 

Solutions containing Band gap (eV) NPs size (nm) 

KOH 3.61 2.59 

CsOH 3.51 3.28 

LiOH 3.49 3.51 

Bu4NOH 3.47 3.81 
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Table 3.5: Band-gap values of ZnO suspensions obtained from the square - root absorbance 

extrapolation. 

However, a rough estimation can be obtained from the square-root absorbance 

extrapolation as suggested for the direct transitions Eg = 3.52 ± 0.06 eV 
[223]

, which is larger 

than that of the bulk ZnO solid (3.37 eV) 
[244]

. This behaviour is expected because the 

observed particles are of the same order of the ZnO exciton Bohr radius of 2.5 nm 
[245]

. The 

values found are in good agreement with the one reported by Mazhdi et al. of 3.53 eV 
[246]

.  

The increase in the band gap of the ZnO nanoparticles with the decrease in particle size 

may be due to a quantum confinement effect 
[230,236,247]

. 

Together with Dr. Giulia Tregnago, the NPs solutions were also characterized via 

photoluminescence (PL) measurements. The photoluminescence spectra were recorded 

after exciting at 325 nm with a continuous wave (CW) He-Cd laser by means of an 

ANDOR-Shamrock spectrograph coupled with an ANDOR-Newton charge-coupled device 

(CCD) unit. Room-temperature normalized photoluminescence spectra of the ZnO NPs 

solutions are shown in Fig. 3.8 
[96]

. 

All the nanoparticle samples show a narrow UV emission at approx. 355 nm, which 

can be attributed to the near band edge transitions in the ZnO nanoparticles, and a broad 

green  emission centred at around 530 nm 
[248]

 is visible for all the solutions with the 

exception of the one containing NaOH.  

The emission bands of the ZnO were described in chapter 1 with   
   at 2.47 eV and 

  
   at 2.3 eV responsible for the green luminescence, while oxygen interstitial Oi and    

neutral been responsible for the red portion. 
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Figure 3.13: Room temperature photoluminescence spectra for suspensions prepared using different 

alkali metals and an organic precursor. The sharp emission around 360 nm corresponds 

to the energy band gap and a broad one in the green region is due to surface defect. 

By means of a Gaussian fit (Fig. 3.13) the visible band was found to be a 

combination of two distinct bands, one centred at ∼ 524, and another at ∼ 588 nm 
[96]

.  This 

result is consistent with the one reported by J. D. Ye et al. 
[248]

. They proved that the green 

luminescence is the result of the combination between two different mechanisms: the first is  

the transition of a photo-excited electron from the conduction band of ZnO to a deep-level 

trap state (  
  )  (proposed by A. van Dijken et al. 

[249]
), responsible for the band at higher 

wavelength, the second is the recombination of an electron from a   
  state to a valence 

band hole (reported by Vanheusden et al. 
[250]

), corresponding to the band at lower 

wavelength. 

  

 

Figure 3.14: Normalized green emission for the ZnO solution containing CsOH. The band can be fitted with two 

bands at ~524 nm for   
  emission and at ~ 588 nm for   

   contribution respectively 
[96]

.    

At this point, based on the available evidences, it appears safe to assert that the 

above-described defects are at the origin of the visible emission in the nanoparticles. Due to 

their small size, the nanoparticles have a very large surface-to-volume ratio, which may 

produce a large number of oxygen vacancies. It is easy to believe that, in this case, the 

green emission is essentially due to surface oxygen vacancies 
[251]

. On logical deduction the 
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reduction in the concentrations of oxygen vacancies will decrease the concentration of 

recombination centres, and thus decrease the intensity of the aforementioned green 

luminescence 
[252]

. The intensity ratio of the UV to visible bands can be a measure of the 

sample quality: for a stronger visible band less stoichiometric the sample will be 
[223]

. This 

indicates that their surface state changes. The measured intensity ratio of these bands in the 

ultraviolet and visible regions is given in Table 3.6. 

 
 

Solutions Ratio UV/Vis 

CsOH 0.81 

Bu4NOH 2.16 

KOH 2.21 

LiOH 2.70 

NaOH 21.74 

Table 3.6: Intensity ratio of the UV to visible bands observed in the photoluminescence 

spectra. 

The lowest intensity ratio is then observed for the nanoparticle synthesized with 

CsOH (hydroxide with the bigger cation), while the use of a smaller cation (i.e. Li
+
 and Na

+
) 

caused the higher UV/Vis ratio. Shalish et al.
[253]

 proved that below a certain size, the 

luminescence properties of ZnO nanoparticles should be entirely dominated by properties of 

the surface, with the ratio between the UV and visible luminescence peak intensities related 

to both the nanoparticles size r and the depth of the surface-recombination layer t (effective 

distance from the surface, within which the excited carriers recombine at the surface). 

According to this relation, the UV luminescence peak should be nullified for r ~ t with  

surface recombination prevailing 
[253]

. If the surface is the origin, as hypnotized, then 

enlargement of the crystallite size should be expected to decrease the relative intensity of 

this emission 
[253]

.  

The green emission band is practically absent in ZnO sample prepared with sodium 

hydroxide (NaOH): the solution was torpid, showing the presence of dispersed particles; the 

quenching of green emission is most likely due to the removal of surface defects which, as it 

was said earlier, contribute to the visible luminescence. Microstructural changes on the 

nanometer scale affect the large-scale properties: aggregation reduces surface-to-volume 

ratio, hence a decreasing in the active surface sites alongside a significant decrease in the 

associated photoluminescence is observed 
[213,254]

. 
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The quenching of  ZnO  nanoparticles green luminescence by modifying surface 

states via chemical methods has also been reported by Guo et al. 
[255]

 and Yang et al. 
[256]

. 

For nanoparticles synthesized with NaOH, it is possible that anionic OH
- 
or acetic group, 

coordinating to Zn
2+

, and filling oxygen vacancies on or near the surface 
[252]

.  

Further investigations on the properties of TFTs transistors prepared with these 

solutions were presented in a previous work, the samples prepared with these solutions all 

showed inferior performance to those made with KOH (mobility < 0.01 cm
2
/Vs) 

[44]
. 

 
 

 

3.4 Conclusions 

In this chapter, I introduced the collective properties of nanoparticle arrays which are 

determined not only by the properties of individual nanoparticles but also by the coupling 

between each other 
[257]

. Coulomb charging energy along with dimensionality are the most 

important quantities in determining charge transport behaviour 
[185,186]

, electronic structure 

and properties of nanoparticle materials 
[175,182]

. 

ZnO nanoparticles were successfully prepared from zinc acetate dihydrate in 

alcoholic solution under alkaline conditions using the Pacholski method 
[221]

 modified with the 

Spanhel instructions 
[222]

 to guarantee the stability of the colloidal solutions. The variation of 

optical properties and size of the elaborated particles were studied as a function of the 

synthesis conditions and the hydroxide used in the solutions. The prepared ZnO particles 

were characterized by UV-Vis absorption and PL measurements.  

The UV-Visible absorption spectra showed high absorbance with a sharp edge near 

350 nm; the nanoparticles aggregation is indentify by a decrease in the primary peak and 

an increase in the red shift. The nanoparticles radius was estimated to be ~ 2.2 nm, in the 

same order of the ZnO exciton Bohr radius of 2.5 nm 
[245]

.  The Tauc relation 
[238]

 was used 

to extrapolate the value of the allowed direct band gap energy of ZnO nanoparticles which 

was found to be higher (~3.52 eV) as compared to their bulk counterpart (3.37 eV) 
[244]

 due 

to quantum confinement effect 
[230,236,247]

.  

Ample information about the particle crystalline quality and surface states were 

gained thanks to the PL measurements : the spectra showed  both a narrow emission in the 

UV region at ~ 355 nm - evidence of the near band edge transitions in the ZnO 

nanoparticles- and a broad emission in the visible region centred at around 530 nm 
[248]

. 

There is a conspicuous consensus in literature on considering the visible luminescence 

associated with surface defects, thus it can be quenched with the increasing of the NPs 
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dimensions: for instance Shalish et al. 
[253]

 reported the decreasing in the visible emission 

from nanowires as the wire diameter increases, later on Andelman et al. 
[258]

 found that 

green luminescence from ZnO nanocrystals with different morphologies is quenched with the 

decreasing of the surface-to-volume ratio, 
[252]

. 

The use of CsOH caused the creation of surface defects with the higher probability 

of excitons recombination hence visible emission 
[223]

.  the defect-related green 

luminescence is not observed for the solution containing NaOH a clear aggregation 

dependent trend in PL emission quenching, originated from particle–particle contacts, is 

observed. The aggregation of ZnO particles and – concomitantly – the increase of interfacial 

contacts between them can give rise to the depletion of features, such as the green 

luminescence, which are linked to free particle surfaces: PL emission from ZnO nanoparticle 

surfaces competes with non-radiative pathways of surface exciton deactivation, hence the 

reduction of PL intensity with an increasing level of consolidation is observed 
[213]

. The 

intensity of the radiative decay related to excited surface states becomes quenched down to 

96% compared to the intensity of the emission observed in the CsOH solution. These results 

underline the critical role of the nanoparticles aggregation with respect to spectroscopic 

properties. 
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4. Nanoparticles Thin Film Transistors 

This chapter will be focused on the investigations done on ZnO TFT prepared by 

wet chemical method via spin-coating depositions of the nanoparticle solutions synthesized 

with the method described in the previous chapter. 

In the presented study, the issue under scrutiny is whether or not the device’s 

electric performance are affected by preparation conditions and storage environment.  

 

4.1 Experiment Details 

4.1.1 Method and Materials 

Bottom-gate bottom-contact TFT structures were created employing substrates 

purchased from the  Fraunhofer  Institute for Photonic Microsystems: each substrate is 

15x15 mm
2
 and contains 4 sets of 4 transistors with channel length 2.5, 5, 10, 20 µm 

respectively, with the following characteristics (Fig. 4.1): 

 Substrate (Gate) n-doped silicon with thickness 675 ± 20 μm 

(doping at wafer surface: n~3∙10
17

 cm
-3

). 

 Gate Oxide SiO2 230 ± 10 nm.  

 Au contact pads (0.5 x 0.5 mm
2
) (Drain/Source) 30 nm thick with a 

10 nm adhesion layer of ITO between Au and SiO2 
[259]

. 

 

Figure 4.1: Layout of FET Chip containing 4 sets of 4 transistors with channel length 2.5, 5, 10, 20 µm, 

with a magnification of a single transistor. 

Individual devices on a substrate were referred using a code in the format AxB 

(e.g. 3x3). The values of A and B refer to the horizontal and vertical positions respectively of 

the device in the 4 by 4 array present on each substrate, measured from the top left corner – 
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see Fig. 4.2 below. The numbers printed on the substrate in the centre of each group of 4 

devices refer to the channel length of the surrounding devices in μm. 

 

Figure 4.2: Diagram of OFET substrates, showing AxB notation used to label devices. The numbers 

printed on the substrate in the centre of each group of 4 devices refer to the channel 

length of the surrounding devices in μm. 

The devices were subject to ultrasounds treatments using acetone and isopropanol 

(10 minutes bath for each chemical) to cleaning them, prior the spin coating. This treatment 

is needed to remove any photoresist residual due to the preparation of the substrates (as 

suggested by the manufacturer), furthermore helps to make easy the adhesion of the 

coating layer on the substrate and for an optimum interconnection between the two of them: 

it helps the substrate to be dry, free of particles, dust, grease, and strongly adsorbed 

impurity layers. It also helps to create a coating as stress-free as possible, shielding from 

detrimental environmental influences 
[260]

. After cleaning, the substrates were dried using a 

nitrogen gun. 

The devices preparation conditions were chosen based on the foregoing research 

conducted during my master degree 
[44]

: the devices investigated were prepared by creating 

a layer of the semiconductor via three depositions of 100 l of nanoparticles solution by spin 

coating at 500 RPM (revolutions per minutes) for 60 seconds. Each deposition was followed 

by annealing for 30 minutes at 350°C except for the last layer, followed by 3 hours of 

annealing at the same temperature. Both spin coating and annealing were performed in air. 

As already said in chapter 3, annealing steps helped the sintering of the 

nanoparticles in order to growth a uniform layer on top of the substrate, with nanoparticles 

connect to each other and enhance the electronic transport 
[211-213]

.  At this point is now 

ascertained that ZnO thin films generally contain several structural defects (i.e. oxygen/zinc 
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vacancies and interstitials) that affect the movement of carriers producing traps which 

degrade the devices performances. A post-annealing treatment can be considered for the 

device fabrication to inhibit the effect of such defects 
[261]

. Several studies addressed the 

issue of the influence of annealing process: Wang et al.
[261]

 showed that the un-annealed 

ZnO films lose their semiconductor behaviours. Contrarily, the annealed ZnO TFTs reveal 

excellent high-quality with the compensated structural defects in the channel region after O2 

ambient annealing 
[261]

. Hamad et al. 
[262]

 also confirmed that the electrical transport 

properties of thin films of zinc oxide are extremely dependent upon post-deposition  

annealing treatments 
[262]

. Furthermore, as already mentioned in chapter 1,  ZnO possess 

polar surfaces whom electrical conductivity changes during annealing treatments due to 

adsorption of atomic hydrogen or of oxygen 
[56]

. 

The three spin-coating and subsequently annealing steps produce a uniform layer 

on top of the substrate: once the solvent evaporated during the annealing treatments, the 

NPs sinter to form a homogenous coat on the devices of colour blue-green (Fig. 4.3).  

 

Figure 4.3:  Image of a TFT chip after three depositions of ZnO NPs via spin-coating and the subsequent annealing 

treatments.  

I-V characteristics were collected to study the performance of the devices and 

estimate the charge-carriers’ mobility, using an HP4145 semiconductor parameter analyser, 

together with a Cascade Microtech PM5 probe station (Fig. 4.4) working under a nitrogen 

atmosphere at room temperature. 
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Figure 4.4: PM5 probe station consists of the followings: a mobile stage to move the sample back and 

forth, a metal chuck to make the contact with back gate substrates, magnetic 

micromanipulators to move the tungsten needles on top of substrate for the source and 

drain contacts, an optical microscope with camera and monitor for an easy display of the 

sample features. 

Electrical contact was made with the transistor terminals via the underside of the 

substrate in the case of the gate, and in the case of the source and drain via needle probes 

lowered onto the Au contacts and pressed down to ensure good ohmic contact through any 

ZnO deposited on top of the Au. The individual transistors on chip, together with the 

numbers associated to the four different channel lengths, were easily identified thanks to the 

optical microscope and camera attached to a monitor. 
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4.2 Results and Discussions 

4.2.1 Channel Length Dependency 

Channel length dependency was studied using the 4 channel length available in the 

devices, I-Vg curves of L = 20, 10, 5, 2.5 were compared, the W was fixed at 10 mm. The 

experimental output characteristics (drain current IDS versus drain voltage VDS curves for 

different gate voltages VGS) of the fabricated ZnO NPs-TFTs with different channel lengths 

(L = 2.5 µm, 5 µm, 10 µm and 20 µm) are depicted in Fig. 4.5. The output characteristics 

were obtained by scanning VDS from 0 to 10 V with 0.5 V increments for different VGS, 

ranging from 0 to 20 V with a step of 5 V.  

The mobility values were derivate using the equation described in chapter 2:  

   

   
    

     
 

 
                                                                 4.1                                                         

With    
  = 1.5*10

-8 
F cm

-2
, W = 10 mm and L = 2.5, 5, 10 or 20 µm. 

 

Figure 4.5: (a)–(d), Output characteristics curves of ZnO NPs-TFTs with different channel lengths (L = 20 µm, 10 

µm, 5 µm and 2.5 µm, respectively).  

The devices showed the expected n-type operation characteristics: a positive 

current increases as a function of the positive bias applied until saturation is reached. The 
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image clearly shows that the output drain current increases significantly when the channel 

length decreases from 20 µm to 2.5 µm. This is consistent with the conventional n-type 

enhanced MOSFET device models indicating good uniformity of the transistors 
[263]

. 

For larger channel lengths, 10 μm and 20 μm, the I-V curves follow standard FET 

behaviour with a clear saturation region. As the channel length of the FETs is decreased, the 

linear region of the curves is extended and the drain currents are not perfectly saturated 

(channel length 5 μm). In the case of a 2.5 μm channel length, the FET device does not 

show standard FET saturation performance any longer and instead, shows continuous 

growth of the current value as VDS increases.  

The electrical transfer characteristics (dependence of the drain current (IDS) versus 

the gate voltage (VGS) at fixed drain voltage (VDS) provide an alternative method to examine 

electrical performances of TFTs. Fig. 4.6 compares the transfer characteristics in saturation 

regime obtained scanning IDS as a function of VGS from -2 V to 5 V with VGS step 0.2 V at 

VDS = 5 V, for different channel lengths.  

 

 

Figure 4.6: Transfer characteristics (IDS vs. VGS plots) measured in the saturation regime (at VDS = 20 V) for the 

different channel lengths (L = 2.5 µm, 5 µm, 10 µm and 20 µm) available on each substrate. 

The following discussion is premised on the assumption that when the channel 

becomes shorter the TFT characteristics degrades (i.e. VT, off current, mobility). 

The available evidence points to off-state current increasing with decreasing channel length 

from 5 µm to 2.5 µm. The increase with a short channel is believed to be due to a higher 

drain field. This hypothesis is supported by reported research on the behaviour short-

channel TFTs 
[264-266]

.  

As seen in Fig. 4.6 for the same value of drain voltage the corresponded drain 

current increases as the channel length decreased from 20 µm to 2.5 µm, showing that the 
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obtained IDS for the shorter channel transistor (L = 2.5 µm) is about 3 order of magnitude 

higher that the IDS obtained for the longer channel transistor (L = 20 µm). Based on this 

experimental data, the carrier mobility has been extracted for each channel length in the 

saturation regime. It was also found that the field effect mobility is extremely dependent on 

the channel length dimension. 

Furthermore, the data gathered show mobility increments as the channel length 

decrease, reaching a maximum of 31.49 cm
2
/Vs for channel length 5 μm before decreasing 

again to 0.98 cm
2
/Vs for a channel length of 2.5 μm. The trend seen for the channel length 

dependence of the estimated mobility can be rationalized as follows: on the one hand, as the 

channel length decreases, the space charge limited current (SCLC) usually increases 
[267-

269]
, consequently, for the shorter channel devices the measured total current and estimated 

mobility can results usually higher than those for the longer channel. On the other hand, the 

gate electric field will be less effective as the channel length is decreased due to the contact 

resistance 
[270]

. In the case of FETs with the longer channel lengths, this effect is screened 

since the channel resistance is usually higher than the contact resistance. It is plausible that 

the channel resistances become comparable to the contact resistances for FETs with 

channel lengths 2.5μm. Therefore, as the channel length decreases, the influence of the 

contacts resistance becomes progressively more relevant 
[271-274]

. For the 5 μm channel 

length the estimated mobility value can be explained as the result of the competition 

between these two effects 
[275]

.   

The TFT equivalent circuit  is showed in Fig. 4.7: the contact resistance RS and RD, 

the channel resistance Rch, are in series with a capacitor in which the gate and the 

semiconductor are the two conductive plates, sandwiched with the dielectric material 
[276]

. 

Furthermore, a resistor bridging the drain and the source (RDG) is also placed, to take into 

account the current that may pass through the insulator to the gate 
[277,278]

. The parasitic 

series resistances reduce the drive current, in particular, the source resistance RS reduces  

the effective VGS and both source and drain resistances RS and RD reduce the effective VDS 

[279]
. 

 

Figure 4.7: Schematic of a TFT circuit. The source and drain contacts resistances RS and RD, respectively, are in 

series with a capacitor in which the gate and the semiconductor are the two conductive plates, 

sandwiched with the dielectric material. Rch is the channel resistance while RDG was added to keep in 

consideration the leak current. Adapted from Alvarez et al. 
[276]
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The total resistance was calculated for all channel lengths at VGS from 5 V to 20 V 

and VDS = 40 V. The error bars were estimated including the measurements of the four FETs 

with the same channel length present in the chip (Fig. 4.8). 

The experimental points were determined by the reciprocal of the slope (i.e., ON 

resistance) of the output characteristics in the linear region 
[280]

. The total TFT ON resistance 

is 

       
   

   
                                                                     4.2 

 rch is the channel resistance per channel-length unit, and RS and RD are the series 

resistances associated with the source and drain, respectively. 

As expected the total resistance decrease for increased gate voltage increase 

By plotting the total resistance as function of the channel length (Fig. 4.8), the 

intercept with the y-axis of each fitting gives RS + RD = RC  
[281]

,  

 

Figure 4.8: Plot of the total resistance RTOT as a function of the channel length, L at different VGS 

values. 

The value obtained for the contact resistance was 0.74 ± 0.19 kΩ, extrapolated from 

the linear fit of the total resistance vs. the channel length,  the mean value was gained from 

the different gate voltages used VGS = 5, 10 15 and 20 V. 

For the shorter channel length, the proximity of the drain and source electrodes can 

affect the conduction channel. This can enlarge the surface potential, making the channel 

more attractive to charge carriers, and decreasing the channel resistance. This could explain 

the higher IDS current observed in the transistor with a short channel 
[282]

. 
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However, on the basis of the results reported above, it can be seen that the 

contribution to total resistance value, given by the value of contacts resistance, is higher in 

the channel long 2.5 µm than in the other channel lengths. It seems plausible to assert that 

the decrease in the saturation field effect mobility is mainly caused by the existence of a 

non- negligible contact resistance (Rc) between the source-drain electrodes and the 

semiconductor interface. Hence, it cannot be argue that for channel length L = 2.5 μm the 

electrical performance are mainly limited by the contact resistance rather than by the 

channel resistance 
[283]

. 

Additionally, the transfer characteristics clearly show that as the channel length 

decreases from 20 to 5 µm, the on-off current ratio undergoes significant improvement from 

1.30∙10
3 
to 1.7∙10

5
,  but then decreases again for channel 2.5 µm (97.36) 

[263]
. As the 

channel length decreases more carriers can be dragged at the same gate voltage. This will 

certainly result in an increase of the on-current, at an equal value of VD, the ID is higher for 

shorter channel 
[284]

. Moreover the channel 2.5 exhibits ‘always-on’ state. This is mainly 

attributed to a large number of free carriers in the channel, resulting consequently in lower 

on-off ratio. The dependence of the on-off ratio values on the channel length, together with 

the field effect mobility and VT values, are reported in Table 4.1.  

 

Channel length 

(µm) 

Mobility (cm
2
/Vs) Threshold voltage 

(V) 

On-off ratio 

2.5 0.98 2.34 97.36 

5 31.49 2.43 1.7∙10
5
 

10 5.85 2.48 1.55∙10
4
 

20 1.07 2.65 1.30∙10
3
 

Table 4.1: Electrical characteristics of TFT as a function of the channel length. 

VT is extracted from the ratio between intercept and the slope of the derivative of ID 

with respect to VDS in the saturation regime. It was found that the threshold voltage VT 

slightly decreases for shorter channel length. This is in good agreement with the TFT model 

and can be understood by a charge sharing model and drain induced potential barrier 

lowering (DIBL) effect in short channel MOSFET  
[285,286]

.  

The former model concerns the electrons near the source and drain regions which 

are controlled by the electric field generated not only from the gate but also from the 

electrodes. The portion of channel (controlled only by the gate) decreases, while the portion 

shared with the source and drain electrodes increases, meaning that a less gate voltage in 

required to control the channel: VT decreases because it takes a lower gate voltage to reach 

the threshold condition. 
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Figure 4.9: Schematic diagram of charge sharing model with the portion of the channel controlled by 

the gate only highlighted in blue and the sharing portion with the s/d contacts in green.  As 

the channel length decrease less gate charge is required to turn on the channel, VT 

decrease
[284]

. Adapted from Kim et al. 
[287]

. 

The second effect regards the drain voltage effect, this help to accumulate charge in 

the channel, inducing the lowering of the source-to-channel potential barrier, so VT decrease 

as VDS increase, (DIBL) 
[284]

. 

 

Figure 4.10: Schematic of DIBL. The drain contact creates an electric field affects the channel as the 

channel length is reduced, lowering the potential barrier between the source and the 

channel, determining a lower VT with respect to the long channel case 
[288]

. Image from T. 

A. Fjeldly et al. 
[289]

. 

The drain bias VDS can affect the potential barrier when the source and  the drain 

become electrostatically coupled as they get closer 
[279]

. 

Besides the channel length dependency, the TFTs performances have been also 

characterize on the base of preparation and storage conditions. For reasons of uniformity in 

the comparison of data, the results of the further investigations reported will refer to the ones 

obtained from the transistors having a channel length of 5 µm. 
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4.2.2.2 Deposition Parameters Effects 

As it was said in chapter 3, five solutions were prepared using differ stirring time and 

temperature, all these solutions were used to produce TFTs. Table 4.2 shows the average 

results for all devices prepared using these solutions during a period of 3 years, comparing 

their performances in term of field-effect mobility, threshold voltage and on/off ratio. 

Solution Average 

mobility 

(cm
2
/Vs) 

Average 

threshold 

voltage (V) 

Average on-off ratio 

A 57.39 ± 39.17 -0.45 ± 0.90 1.74x10
3 
± 3.75x10

2
 

B 78.08 ± 45.55 2.83 ± 3.12 2.31x10
6 
± 5.01x10

5
 

C 63.15 ± 43.89 0.26 ± 3.86 5.36x10
6 
± 1.22x10

6
 

D 47.81 ± 28.66 1.01 ± 2.52 8.05x10
5 
± 4.79x10

4
 

E 62.22 ± 23.18 2.92 ± 1.47 2.77x10
5 
± 1.83x10

4
 

 

Table 4.2: Average results for devices prepare using the five ZnO NPs solutions prepared using 

different stirring time and temperatures. The performances are compared looking at the 

values of field-effect mobility, threshold voltage and on-off ratio. 

Reasonably good results were obtained for transistors prepared with any of the five 

nanoparticles solutions described in the previous chapter. I would like to argue, for the sake 

of discussion, that a large variation in mobility, from ~20 to over 200 cm
2
/Vs, was observed 

overall the devices prepared. Nevertheless, these unprecedented results seemed to be a 

compelling reason to believe in a remarkable potential for the proposed method. 

In view of that further investigations were aimed to optimise the TFT preparation 

process by halving the time of annealing necessary for the nanoparticles sintering after they 

have been spin coated onto the substrate. It is of logical deduction that a shorter time of 

annealing implies less consumption of time and energy and an increment in the number of 

devices that can be prepared, contributing to the low cost and large scale of the 

manufacturing process. 

Lowering the annealing time provided more than encouraging results, the transistors 

performance have greatly exceeded expectations in term of both high ID current, mobility 

values and on/off ratio (Fig. 4.11). 
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Figure 4.11: Transfer characteristic for ZnO transistor with channel length of 5 μm prepared using 3 

depositions steps and annealing times of 15 and 90 minutes. 

In the majority of the cases, the mobility values found for these devices were 

surprisingly high, especially if compared with the ones reported in the up-to-date literature: 

Lin Y. H. et al. 
[46,47]

  had reported ZnO TFT with mobility ~ 10 cm
2
/Vs; Be–doped ZnO with 

mobility ~ 2 cm
2
/Vs has been reported by Thomas et al. 

[48]
, whereas Adamopoulos G. et 

al. 
[49]

 reported Li-doped ZnO with mobility up to 85 cm
2
/Vs. Additionally, the results found 

resemble the values reported usually for the bulk ZnO at room temperature (~ 150 cm
2
/Vs) 

[50,51]
. 

Despite the promising high mobility values, these devices showed some stability and 

reproducibility issues. Such issues were the pivotal elements for the further investigations 

made.  
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4.2.2 Hysteresis Effects 

The outputs and transfer characteristics revealed that the devices were affected by 

hysteresis. This effect is generally defined as an instability in the operating current of the 

transistor, manifesting itself as a difference of the values of the source-drain current (ID) 

observed during scans back and forth in voltage. On the one hand, transistors showing 

hysteresis in the transfer characteristics may be used in memory elements 
[290,291]

, whereas 

on the other hand hysteresis free transistors are desired in integrated circuits. Therefore 

understanding the causes of these electrical effect becomes of primary interest 
[292]

. A 

variety of effects are potential cause of hysteresis, among them we can encompass:  

1. charge injection from the gate into the dielectric or from the semiconductor into 

the dielectric; 

2. charge trapping at the semiconductor/dielectric interface; 

3. polarization of the dielectric; 

4. mobile ions in the dielectric or in the semiconductor 
[293]

. 

Even though hysteresis is often identified on the base of its turning ‘‘clockwise’’ or 

‘‘anticlockwise’’, these notations can be misleading, because the direction also depends on 

the p- or n-type character of the investigated material 
[293]

. A better way to describe the 

phenomenon and avoid ambiguities is to use the notations ‘‘higher back sweep current 

(BSC) hysteresis’’ and ‘‘lower BSC hysteresis’’ suggested by Egginger et al. 
[293]

. 

Figure 4.12 shows two output characteristics in which a lower BSC hysteresis is 

observed. 

  

Figure 4.12: Output characteristics with hysteresis effect; (a) output gained using VDS step 1 V, the 

mean value of the difference between the backward current and the forward current is 

35%; (b) output gained using V VDS step 0.2 V, the mean value of the difference 

between the backward current and the forward current is 12%. 
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Lower BSC hysteresis is very often attributed to charge-carrier trapping, usually by 

majority traps (electron traps in ZnO), close to the channel 
[293]

. Traps at the 

semiconductor/dielectric interface can also result in lower BSC hysteresis by causing charge 

injection from the semiconductor into the dielectric. This is a mechanism very similar to the 

charge-trapping mechanism with the only difference in the location of the ‘‘traps.’’ If charges 

are injected from the semiconductor into the dielectric, they can be considered similarly to 

traps that cause the lower BSC hysteresis  
[294,295]

. In addition, it was noticed that lowering 

the scan rate decrease the hysteresis effect seen in the output characteristic (Fig. 4.12 b): 

during the on-to-off sweep, the trapped electrons are slowly released (clearly slower than the 

sweep rate), and so fewer mobile electron are in the channel at any given VDS and the 

resulting IDS is lower 
[296,297]

 than the off-to-on one. Evidently, the release rate of the traps 

must be slower than the bias scan rate, meaning that a faster sweep shows a larger 

hysteresis than a slower sweep 
[293]

. For the higher gate voltage applied (VGS = 6 V) the 

mean value of the difference between the forward and the backward current IDS is 35% for 

the faster VDS sweep (1 V every 0.2 s, Fig. 4.12 a) against the 12% for the slower VDS sweep 

(0.2 V every 0.2 s, Fig. 4.12 b). 

Contrarily to the behaviour observed in the output characteristics, the transfer 

characteristics showed a higher BSC hysteresis. Higher BSC hysteresis is usually caused by 

mobile ions in the dielectric, or by the (ferroelectric) polarization of the dielectric 
[293]

. 

 
Figure 4.13: Transfer characteristic with higher BSC hysteresis effect. The mean value of IDS is 264% 

higher for the backward scan than the one for the forward scan, whilst the difference in 

field-effect mobility is 12.46%. 

Ferroelectric dielectrics are materials that show a remnant polarisation due to an 

externally applied electric field. This remnant polarisation causes an electric field in addition 
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to the gate field, therefore ferroelectric dielectrics cause higher BSC hysteresis Immobilized 

ions at the semiconductor / metal interface can improve charge injection 
[298]

. 

The mean value of IDS and the estimated mobility value are 264% and 12.46% 

higher respectively for the backward scan compared with the values obtained from the 

forward scan. During the return sweep, the threshold voltage shifted to negative values. By 

applying an “on-voltage” (in this case a positive VGS) to the gate, the electrons move towards 

the semiconductor. When VGS is swept back to 0 V (backward sweep), the ions stay close to 

the semiconductor, thereby retaining the field and causing higher BSC hysteresis 
[299]

.  The 

longer the “on-voltage” is applied, the more are the ions accumulate close to the 

semiconductor, hence the hysteretic phenomena increase with the decreasing of the sweep 

rate 
[292]

. Consequently, a faster sweep rate should result in smaller hysteresis, however, 

gate sweep rate was found not to sensibly affect the hysteresis in the transfer curves. If 

charges can be injected from the gate electrode into the dielectric, these charges also cause 

higher BSC hysteresis 
[293]

. 

The forward and backward curves (Fig. 4.13) differ in slope and this leads to a slope 

difference also on the 
    

    
 vs. VGS   curves. In view of that, two different field-effect mobility 

values are extracted, respectively µforward = 132.93 cm
2
/Vs and µbackward = 149.49 cm

2
/Vs. 

Threshold voltage values were extrapolated by plotting the 
    

    
  vs. VGS curve from 

the ratio of the intercept over the slope of the linear fit of the linear part of the curve: two 

remarkably different values were extracted, respectively VT, forward = 3.84 V and VT, backward = - 

2.82 V, which produce an overall threshold voltage shift (ΔVT) of 6.66 V. 

The different behaviour between output and transfer characteristics suggested that 

effects upon the channel such as charge injection traps prevail in the first one during VDS 

scan with VGS remaining constant for a longer time, while effects on the dielectric interface, 

enhancing the field, prevail in the transfer characteristics during VGS scan. 

Charge accumulation can also be confirmed by looking at the value of the drain 

current IDS gate current IGS and source current IS separately: ideally the sum of the IDS and 

absolute value IGS should be equal to the absolute value of Is, however this was proved to 

not be true, indicating that there are more charges collected at the drain than the ones 

leaving the source, it is possible that these extra charges are released from traps in the 

channel. Furthermore, the leakage current IG is not negligible at all time (its mean value is in 

the order of magnitude of nA). 
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Figure 4.14: Graph of IDS+|IGS|-|IS| vs. VGS showing that some extra charges, besides the ones coming 

out from the source, contribute to the current measured between the source and drain 

electrodes. 
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4.2.3 Multiple Scans Effects 

Consistently with the higher hysteresis found during the VG scan, the devices 

showed modification due to measurements taken consecutively, using the same settings. 

The backward scan showed higher current for the same values of VG,   likewise, 

consecutively scan showed higher IDS every time with the on-off ratio (defined simply as the 

ratio of maximum to minimum current) decreasing between measurements due to the 

minimum ID current increasing and maximum ID current decreasing on later measurements.  

Figure 4.15 shows IDS - VGS curves as an example of the changes observed due to 

multiple consecutive experiments. 

Such behaviour is likely caused by the build-up of space charge in the transistor 

channel, which increases the carrier concentration at low gate voltage and reduces the 

barrier to further charge build-up 
[266,300]

.  

 
Figure 4.15: Transfer characteristics obtained by multiple scans for VDS = 10 V and scanning VGS from 

-5 V to 10 V with steps of 0.2 V. For subsequent tests the on/off ratio and the mobility 

values both decrease and the transfer characteristics do not longer resemble the 

theoretical model. 

The data differ significantly from each other when measurements are taken no more 

than a few minutes apart: the mobility decays from an initial value of 53.74 cm
2
/Vs to 

7.7 cm
2
/Vs. Similarly, the on-off ratio falls by ~4 orders of magnitude between the first and 

last tests shown, while the threshold voltage slightly decreases after the first test.  

The higher minimum current (and resulting low on-off ratio) observed in successive 

tests separated by short intervals can be explained by the presence of additional charge 

carriers created by previous tests, which can contribute to the current. The reduction in 
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threshold voltage magnitude may similarly be due to the presence of this additional charges 

which lower the gate voltage necessary to allow current flowing through the channel. 

These results are consistent with degradation phenomena widely reported in 

literature for thin film transistor devices that are under prolonged application of gate bias 
[301-

303]
: deterioration of the current-voltage characteristics can be manifested as a change in the 

field effect mobility, or as a shift in threshold voltage 
[304]

 and is commonly referred to as the 

bias stress effect 
[300]

. Such effect is less invasive for faster VGS scans when the gate voltage 

swept is higher, as it is showed in fig. 4.16a where three consecutive tests are reported for 

VGS scan from -5 V to 10 V with VGS steps of 1 V. Degradation effects due to multiple 

consecutive scans are recovered when the stress bias is interrupt: for scans taken hours 

apart from each other, rather than consecutively, there is no significant change neither in 

current nor mobility as it can be seen in figure 4.16 b. These results suggest that some of 

the changes seen in I-V characteristics, when multiple experiments are taken in rapid 

succession, are not permanent alterations of the sample properties.  

 

Figure 4.16: Transfer characteristics for consecutive tests (a) and tests taken hours apart from each 

other (b), in both case VG swept = 1 V was used. 
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4.2.3 Storage Environment Effects 

In consideration of the unpredictable behaviour of the devices, further research                      

was addressed to investigate the effect of the storage environment on the stability of the 

devices’ performance. At first, the samples were stored right after preparation in atmosphere 

and left in this condition for 4 days before measuring their I-V characteristics. Then they 

were placed inside the glovebox (in nitrogen atmosphere) where their performances 

decreased drastically just to improve once again after being brought in atmosphere again for 

an all weekend. 

The results yielded by these experiments are showed in Fig. 4.17: the transfer 

characteristics for the devices described reveal that the performances are almost unchanged 

for the measures made when the devices were kept in atmosphere (black and red lines); 

they became poor after the devices were left in the glovebox for a couple of days (blue 

lines), but a new improvement is found when the devices are placed again outside the 

glovebox (pink lines). 

 

Figure 4.17: Transfer characteristics comparison for separate measurements on the same samples 

after storage under different conditions. 

As discussed already in chapter 3, the nanoparticles possess a high 

surface-to-volume ratio. For as much as the deposited films maintain some nanostructure 

character, surface properties will strongly influence their behaviour.  The significant 

reduction in mobility observed when the sample is kept in N2 atmosphere, can be explained  

presumably because nitrogen enhances further defects creation 
[262,305]

. This is consistent 

with results in the literature regarding the effect of atmospheric oxygen concentration on the 

electrical properties of ZnO surfaces 
[56,306]

. Iwata et al. 
[307]

 confirmed  that nitrogen 

incorporation induces extended defects (deep carrier traps created by nitrogen-induced 

defects) while Hamad et al. 
[262]

 proved that N2 gas annealing led significant reduction in 

mobility.  
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One possible mechanism to explain such behaviour is an increase in the 

concentration of electrically active oxygen vacancies, due to a reduced atmospheric oxygen 

concentration altering the equilibrium between gaseous oxygen and vacancies 
[262]

. This may 

affect the carrier mobility by altering the concentration of scattering sites, and/or alter the 

threshold voltage by changing the concentration of energy states at the ZnO/SiO2 

interface 
[305,307]

. 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 



Chapter 4 Nanoparticles Thin Film Transistors 

115 

 

4.3 Conclusions 

This chapter described the preparation of thin film transistors by creating the 

channel via spin coating of ZnO nanoparticles in colloidal phase, synthesized in methanol 

solutions under alkaline conditions in the presence of KOH. Five distinct ZnO NPs solutions 

were prepared using different stirring time and temperature, all of them were used to 

produce the TFTs. The I-V characterization suggested surprisingly high values of carrier 

mobility, exceeding the reported value in literature and comparable to the values found for 

the bulk ZnO. 

Channel length dependency was studied, both output and transfer characteristics 

showed that the drain current increases significantly when the channel length decreases 

from 20 µm to 2.5 µm, with the saturation IDS for the shorter channel transistor about 3 order 

of magnitude higher than the IDS obtained for the longer channel transistor. Such behaviour 

is in agreement with the space charge limited current (SCLC) model which implies the 

inversion dependency of both the current and the carrier mobility with respect to the channel 

length. The results indeed showed that the field effect mobility is also extremely dependent 

on the channel length dimension: the mobility increases as the channel length decreases 

from 20 m (1.07 cm
2
/Vs) to 5 m (31.49 cm

2
/Vs), however, it decreases again for channel 

2.5 m (0.98 cm
2
/Vs). The assumption made to explain such behaviour is that for a channel 

length L = 2.5 μm the electrical performance are mainly limited by the contact resistance 

rather than by the channel resistance 
[283]

. The threshold voltage VT decreases for shorter 

channel length, due to the charge sharing effect near the source and drain region and drain 

induced potential barrier lowering (DIBL) effect 
[285,286]

. These results were consistent with 

the conventional n-type enhanced MOSFET device models 
[164,165,263]

. 

The devices performance quickly degraded due to stress bias effects, however, 

degradation effects due to multiple consecutive scans were recovered once the stress bias 

was interrupted. Another issue under scrutiny was the hysteresis effect which also affected 

the investigated devices: a closer look at the data showed that the output characteristics 

were affected by lower BSC hysteresis, while the transfer ones were characterized by higher 

BSC hysteresis. For the sake of the discussion, it was also demonstrated that the storage 

environments has a large influence on the performance of the devices. Samples stored in 

atmosphere showed uniformly high performance (mobility > 50 cm
2
/Vs, on-off ratio > 10

5
) 

while the storage in glovebox (under nitrogen atmosphere) had a detrimental effect on the 

performance with mobility values low as < 10 cm
2
/Vs and an on-off ratio < 10

3
. It is of 

particular interest to note that under nitrogen atmosphere mobility decreases but the current 

recorded increases despite the applied potential (positive or negative). However, recovery 

from the degradation due to the storage in glovebox was possible by storing the samples 

again in atmosphere. 
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The results displayed in this chapter provide confirmatory 

evidence that the centrality issue relies on the stability of the devices produced. Further 

research to draw any firm conclusions will be addressed in the following chapter in 

pursuance of more evidence that can help to explain the anomalous behaviour.  
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5. The Dielectric Material 

5.1 Introduction 

In the last 50 years, research has provided ample validation for the assertion 

predicted by Moore's law with transistors sizes decreasing exponentially every 2-3 year. 

However, the scaling of such devices and the further miniaturization of microelectronic 

components have shown some limitations. 

The main theoretical premise behind the scaling is that in a transistor the current ID 

is proportional to the effective mobility of the carriers in the channel μ and the gate oxide 

capacitance Cox, which in turns is proportional to the ratio ɛ/t. Increasing the capacitance C 

would reduce the voltage required to induce the same amount of charge in the 

semiconductor. Cox can be increased either using a material with higher the dielectric 

constant ɛ or reducing the film thickness t, a thinner dielectric layer, however, creates a less 

effective barrier to the exchange of charge carriers between the transistor channel and gate 

electrode. In fact, the direct tunnelling exponentially increases as t decreases resulting in a 

higher gate leakage current. Therefore, the alternative way to increase the capacitance is 

the use of materials with higher ɛ values 
[168,308,309]

. Silicon dioxide has been by far the most 

common and effective insulator used in making integrated circuits, however, the use of too 

thin layer (limit 1.4 nm) induced the leakage current became too large 
[310,311]

. This 

inconvenient makes arise the needs of replacing SiO2 with a material with a higher dielectric 

constant as the gate dielectric, such as the gate capacitance will increase without the 

associated leakage effects 
[312]

. The current literature proposes several examples of 

materials that have a higher dielectric constant than that of silicon oxide such as hafnium 

oxide and hafnium silicate and silicon oxynitride (SiON) 
[310,311]

. 

The instability of the measures on one hand, together with the unexpected 

exceptionally high mobility values found on the other, suggest that chemical or physical 

reactions occurring on the device presumably change the morphology and cause 

unpredictable behaviour in the transistors. Nevertheless, the effects of processing on the 

SiO2 layer on the substrate may constitute a previously unseen phenomenon of oxide 

growth at low temperature and the formation of a high- dielectric by chemical reaction. To 

supporting this assumption morphology investigation via Scanning Electron Microscopy 

(SEM) and X-ray Photoelectron Spectroscopy (XPS) and electrical characterization via 

Capacitance measurement were performed.  
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5.1 Experiment Details 

5.1.1 SEM/STEM Experiments 

Two set of SEM experiments were performed. The first one was performed at the 

LCN facilities using a Zeiss XB1540 at 5 kV, three kinds of sample were investigated: a 

reference sample consisted of TFT substrate without any treatment; a TFT substrate treated 

with ZnO NPs solution and a third TFT substrate treated with a KOH solution in methanol 

0.01M.  

The second set of information was gained by Dr. Giorgio Divitini from Electron 

Microscopy and Analysis Group at Cambridge University. The SEM images were taken with 

an FEG/SEM FEI Nova 450 at 5 kV, TEM characterization and the energy dispersive X-ray 

(EDX) analyses (acquired together with the images) were performed by means of an FEI 

Osiris S/TEM at 200 kV; finally, an FEI Helios Nanolab was used for the milling of the sample 

in order to perform cross-sectional analyses. The investigated sample was a TFT substrate 

treated with ZnO NPs solution. 

 

5.1.2 XPS Experiments  

The XPS experiments were carried out with the collaboration of Dr. Keith Fraser 

(UCL) using a Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer with an Al Kα 

1486 eV X-ray source. The removal of material for depth profiling was carried out using an 

Ar
+
 ion beam with an energy of 3 keV. Finally, I used CasaXPS software to analyse the 

gathered data. 
Three kinds of samples were investigated, for all three samples the substrate used 

was heavily doped n-type Silicon wafers (n~3∙10
17

 cm
-3 

at the surface) with a 230 nm SiO2 

layer purchased from University Wafer Inc.: 

 Reference Si/SiO2 sample, cleaned via ultrasound treatments without any solution 

processing. The depth profile of the reference sample was set up so as to examine 

the Si/SiO2 interface.  

 Sample prepared with the same processing method used for the transistors 

employing the ZnO suspensions. A depth profile was taken from a sample with ZnO 

deposited with the standard spin coating process (3 layers each deposited with a 60 

s, 500 RPM spin coating step, annealing at 350
o
C for 30/30/180 minutes).  

 Sample prepared with the same processing method used for the transistors, 

employing a KOH solution 0.01 M in methanol. 
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 a transistor substrate  (from Fraunhofer Institute) treated with the ZnO nanoparticles 

solution was also investigate to check if any changes occurred in the presence of 

the gold contacts. 

Measurements were carried out on samples discussed above using survey spectra 

to measure the atomic concentrations of K, O, Si and Zn. The XPS spectra are interpreted in 

terms of peak positions and intensity. Each peak position indicate a particular elemental and 

its chemical state, while the intensity  (identified  with the peak area) is a measure of how 

much of such element is present. In virtue of this relation, the elements concentration is 

directly proportional to the intensity of the XPS signal, the percentage of the intensities, 

defined as the ratio of the intensity over the total intensity of electrons in the measurement is 

the representation of the atomic concentration percentage. These values, however, need to 

be adjusted using a constant called the relative sensitivity factor (RSF) to modify the area 

under each peak in order to produce correct stoichiometry. 

 

5.1.3 Capacitance Experiment Details 

Capacitance – voltage (C-V) investigations are an essential method for an 

exhaustive characterization of  Metal-Oxide-Semiconductor (MOS) devices 
[313]

. Meticulous 

analysis of device capacitance is indeed crucial for oxide thickness extraction 
[314]

, 

metallurgical channel length determination 
[315]

, mobility estimation 
[316]

 and interface trap 

characterization 
[317]

. 

To have an accurate estimation of the dielectric capacitance scanning capacitance 

microscopy (SCM) measurements were attempted, scanning inside the channel region of 

the transistors substrates. Unfortunately, this method revealed itself to be unsuitable for the 

kind of information needed. This method, in fact, permits to measure the derivative of the 

capacitance with respect to the voltage rather than a direct measure of the capacitance, it 

also has the limitation of the dielectric thickness to be around 10 nm. 

In order to reproduce a situation closer as possible to the one in the transistors, the 

same substrates purchased from the same manufacturer minus the gold interdigitated 

contact were used, the blank substrate present together the transistors substrates, being 

part of the same wafer they present the same composition with exception of the gold 

contacts. Capacitance measurements were taken from samples prepared on Si substrates 

(high-doped n-type Si wafers with a SiO2 layer with a thickness of ~230 nm).  All samples 

were cleaned in an ultrasonic bath using acetone and IPA, with additional processing as 

follows: 

 a reference sample prepared with no additional processing. 

 a sample prepared using the ZnO film deposition method described in the previous 

chapter (3 spin coating steps at 500 rpm with annealing at 350 
o
C for 30 minutes 
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between each step and a final anneal of 180 minutes at the end) using a solution of 

KOH in methanol containing suspended ZnO particles. The ZnO was then removed 

by etching in HCl 0.1 M for 1 minutes. This passage guarantees evaporation of the 

contacts right on top of the SiO2 and the ZnO layer will not interfere with the 

measurements. 

 a third sample similarly prepared using the standard film deposition method, but 

using a KOH/methanol solution 0.01M with no ZnO nanoparticles was used. 

On top of these samples, gold contacts were thermally evaporated using a shadow 

mask, purchased from UCL workshop, customised for the production of circular contacts of 

~ 1 mm diameter. The devices are placed into the brass mask and then positioned inside the 

evaporator chamber (integrated thermal evaporator system KJ Lesker) thanks to a mask 

holder. A piece of metal gold (~ 5mm of gold wire, diam. 1.0 mm, 99.997% trace metals 

basis, purchased from Sigma-Aldrich) was placed in a crucible and heated. The process was 

held in vacuum (10
−6

 mbar). A 30 nm of Au was evaporated at a rate of 0.2 Å · s
−1

. 

Capacitance measurements were carried out in collaboration with Prof. Arokia 

Nathan and Dr. Jong Woo Jin, from the Department of Engineering, at Cambridge 

University. The experiments were carried out in their facilities, using a Keithley 4200-scs.  

The measurements were taken using a frequency of 50 KHz and were performed using back 

and forth voltage scans from -10 to 10 V. For reproducibility purpose for each sample the 

measurements were performed using several different individual contacts on the device 

surface. 
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5.2 Result and Discussion  

5.2.1 SEM and STEM Investigations 

Figure 5.1 shows SEM images gained using a Zeiss XB1540 in the LCN facilities, 

the a) image shows the gold contacts of the reference transistor with channel length 5 µm  

while b) and c) images show the gold contacts of the transistors been damaged after been 

treated with a KOH solution and with the ZnO solution respectively. 

 
Figure 5.1: SEM image top view of a transistor channel for a) reference sample b) sample treated with 

KOH 0.01 M in methanol; c) sample treated with ZnO NPs solution. The Au contacts 

appear damaged for both the treated samples. 

The following images were gained by Dr. Giorgio Divitini from Electron Microscopy 

and Analysis Group at Cambridge University. The cross-sectional image (Fig. 5.2), the 

channel appears to have increased its length from its original value of 5 μm to ~ 6 μm. 

 

 

Figure 5.2: SEM images of the TFT cross section showing the actual channel length. 
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The silicon oxide layer seems to swell and incorporate voids (Fig. 5.3a and 5.3b) 

and lower density areas (Fig. 5.3 b). As a result, the ZnO layer and the gold contacts are 

raised, furthermore, the ITO underneath is left exposed (Fig. 5.3a) confirming that the Au 

has been etched away hence the channel length been increased. The energy dispersive X-

ray (EDX) analyses (acquired together with the images) confirmed that dark spots on the Au 

contacts (Fig. 5.3 b) contain proportionally more K than the background. Furthermore, the 

same image shows a difference in contrast in the silicon oxide layer, suggesting different 

chemical composition and/or density. Moreover, the gate oxide also appears to have 

increased in thickness in the channel region.  

 

Figure 5.3: TEM characterization via an FEI Osiris S/TEM at 200 kV; FEI Helios Nanolab was used for 

the milling of the sample. Two cross sections showing the ZnO layer, the exposed ITO of 

the contacts, voids on the SiO2 layer (a), and dark spots of K on the contacts and 

difference in contrast in the SiO2 layer (b) respectively. 

Looking at these images, it is easy to assume that chemical reactions may occur via 

diffusion of potassium and oxygen and may explain the possible increase in oxide thickness. 

Zinc can also diffuse, however, potassium silicate is the main consideration as changes are 

also seen in samples treated with KOH without ZnO. These reactions would involve K atoms 

forming layers between SiO2 unit cells, shifting them apart and increasing the lattice 

parameter leading to the formation K2SiO3 
[318]

. 

A similar reaction between silicon oxide and alkali hydroxides, well-known since the 

1940s in the concrete industry, is a cause of cracking in concrete in damp environments at 

ambient temperatures: alkali compounds (mainly Na and K) present in the concrete mixture 
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form hydroxides in water, and once the pH rises to a high enough level (13+) these will react 

with silica (present in aggregate or other high-surface-area forms) to produce a gel, with the 

resulting volume change causing cracking 
[319]

.  

A silicate polymer can also be produced by mixing amorphous silica with KOH 
[320]

, 

and a reaction between potassium oxide and silicon oxide in the solid state takes place in 

gas generators for car airbags 
[321]

. It is hypothesized that a similar reaction takes place 

between KOH and SiO2 during transistor preparation, at a much faster rate than concrete 

degradation due to the elevated processing temperature (350
o
C). One possible reaction 

equation would be as follows:  

                                                             (3.12) 

Potassium- and/or sodium-containing glasses 
[322,323]

 are prepared from a mixture of 

silicon oxide, potassium oxide and/or sodium oxide. A study 
[322]

 of glasses consisting of 

different mixtures of silica, sodium oxide and potassium oxide found the dielectric constant 

to be consistently higher than that of pure silica (up to 18.7 at 1 KHz for glasses with no 

sodium, depending on potassium content, compared to 3.9). 

On the other hand, the possible chemical reaction occurring at the Au contacts, due 

to the presence of the KOH, can be similar to that one reported by D. W. Kir et al. who 

described the electrochemical formation of gold hydroxide (AuOH) by reaction of gold with 

KOH in an aqueous environment 
[324]

. 

In the presence of Au, Si can oxidize via two simultaneous processes. In an 

oxidizing atmosphere (including air), the silicon substrate, covered by a uniform Au film, can 

oxidize even at room temperature by the diffusion of Si through the Au film 
[325-327]

. The 

formation of an alloyed Si-Au interlayer enhances oxidation of the Si atoms that have 

diffused toward the surface. However, such layer limits the extended growth of the oxide, 

inhibiting further diffusion of Si from the underlying substrate. A second oxidation process 

arises from an electrochemical reaction due to the potential difference between Au and Si: 

when Au is deposited onto a clean Si surface, the Si in the immediate vicinity of the Au-

covered regions electrochemically oxidizes upon exposure to air (more specifically water 

vapour in the air) 
[327]

. 
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5.3.2 XPS Investigations 

Further work was aimed at finding evidence of chemical changes and confirm the 

aforementioned hypothesis. Together with Dr Keith Fraser, depth profiles were collected via 

X-ray photoelectron spectroscopy (XPS) to gather composition data through all the layers of 

the relevant samples, with the objective of investigating how far into the SiO2 both K and Zn 

diffuse during the coating process, any chemical shift in the characteristic binding energy of 

the elements. 

Fig 5.4 shows the surface spectrum of the reference sample, indicating the peaks 

for the main components, the 1s peak and 2p peak for oxygen and silicon respectively.  

 

Figure 5.4: XPS spectrum of the reference sample at the very surface (i.e. before any etching takes 

place), with the expected binding energies for the Si 2p and O 1s peaks.  

Si2p spectra from this depth profile, corresponding to different etching times/depths, 

are shown in Fig. 5.5 below. It can be seen that there are two peaks, one corresponding to 

Si
4+

 present in oxide and the other one to Si
0
, at ~104 eV and ~ 99 eV respectively. The 

former is the only peak seen in the spectrum taken at the surface (~ 900 - 910 s etch), both 

peaks are seen near the Si/SiO2 interface (920 - 950 s etch), and only the second peak is 

seen once all the oxide has been removed (after ~ 960 s etch). 
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Figure 5.5: Depth profile for the Si spectra, for etching from 900 to 1000 s with spectra taken 10 s 

apart from each other. The two peaks are both for the Si 2p electrons, one for Si
4+

 and the 

other for Si
0
. 

Fig 5.6 shows the peak for Si
0
 after 960 s etching, the peak can be fitted as a 

combination of two peaks arising from the spin-orbit coupling of the 2p electrons. The 

spin-orbit components have Δ = 0.63 eV split between the 2p 1/2 and the 2p 3/2 peaks, this 

splitting usually needs to be considered only for elemental Si and may be ignored for the 

silicon compounds. The spectral resolution of spin-orbit components can be used to 

estimate the degree of crystallinity of the elemental silicon: more crystalline material gives a 

better resolution of spin-orbit components, a more amorphous one (caused by Ar
+
 

sputtering, for example) shows worse resolution of spin-orbit components, as the reported 

case it only leads to an asymmetric peak. 

 



Chapter 5 The Dielectric Material 

 

126 

 

 

Figure 5.6: Peak for Si
0
 after 960 s etching, the peak can be fitted as combination of two peaks arising 

from spin-orbit coupling of the 2p electrons. 

Fig. 5.7a shows the depth profile of the elements concentration (%) as a function of 

the etch time.  Fig. 5.7b shows the depth profile of the reference sample showing the 

elements concentration (%) as a function of the depth. 

 

 

Figure 5.7: Atomic concentration profile for the reference sample as a function of the etch time (a); 

depth profile for the reference sample as a function of the SiO2 depth gained using an 

etching rate of 0.25 nm/s (b). Spectra for O and Si lines were taken before etching (0 s), 3 

spectra taken at 300 s apart from each other and 10 spectra taken at 10s intervals (910-

1000s). 

The RSF value used for the O1s peak was 2.39, while the one for Si2p 0.817. 

Operating on the assumption that the latter value is correct only for elemental Si, a different 

RSF value of 1.08 was assigned to SiO2. Using this adjusted value, the stoichiometry for 

SiO2 is 33% Si to 67% O correct to the ideal stoichiometry within 1%. 

The etch time at which the SiO2/Si interface is reached can be easily identified by 

the abrupt decreasing of oxygen and Si
4+

 concentrations and the corresponding increasing 
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of the Si
0
 concentration. The etch time required to reach this interface in the reference 

sample for given ion gun settings was used, together with the known thickness of the oxide, 

to calibrate the etch rate: the reference samples was used to gain the etching rate for the 

SiO2, using its nominal thickness of 230 ± 10 nm (taken from manufacturers’ specifications) 

and the etching time needed to reach the well define Si/SiO2 interface (1050 ± 150 s), an 

etching rate of 0.219 ± 0.034 nm/s was estimated (Fig. 5.7b). 

Fig. 5.8 below shows the XPS spectrum corresponding to the surface before 

etching, for the sample treated with the same ZnO solution and made with the same 

procedure used for the TFTs preparation described in chapter 4.  

 
Figure 5.8: XPS spectrum for the sample treated with ZnO nanoparticles solution corresponding to the 

surface before etching, the peaks for the main composition elements Si, K, O, and Zn are 

indicated. 

Fig. 5.9 shows the composition profile as a function of the etch time (Fig. 5.9a) and 

the same profile as a function of the SiO2 depth (gained using the etching rate value 

obtained from the reference sample) (Fig. 5.9b). The point at which [Si
4+

] becomes to 

increase and [Zn
2+

] starts to decrease (Fig. 5.9a), was taken as zero. 
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Figure 5.9: XPS atomic concentration profile for the ZnO sample as a function of the etch time (a) and 

the depth of the SiO2 layer (b). The profile shown consists of 31 steps 10 s apart for a total 

etch time of 300 s.  

The images confirm that Zn and K penetrate at a certain depth into the SiO2 layer. 

The O1s and K2p spectra were investigated in order to verify the presence of chemical 

changes at the dielectric surface, due to the presence of KOH. More precisely, such 

investigation was aimed to find evidence of formation of potassium silicates due to the 

annealing process.  

As a matter of fact, the soda-lime silicate glass consists of two kinds of oxygen 

atoms: covalently bonded bridging oxygen (BO) atoms that connect two SiO4 tetrahedra; 

and non-bridging oxygen (NBO) atoms that are covalently bonded to one SiO4 tetrahedron 

and ionically bonded to one alkali (or alkaline earth) ion 
[323]

. Where K and/or Zn were 

present, the O1s spectra measured from the examined samples showed a clear double-

peak shape (Fig. 5.10b), while the remainder could generally be best fitted using two peaks 

rather than only one (Fig. 5.10c). The positions of these peaks were recorded, with the 

higher-energy of the two being designated as BO and the lower-energy as NBO. 
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Figure 5.10: O1s XPS spectra (blue) together with fitted peaks (red, black) measured during depth 

profile taken from a sample prepared by spin-coating ZnO onto a contactless substrate 

with accompanying annealing steps. Etch time: a) 80, b) 100s, c) 120s. 
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Figure 5.11: K2p XPS spectra (blue) together with fitted peaks (red, black) measured during depth 

profile taken from a sample prepared by spin-coating ZnO onto a contactless substrate 

with accompanying annealing steps. Etch time: a) 80s, b) 100s, c) 120s. 

The spin coupling is less as the concentration of K reduce inside the dielectric and 

the concentration of K2p decrease as well the experimental results follow a trend of 

decreasing binding energy with increasing The BE of the K 2p3/2 peak shifts to lower 

binding energy with increasing potassium content similar to the results find in literature 

(Sawyer et al) 
[323]

, shifting from 93 eV to 93.59 eV and 93.8 eV respectively and constitute 

strong evidence that the processes used to prepare ZnO transistors causes chemical 

reactions at and below the surface of the SiO2 gate oxide which produce a material similar to 

potassium-silica glass. 
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A depth profile was measured from a sample prepared using the same procedure as 

the previous one, but with a KOH solution containing no ZnO. The resulting spectrum, before 

etching, is shown in Fig. 5.12.  

 
Figure 5.12: XPS spectrum for the sample treated with KOH 0.01 M solution corresponding to the 

surface before the etch, with the main composition elements Si, K, O, indicated. 

The composition profiles as a function of the etch time and the SiO2 depth (using the 

etching rate value estimated from the reference sample) are showed in fig 5.13a and 5.13b, 

respectively.  

 

Figure 5.13:  XPS atomic concentration profile for a sample treated with KOH 0.01M without ZnO as a 

function of the etch time (a) and as a function of the SiO2 depth (b) respectively. Spectra for O Si and K 

were taken before etching and at 25 s intervals (0 – 1025 s). 

As well as for the ZnO sample, the K concentration decreases slowly through the 

SiO2 layer showing that a quantity of K (> 1%, limit detectable by the instrument) is presents 

at least 150 nm inside the dielectric. 
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 These results, for both kinds of processed samples, provide confirmatory and 

consistent evidence  that  measurable concentrations of both potassium [K
+
] and zinc [Zn

2+
] 

are present throughout the SiO2 layer. 

In consideration of the fact that each of the samples investigated showed a 

well-defined Si/SiO2 interface, characterized by an abrupt decreasing of the Si
4+

 signal 

together with rapid increase in the one associate to Si
0
, a comparison of the depth profiles 

taken through to the SiO2 layer was made to establish the oxide thickness values (Fig. 5.14), 

with the objective of verifying whether the thickness of the SiO2 is significantly affected by 

the process. 

 
Figure 5.14: comparison of the atomic concentration of Si

4+ 
for the untreated (reference) and 

processed samples as a function of the etch time (a) and the depth of the SiO2 layer (b). 

The Spectra were taken 1 before etching, 3 after 300 s from each other (300 – 900 s), and 

10 spectra taken at 10 s intervals (910 – 1000 s). 

The time required to etch through SiO2 layer (defined as position where [Si
4+

] starts 

to decrease rapidly) does not appear to increase substantially in the processed samples 

(compared to the reference sample), once again as the etch time needed to be adjusted for 

the ZnO sample, in order to take into account of the layer lying on top of the SiO2, the zero 

was taken at the point at which the [SiO2] begins to increase. The depth in Fig. 5.14b was 

extrapolated from the etching time as reported in Fig. 5.14a, using the etching rate derived 

earlier. 

The XPS experiments show that the time required by the ion beam to etch through 

the SiO2 layer, does not increase significantly for processed samples, implying that there 

was no significant increase in oxide thickness. This behaviour seems to be in contrast to the 

apparent increase in oxide thickness seen in SEM cross-sections (Fig. 5.3), however, it can 

imply that the alleged increase may be due to factors only present when any reaction with 

KOH takes place in the narrow transistor channel in the presence of the Au contacts. 

XPS experiments were also carried out on samples with Au contacts, both for 

untreated substrate and substrate treated with ZnO suspensions. 
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7 

Figure 5.15: XPS profile of Au 4f scan at different etching times for a reference transistor substrate (a) 

and a transistor substrate treated with ZnO NPs (b).  
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Au4f region has well separated spin-orbit components (Δ = 3.7eV). Peaks in the 

Au4f region have an asymmetric peak shape. 

   

 
Figure 5.16: XPS atomic concentration profile comparison for a reference samples with Au contacts 

and a sample treated with ZnO NPs, plotted as a function of  the etch time (a) and as a 

function of the Au depth (b).  

 

Figure 5.17: Au4f 7/2 and 5/2 spectral peak positions for the reference and the treated samples as a 

function of the etch time (a) and the Au depth (b) respectively.  

Fig. 5.16a shows the concentration of Au as a function of the etch time. The Au is 

found entirely at the surface in the case of the untreated sample and its concentration drops 

rapidly to zero during etching. [Au] in the treated sample has its maximum value shifted to 

higher etch time with respect to the reference sample, the explanation of such behaviour is 

of logical deduction considering that the contacts are covered by ZnO which must be etched 

away before to expose them.  

Fig 5.16b shows the concentration of Au as function of the Au thickness in nm, this 

was estimated from the reference sample considering the thickness of Au given by 

manufacturer’s specification (30 nm) that give rise to an etching rate of 0.3 nm/s for the 
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sample treated with ZnO, the 0 point was taken at 50 s etch, once the ZnO on top was 

removed and the gold was left completely exposed.  

 [Au], once passed its maximum, decreases much more slowly with the etch time. 

This may be due to the rough ZnO surface producing uneven etching of the contacts, but it 

also suggests that Au might enter the SiO2 below the contacts via diffusion and/or chemical 

reaction. If this is true the Au might lead to the oxide growth reaction reported by J.T. 

Robinson et al.
[327]

, this phenomenon would explain the change in the electronic density and 

the appearance of the voids close to the Si/SiO2 interface showed with the TEM 

investigation. The graph shows that the Au is present at depth higher for the treated sample 

than the reference sample, at about 50 nm inside the sample. 

Figure 5.17a shows the position of the two Au 4f spectral peaks measured from the 

same samples as a function of etch time. In the case of the untreated sample, the position of 

each peak remains almost unchanged for all data points. The only exception is the last data 

point taken at a very low Au concentration and signal/noise ratio. The sample treated with 

ZnO shows much greater variation in the peak positions, confirming the sputter of the Au 

and the diffusion inside the SiO2 layer. 

Figure 5.17b shows the position of the two Au 4f spectral peaks measured from the 

same samples as a function of the etch time and the Au thickness respectively. In the case 

of the untreated sample, the position of each peak remains almost unchanged for all data 

points. The only exception is the last data point taken at a very low Au concentration and 

signal/noise ratio. The sample treated with ZnO shows variation in the peak positions for all 

data points, reaching the same value of the reference sample after about 20 nm inside the 

Au layer, furthermore, the Au peaks, in accordance what the results for the concentration, 

are found at deeper thickness than the reference, supporting the assumption of chemical 

changes in the contacts, and suggesting that the gold spread inside the silicon oxide layer. 

Binding energy shifts were observed for the Au peaks, however, Casaletto et al. 
[328]

 

found that the Au
1+

 state is shifted by 2eV from the Au
0
 state. In this particular case, the 

result for the peaks positions does not prove that any oxidation happens to the gold (Au
+1

 

has peaks at 2 eV higher) the small shift due local chemical and physical environment rather 

than a change in the oxidation state. The oxidation of gold due to the presence of KOH has 

been discarded, suggesting that the gold is spattered/etch during the process but it does not 

undergo chemical reactions and it can actually function as a catalyser. 
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5.3.3 Capacitance Investigations 

As it was already said in the previous chapter, nanoparticles colloidal solutions were 

synthesised in basic conditions with KOH in methanol to produce TFTs. These transistors, 

however, showed surprisingly high mobility (> 150 cm
2
/Vs) during the first test but presented 

also a very poor degree of stability, with degradation due to storage in N2 atmosphere and 

multiple consecutive I-V scans. 

SEM and XPS investigations proved already that the K penetrates inside the SiO2 

structure and has an etching effect on the gold contacts affecting the dimension of the 

channel. Furthermore, the cross section characterizations also showed that there is an 

increasing of the dielectric thickness in the proximity of the contacts. Based on these results 

it seems plausible to assume that the dielectric capacitance Cox is also affected. 

The results suggested that the changes in dielectric thickness are essential contrite 

in the channel region, in very proximity of the gold contacts, furthermore the XPS depth 

profile of the gold contacts confirmed that Au goes through some chemical changes and also 

penetrates inside the dielectric interface and can be the cause of a catalysed process in 

which SiO2 growth at the low temperature of 350 °C, this deduction is in good agreement 

with the literature where oxidation of Si is observed when Au is in contact with the Si 

substrate. 

In this section, the results of C-V measurements are discussed. 

 

 
 

 
 

 
 

 
 
 



Chapter 5 The Dielectric Material 

 

137 

 

Fig. 5.18a shows measured capacitance as a function of voltage for three different 

contacts on the reference sample (Sample 1). The formula for absolute capacitance    

    
 

 
, was used to calculate the contact area A from these results.  

The capacitance remains within a narrow range (90 - 93 pF) over the voltage range 

used and between the three contacts, indicating that the area is consistent over all the 

evaporated contacts. The average value of the displayed data points was inserted into the 

formula above together with the known oxide thickness and the dielectric constant of 

unmodified SiO2 (3.9) to give an area of ~ 0.63 mm
2 
± 1.4×10

-5
 mm

2
. 

In the reference sample, the capacitance was measured using three different 

contacts. The results found are consistent for both contacts. In the Fig. 5.16a, it can be seen 

that the capacitance value is constant for the back and forth scan and for each contact used.  

Fig. 5.18b shows the measured capacitance as a function of voltage for a single 

contact on each of the three samples examined. It can be seen that the capacitance is 

noticeably and consistently higher for the two samples processed using KOH, with the 

sample on which ZnO was deposited and then removed showing higher values. If it is 

assumed that the oxide thickness remains unchanged (based on the profilometry results), 

then new values of the dielectric constant in the processed SiO2 can be calculated using the 

previously calculated contact area. These are shown in Table 5.1.  

The relative increase in εox is about 10% in the case of the sample treated with KOH 

only and about 30% in the case of the sample from which deposited ZnO was removed. 

 

 

Figure 5.18: a) Capacitance values for the reference sample; b) capacitance values of the reference sample, the 

KOH-treated sample, the ZnO-removed sample. 

Using the capacitance values taken from these measurements we calculated the 

value of the dielectric constant of the SiO2, assuming that the thickness of SiO2 did not 

change. Such assumption was made based on the fact that thickness changes were seen in 

the channel region of transistor substrates where gold was already on top of the SiO2 layer 

during the treatments with the aforementioned solutions. 



Chapter 5 The Dielectric Material 

 

138 

 

The formula used for the calculation is the following:    
    

  
, with 

C = capacitance, = oxide dielectric constant, ε0 = permittivity of free space, A = contact 

area and d = oxide thickness. 

First, the reference sample was used to calculate the contacts area A using = 3.9 

and d = 235 nm, then we used that values to calculate for the other samples. 

The dielectric constant values for the treated samples are higher compared to that 

one of the reference sample (Table 5.1). However, taking in account the information gained 

from the cross sections characterizations, the thickness of the dielectric in the treated 

samples tends to increase. Hence, it seems plausible to assume that the increment of the 

dielectric constant might be even higher than the one estimated. 

Sample Dielectric constant 

Reference 3.90 

Treated with KOH 4.24 ± 0.04 

Treated with ZnO + KOH 4.94 ± 0.05 

Table 5.1: Values of dielectric constant calculated using the capacitance values measured directly 

from the samples. 

 

Values of the gate oxide dielectric constant  calculated from capacitance 

measurements on processed samples (Fig. 5.18b), compared with the value for 

unprocessed SiO2. Error values are based on the spread in the measurements of the 

relevant capacitance values in Fig. 5.18b, combined with the error in the measurement of 

the capacitance on the reference sample in Fig. 5.18a (which was used to calculate the 

contact area in order to convert capacitance to κox). Using these new values the capacitance 

per unit area was also calculated using the following formula:    
   

  
. 

Sample Capacitance per Unit Area (F cm
-2

) 

Reference 1.5x10
-8
 

Treated with KOH 1.6 x10
-8

  ± 6.9 x 10
-10

 

Treated with ZnO + KOH 1.9 x10
-8

 ± 8.1 x 10
-10 

Table 5.2: Capacitance per unit area of the reference sample and the treated samples calculated 

using the new values for the oxide dielectric constant κox from table 5.1. 

It should be noted that these altered dielectric constant values represent an average 

through the total SiO2 thickness. Since the upper layers of oxide are more significantly 
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affected in elemental makeup by processing, it is likely that the dielectric constant does not 

change significantly close to the Si/SiO2 interface. The more heavily modified upper layers of 

SiO2 therefore presumably have higher local values of the dielectric constant than those 

calculated above. 

We assume this change to be due to an increase in ε caused by chemical changes 

in the SiO2 during processing. Such changes have been reported in the literature, 

measurements on glasses prepared from different mixtures of silica, sodium oxide and 

potassium oxide found the dielectric constant to be consistently higher than that of pure 

silica 
[322]

. 

The dielectric constant is also a function of material electronic and ionic 

polarizability. The electronic polarizability is induced by applying an electric field, causing an 

electric redistribution and generating an electric dipole moment in the system, by shifting the 

equilibrium distribution of the electrons with respect to the nuclei. This redistribution is 

caused by electron transitions to excited electronic states with a different electron spatial 

configuration. The probability of this transition is inversely proportional to Eg, the energy gap 

between an initial and final states 
[168,308,309]

. Hence, materials with smaller energy gaps, 

between the occupied valence and unoccupied conduction bands, under an applied electric 

field may exhibit a greater increased polarizability and, accordingly, larger values of ε. 

A larger increase of , however, may also occur via ionic polarizability, due to the 

dipole-active displacements of chemically bonded ions. An applied electric field induces 

larger ion displacements in a bond with small force constant 
[309]

. 

These results suggest that the carrier mobility values calculated from transistor I-V 

characteristics are overestimated, as the calculations assume no change in gate oxide 

capacitance. However, based on the largest change in ε calculated the reported mobility 

values would be reduced by 30%, for the best result reported of 212 cm
2
/Vs this would be 

148 cm
2
/Vs, even in this case they would be still much higher than the best results reported 

in the literature 
[46-49]

 and comparable to the mobility for the single crystal. Nevertheless, it 

should be noted that the estimated change in  from the capacitance measurements 

described here may not represent that in the transistors, in particular, due to the apparent 

increase in oxide thickness below the transistor channel in the proximity of the gold contacts 

seen in cross-sectional SEM images. However, an increase in oxide thickness would 

counteract the effect of an increase in , it is possible that the capacitance per unit area 

below the transistor channel is lower than in the samples discussed.  
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5.4 Conclusions 

 

SEM images and XPS depth profiles were used to investigate SiO2 modified by the 

processes used to create ZnO thin-film transistors, with the aim of investigating whether the 

carrier mobility values calculated for such transistors are reliable. It was found that 

significant diffusion of metal into the SiO2 occurred during processing, producing chemical 

changes consistent with the formation of a silicate phase.  

Such investigations confirmed that the devices undergo structural changes: the gold 

contacts were damaged after the devices had been treated with the ZnO suspensions. The 

SiO2 seemed swelled, presenting also voids and density changes in its structure. The 

increase in gate oxide thickness observed via cross-sectional SEM in some samples can be 

explained by an increase in crystal lattice parameter caused by the chemical reaction, in a 

similar fashion to the cracking of concrete caused by the formation of alkali silicates 
[319]

: 

XPS study on the chemical states of O, Si and K showed results seen in the literature from 

material produced by sintering together SiO2 and K2O powder. These results constitute 

strong evidence that the processes used to prepare ZnO transistors causes chemical 

reactions at and below the surface of the SiO2 gate oxide which produce a material similar to 

potassium-silica glass. XPS investigations also showed variation in the positions of the Au 4f 

peak, which may confirm that the Au is not just spattered away but may also penetrate 

inside the SiO2 layer; however substantial chemical changes such as oxidation, during the 

ZnO processing or the electrical characterizations of the devices, have been discarded since 

the peak position for the Au 4f does not show the typical shift reported in literature for Au
+1

. 

This result suggests that Au might work as catalyser in the reaction of SiO2 growth at the 

temperature used during the device preparation (350 °C). These results may explain the 

changes observed in the SiO2. All these observations were linked to a measurable increase 

in capacitance: the data obtained provided compelling evidence that the capacitance per unit 

area C of the SiO2 layer increased after the processing steps used to prepare the 

transistors, even in samples treated with KOH without ZnO, reinforcing the idea that these 

changes and the unpredictable behaviour of the devices could be attributed to the presence 

of KOH. 

It is clear that much additional work is required before a complete understanding can 

be reached. However, the high values found for the mobility are encouraging and should be 

validated. Even though the results suggest that the carrier mobility values calculated might 

be overestimated by 30%, for the best result reported here of 212 cm
2
/Vs this would be 

150 cm
2
/Vs: such value still places the devices above the range of the best results reported 

in the literature for thin-film ZnO transistors 
[46-49]

. 

In addition, the method described in this chapter to produce TFTs may be relevant 

to the production of high- dielectrics on Si wafers for other electronics applications 
[310]

. 
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State-of-the-art microprocessors already use high- dielectrics including silicates of 

zirconium and hafnium instead of SiO2 to improve device performance and facilitate 

miniaturization 
[329]

. 
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6. Pulsed Plasma Deposition 

In this chapter, I will describe the pulsed plasma deposition (PPD) technique and its 

application to grow ZnO thin films on silicon substrates with the main aim of obtaining 

bottom-gate bottom-contact thin film transistors using the ZnO layer as channel material. 

The electrical properties of the growth films are investigated, showing the 

dependence on the cleaning process and deposition condition used.  

 

6.1 Introduction 

Pulsed Plasma Deposition (PPD) belongs to the bigger class of physical plasma 

deposition techniques: already in 1996 T. Witke showed the advantages of pulsed vapour 

deposition (PVD) technology 
[330]

.  

The PPD technique can be used to deposit thin films of several materials (oxides 

such as ZnO, ZrOx, TiO2, chalcogenides such as CdTe, CdS, ultra-hard coatings such as 

SiC, metals such as Mo and W)
[331]

 through the ablation of a target by a fast pulse (100 ns) 

of electrons
[106,332-334]

. This technique presents several advantages compared to the similar 

more widespread PLD (Pulsed Laser Deposition), due to the different nature of the ablating 

source (electrons and photons, respectively). 

A primary advantage of PPD is the ability to enable the deposition on heat-sensitive 

substrates like plastics with the opportunity for the growth of hetero-structures and multilayer 

deposition on delicate surfaces being able to efficiently work even at room temperature 
[334-

336]
 compared to similar techniques such as the already mentioned PLD and  the radio 

frequency magnetron sputter deposition, both requiring the annealing of the substrate at 

temperatures above 300 °C 
[103,105]

. 

Other advantages include higher pulse energy, frequency and energy efficiency 

(> 30%); capability to ablate wide band-gap or highly reflective materials (Eg > 6 eV) 
[337,338]

. 

Furthermore, PPD enables the possibility of a wide range of speed deposition (0.01 nm/s to 

5 nm/s) and vacuum conditions of operation (10
-2

 mbar to 10
-5

 mbar) for different growth 

conditions 
[334]

. 

Ablation by PPD developed by Bologna-based start-up Organic Spintronics (OS) 

enables to fabricate both TCO and semiconductor n-ZnO thin films at room temperature. 

The technique has the potential to become industrial for the simplicity and the low cost of the 

PPD sources. 

The up to date literature only report PPD technology used to fabricate Transparent 

conducting oxides (TCOs). Huang et.al.
[339]

 reported the first work to fabricate a TCO based 

on molybdenum-doped indium oxide (IMO) 
[340]

 . 
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Transparent conducting oxides have been used in several applications for three or 

four decades  
[341]

. The dominant TCOs reported have been tin oxide (SnO2), indium oxide 

(In2O3), indium tin oxide (ITO), and zinc oxide (ZnO). 

 A TCO is a semiconductor material which exhibits a wide band-gap and a relatively 

high concentration of free electrons in the conduction band (assuming the material being 

n-type). Such high concentration can arise either from intrinsic defects of the mater or from 

extrinsic dopants, with levels lying in the proximity of the conduction band. The high 

electron-carrier concentration causes the absorption of the electromagnetic radiation in both 

the visible and infrared portions of the spectrum. Hence a material must present a 

compromise balance between its electrical conductivity and optical transmittance in order to 

possess TCO properties. Since an enhancement of the conductivity can be achieved either 

with an increase in the carrier concentration or in the mobility, it is clear that the key direction 

for future research and development of TCOs is to achieve a high-carrier mobility. The 

explanation lies on the principle that  increasing the carrier concentration also leads to the 

drawback of an increase in the visible absorption, whilst on the other hand the increasing in 

mobility has no detrimental effect on the desired transparency 
[341]

. 

In contrast to TCO applications, a semiconductor needs as low a carrier 

concentration as possible 
[342]

, ideally < ~10
14

 cm
-3

 
[343]

 in order to be used as a channel 

material in TFTs. In the case of ZnO, this can be accomplished by minimizing the 

incorporation of n-type dopants, growing the ZnO as intrinsic as possible  
[344]

. 

Besides the literature related to the study and improvements of the operation 

system, the other work reporting the use of PPD for thin film deposition concerns the 

deposition of  zirconia thin films on ultra-high molecular weight polyethylene (UHMWPE) 
[338]

 

The Organic Spintronics group had already reported a previous attempt of producing 

ZnO FETs, achieving field-effect mobility up to 1 cm
2
/vs, the work reported here proves the 

achieving of FETs showing mobility up to 5 cm
2
/vs. 

 

 

 

 

 



Chapter 6 Pulsed Plasma Deposition 

145 

 

6.2 Experiment Details 

6.2.1 Materials 

ZnO films were deposited by ablating a ZnO cylindrical target (diameter 3 cm, 

thickness 8 mm, 99.9% pure, purchased from Heraeus Group).  

Si/SiO2 substrates (with SiO2 layer 230 nm thick), purchased from University 

Wafer Inc., cut in 1010 mm
2
 squares were used for the XRD, ellipsometry and Hall effect 

tests. Finally, the substrates purchased from the Fraunhofer Institute for Photonic 

Microsystems, already described in chapter 4, were used to prepare bottom-gate 

bottom-contact thin film transistors. 

 

6.2.2  Film Deposition 

The PPD setup is schematically represented in Fig. 6.1. All the substrates were 

ultrasonically cleaned in de-ionized water and isopropanol (10 minutes each) before the ZnO 

deposition. The surface of the ZnO target is ablated with an intense, pulsed electron beam 

which generates a plasma plume of the ablated material collected on a substrate located 

opposite to the target (Fig. 6.2). The electron source used is a “Generation IV” electron gun 

(which operate with a hydrogen thyratron generator 
[332]

) produced by Organic Spintronics. 

The gun settings used throughout were a voltage of 11 kV, a frequency of 77 Hz to 

generate a pulsed/plasma electron beam with a pulse duration of 100 ns, an energy density 

of 10 Jcm
-2

 and a power density of 10
8
 Wcm

-2
 during each pulse. The distance between the 

surface of the target and the tip of the quartz tube down which the electron beam is directed 

(length 10.5 cm, inner diameter 3 mm, external diameter 6 mm), was kept at ~ 1 mm 
[334,338]

.  

The substrates were positioned at a distance of 70 mm from the target surface on a 

holder large enough to stick two substrates of the size used at the time during one 

deposition. To put the substrates in place onto the holder VHB
TM

 acrylic foam high 

temperature resistant double tape was used. Both the target and substrate holders rotate 

during operation to prevent excessive local heating, and moreover, an electrical charging of 

the target and ensure both an even consumption of the target and an even distribution of 

material across the substrates. 

The depositions were performed at room temperature. The target was exposed to 

the electron beam for 3 minutes to conditioning its surface, before each deposition, with the 

substrate kept covered by a shield. The vacuum chamber was initially evacuated down to a 

pressure of 10
-6

 mbar using a turbomolecular pump. Oxygen was then introduced through 

the electron gun to create the electron beam 
[332]

. The pressure was controlled via adjusting 

the flow through the gun. The value of the working pressure was found to significantly affect 
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the properties of the deposited film, as discussed below. Pressures in the range 4.010
-4 

- 

2.910
-3

 mbar were used. 

 

 

Figure 6.1: Schematic of PPD chamber. The electron beam hits the target material, a plasma plume is 

generated and directed trough the substrate permitting the deposition. Both target and 

substrate are placed on rotating holders 
[338]

. 

 

Figure 6.2: Inside view of the deposition chamber. The electron beam comes out from a quartz tube 

hitting the ZnO target; a plasma plume is then generated and directed towards a sample 

placed in a sample holder opposite to the target.   
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6.3 Results and Discussions 

6.3.1  Deposition Conditions 

During the depositions, the films growth was monitored qualitatively, from one of the 

windows located in the chamber vault, by observing  variations in the layer’s colour that 

shifted from purple to blue, then green and eventually yellow as the growing process 

progressed. Fig. 6.3 shows the difference in colour of a total of five devices, the films were 

grown under the same oxygen pressure but for a different period of time, from a minimum of 

55 s to a maximum of 319 s. 

 

Figure 6.3: Five substrates with Au contacts after the ZnO deposition at the same oxygen pressure. 

As the deposition time is extended the colour of the films changes due to thickness 

increases.   

Preliminary studies were carried out to find out the optimal deposition conditions. 

These studies were related to the effects of both the cleaning process of the substrates and 

the oxygen pressure inside the chamber during the depositions. Initially, some of the 

substrates were subject to radio frequency (RF) cleaning using either oxygen or argon 

plasma. The Organic Spintronics Radio Frequency Plasma Cleaner (OS-RFPC) used was 

designed to operate in the Load-Lock  unit to give a cleaning in situ  working with RF power 

of 25 W and frequency of 13.56 MHz 
[334]

. 

 
 



Chapter 6 Pulsed Plasma Deposition 

148 

 

 

Figure 6.4: Inside view of the load-lock unit equipped with the Organic Spintronic RF plasma cleaner 

(OS-RFPC). Argon plasma is produced from the RF electrode towards a face-down 

sample placed in the sample holder turned upside-down.  

It was found that the RF treatment had a substantial effect on the resistivity of 

the final layer. Sheet resistance measurements were performed via four-point probe method 

using a Keithley 2000. For substrates prepared under the same oxygen pressure conditions 

inside the chamber and deposition times between 50 and 60 seconds, it was found an 

increment in the sheet resistance as a result of RF argon treatments; this increment is even 

higher for RF oxygen treatments. Table 6.1 shows the sheet resistance for three samples 

subject to none, argon or oxygen plasma RF cleaning, respectively. 

Cleaning process 

with RF 

Sheet resistance 

(kΩ/square) 

Oxygen pressure 

(mbar) 

Deposition time 

(s) 

 

None 

 

0.76 

 

1×10
-3

 

 

55 

 

Argon 

 

1.40 

 

1×10
-3

 

 

50 

 

Oxygen 

 

 

2.58 

 

1×10
-3

 

 

60 

 

Table 6.1: Sheet resistance of samples with Au contacts as a function of the cleaning processes. 

It was also observed that the deposition rate was strongly linked to the O2 pressure 

used inside the chamber, becoming generally lower as the pressure in the chamber 

increased (Table 6.2). This probably was mainly due to the fact that, in accordance with a 

higher pressure, the mean free path of the particles became shorter, leading more particles 

in the chamber to react with each other rather than growing onto the substrate. The final 
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thickness values reported were obtained via ellipsometry measurements, performed in the 

clean room facility at LCN using a Horiba ellipsometer. 

O2 Preassure 

(mbar) 

Final thickness 

(nm) 

Deposition time (s) Deposition rate 

(nm/s) 

 

5.0  10
-4
 

 

45.18 

 

33 

 

1.36 

5.8  10
-4
 53.77 64 0.84 

7.0  10
-4
 55.86 85 0.65 

8.2  10
-4
 64.89 130 0.50 

8.5  10
-4
 66.33 122 0.54 

8.7  10
-4
 57.76 130 0.44 

8.9  10
-4
 54.25 134 0.40 

9.5  10
-4
 59.65 165 0.36 

2.9  10
-3
 46.60 210 0.22 

 

 

Table 6.2: Preparation conditions, final thickness and deposition rate for spectrosil prepared at 

different oxygen pressures. A Horiba ellipsometer was used to evaluate the thickness. The 

table shows the inverse relationship between the deposition rate and the oxygen pressure 

used during the depositions. 

 

 

Figure 6.5: Deposition rate for sample prepare under different oxygen pressure conditions. The graph 

shows the inverse relationship between the deposition rate and the O2 pressure used 

during the deposition. 
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The effect of the oxygen pressure to the resistance and carrier concentration of the 

material is highlighted in table 6.3, showing the results obtained via Hall Effect measures of 

Si/SiO2 substrates prepared at different values of oxygen pressure. We performed Hall-

effect measurements based on the Van der Pauw method using an HP 3458A multimeter 

and a Bruker B-E10C8 magnet. The software used to elaborate the data was developed by 

IMM group in Bologna using Labview script. 

A fixed value of 50 nm thickness for all devices was used for the determination of 

the resistivity. The resistivity values were also adjusted using the thicknesses gained via 

ellipsometry. 

 

Table 6.3: Hall-Effect characterization of Si/SiO2 substrates prepared at various oxygen pressures 

inside the deposition chamber. 

 

Figure 6.6: Sheet resistance as a function of the oxygen pressure used during the depositions. 

O2 

Pressure 

(mbar) 

Sheet 

Resistance 

(Ω/square) 

Resistivity 

(Ω∙cm) 

Hall effect 

Resistivity 

using real 

thickness 

Sheet Carrier 

Density (cm
-2

) 

Hall Mobility 

(cm
2
/Vs) 

 

7.010
-4
 

 

4.5710
3
 

 

0.023 

 

0.025 

 

9.2910
13

 

 

14.76 

8.210
-4
 2.3910

4
 0.12 0.15 0.5010

13
 53.8 

8.510
-4
 0.5710

6
 2.84 3.78 1.8510

13
 0.76 

8.710
-4
 1.3610

6
 6.80 7.86 0.7610

13
 0.62 

8.910
-4 

 

2.2610
6
 11.31 12.3 0.9010

13
 0.51 
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6.3.2  Morphology Investigations 

6.3.2.1 Topography 

The morphology of a ZnO film growth onto a Si/SiO2 substrate using oxygen 

pressure of 8.4 was investigated 

A SEM image of the ZnO film surface is shown in Fig. 6.7, together with topography 

obtained with a Nanosurf atomic force microscope along with the values of the average 

roughness, Ra, and root mean square roughness, Rrms. both images show a surface 

compact, consisting of lumps all interconnected with one another, confirming the deposition 

of a homogeneous film and relatively smooth (average roughness ~ 1 nm) 

 

 

Figure 6.7: SEM images (a) and AFM topography (b) of a ZnO film growth onto a Si/SiO2 substrate at 

an oxygen pressure of 8.5 x 10
-4
 mbar, Ra = 1.0 nm, Rrms = 1.2 nm. 
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6.3.2.2 XRD Measurements 

The crystalline structure of ZnO samples was investigated using the standard X-ray 

diffraction (XRD) technique using a  Rigaku Smartlab diffractometer with Cu Kα radiation 

(λ= 1.54 Å) in the 2    range from 20
⁰
 to 100

⁰
 (the measurement and apparatus were set up 

under the supervision of another member of the group, Giuseppe Paterno’). 

 

Figure 6.8: XRD patterns for ZnO thin films obtained by pulsed plasma deposition at three different 

oxygen pressure conditions. 

Typical XRD patterns of the ZnO films studied are presented in Fig. 6.8, where the 

different peaks in the patterns have been indexed. The diffractograms indicate that the ZnO 

films studied are polycrystalline and have a wurtzite (hexagonal) structure with (002) and 

(201) as preferred orientations. The presence of nonoxidized Zn microcrystallites was also 

observed. 

It can be observed from Fig. 6.8 that an increase of the oxygen pressure during 

deposition results in an increase in the intensity of the (201) diffraction peak. The more 

crystalline structure can be explained considering the kinetics of atomic arrangements during 

deposition: the deposition rate decreases with increasing in the oxygen pressure (Table 6.2). 

A lower deposition rate will lead to a material with few structural defects, furthermore, it is 

plausible assuming that at higher O2 pressure there are fewer oxygen vacancies in the 

crystal structure. The lower rate also allows the preferential orientation 
[345]

. 

The average crystallite size was extrapolated from the XRD patterns by means of 

the Debye-Scherrer formula, eq. 6.1 
[346]

: 
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                                                                           6.1 

where k indicates the Scherrer constant, which has a value of 0.90 
[346]

, = 1.54 Å is the 

wavelength of Cu-K radiation (1.54 Å),   is the Bragg angle in radians, and     represents 

the full width at half maximum of the diffraction peak also in radians 
[346,347]

. 

Values of the interplanar spacing dhkl and the lattice constants a and c were 

calculated from Bragg’s Law: 

      
 

     
                                                                         6.2 

For a hexagonal structure the planar spacing is given by: 

 

    
  

 

 
 
         

  
  

  

  
                                                    6.3 

Combining (2) and (3) we obtain 
[348]

: 

       
  

   
             

  

   
                                      6.4 

 

O2 

Pressure 

(mbar) 

Thickness 

(nm) 

Miller’s 

indexes 

(hkl) 

2   

(Degree) 

d(hkl) 

(Å) 

D 

(Å) 

a 

(Å) 

c 

(Å) 

 

5.8  10
-4
 

 

53.77 

 

002 

201 

 

34.24 

69.15 

 

2.62 

1.35 

 

154.23 

28.65 

 

3.20 

 

5.25 

7.0   10
-4
 55.86 002 

201 

34.21 

69.18 

2.62 

1.36 

170.56 

30.18 

3.25 5.25 

8.2   10
-4
 64.89 002 

201 

34.05 

69.19 

2.63 

1.36 

129.44 

62.60 

 

3.24 5.26 

 

Table 6.4: Values of structural parameters for ZnO films grown at different values of oxygen pressure. 

(hkl) denotes the Miller indices,   the Bragg angle, dhkl the interplanar spacing, D the 

crystallite size, a and c the lattice parameters for hexagonal (wurtzite) structure. The 

thickness was evaluated using a Horiba ellipsometer. 
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6.3.3  Electrical Characterizations 

6.3.3.1 C-AFM 

There is a rapidly growing literature on the possibility of using conductive mode AFM 

to characterize the conductivity of thin films. The PPD samples were also used for a 

preliminary study in this research field. In this section I present the results from an imaging 

study of conduction in ZnO thin film, the study was performed to test the conductivity of the 

film. Conductive atomic force microscopy (CAFM) was conducted in collaboration of Prof. 

Tony Kenyon and Mark Buckwell, who performed the measurements, in the Department of 

Electronic Engineering at UCL. With this technique it is possible to take a topography image 

of the sample (like in a regular AFM) and simultaneously, by measuring the current between 

the tip and the sample, mapping the conductivity of the latest. The diamond AFM tip is also 

able to etch through devices:  by ablating the ZnO in contact with tip, it was possible to get a 

depth profile of the sample together with an image of the topography and a current map for 

each one of the scanned/removed layers. 

We used Veeco Microscope, the C-AFM scans were carried out using 

boron-doped-diamond probe tips mounted on nickel cantilevers with a nominal spring 

constant of 6 N/m. The data were processed using Gwyddion 2.37. The tip was grounded 

while the sample was biased at –365 mV. 

 

Figure 6.9: C-AFM depth profile after 60 hours scanning, showing the layers has been etched 40 nm 

deep. 

The depth profile (Fig. 6.9), gained by scanning the sample for 60 hours, shows that the 

etching was 40 nm deep inside the ZnO layer. 
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Figure 6.10: a) AFM topography and b) current map acquired before the conductive tip etched the 

device’s surface: the surface contains some areas more conductive than the rest of the 

surface. 

As the region is raster scanned, a two-dimensional current map is acquired (fig 

6.10b). Through repeated scanning in the same area, some material is removed (by the tip 

in contact with the ZnO) and accumulated at the edge of the scanned region (Fig. 6.11). 

 

Figure 6.11: a) AFM topography and b) current map acquired etching the layer: the material removed 

is accumulated at the edges of the scanned region. 
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Figure 6.12: a) Topographic image showing the topography of the sample where the defects appear; 

b) current map showing the conductivity of the scanned region; c)3D tomogram of the 

etched region. Some spots with a much higher conductivity appear buried in the layer. 

Note that the data have been cropped to reveal the defects. 

Fig. 6.15 shows a 3D tomogram obtained using 3D Slicer software, combining the 

current maps gained for each layer scanned/etched. Some spots do appear buried in the 

layer. From the topography images, we can observe that these regions are void-like. The 

void-like nature may be a result of either a true void defect during the deposition process or 

an increased etch rate when the tip passes these regions. The increased rate could be 

related to variations in the grain structure. 

Eventually, the CAFM tip reached the SiO2 layer. At the bottom of the final trench the 

current map becomes roughly a square, this result is most likely due to conductive material 

accumulated at the tip, rather than a real scan of current at the surface. 
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Figure 6.13: a) AFM topography and b) current map acquired after 60 hours of scanning the final 

trench the current map becomes a square. 

 The experiment brought to light an interesting aspect that was worth of further 

investigation: the I-V characteristics before and after the etching (after 60 hours of scanning) 

confirmed the hypothesis that the tip became more conductive. 

 

Figure 6.14: I-V characteristics before (continuous lines) and after (dotted lines) the etching showing 

that after 60 hours the tip was damaged and became more conductive. 
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In the pursuance a better understanding of the behaviour observed in the I-V 

characteristics showed in Fig. 6.14, SEM images of the tip itself were gained, which gave a 

confirmation that the tip undergoes a certain degree of deterioration. 

 

Figure 6.15: SEM images of the conductive tip, pristine (a) and after etching of the ZnO surface (b). 

Fig 6.15 shows a SEM images of the tip before (a) and after the etching (b). These 

images are a compelling evidence that not only there is some extra material accumulated at 

but the tip itself has been damaged during the etching.  
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6.3.3.2 n-Type TFT 

In this chapter, I discuss the performance of thin-film transistors produced with 

bottom-gate bottom-contact structure, via pulsed plasma deposition. The substrates and the 

characterization apparatus used were the same described in chapter 3. 

The mobility was extracted in the saturation regime from the transfer characteristics 

(plotted as IDS vs. VGS), using the first derivative of the drain-source current (eq. 6.2):  

    
    

  
        

 
       (6.1) 

    

   
 

    

 
       )                                         (6.2)  

where Ci, VT, W and L denote the gate dielectric capacitance per unit area, 

threshold gate voltage, channel width and length respectively.
[349]

 

For reason of uniformity, all reported characteristics refer to transistors with channel 

length L = 5 µm 

Working transistors were produced for films growth under oxygen pressures 

between 8.5  10
-4

 and 9.5  10
-4

 mbar, achieving field-effect mobility values over 5 cm
2
/Vs 

and on-off ratio ∼10
2
. 

For the output characteristic the gate-source voltage VGS was swept from 0 to 40 V 

and the drain-source VDS was scanned back and forth from 0 to 50 V. The transfer 

characteristic was obtained measuring in the saturation region, keeping the VDS at 50 V and 

scanning the VGS back and forth from -20 to 40 V step 0.5 V. Output and transfer 

characteristics of the transistors for a device with a field effect mobility of 3.00 cm
2
/Vs 

(Table 6.5, sample C) are showed in Fig. 6.16 a) and b) respectively.  

 

 

Figure 6.16: a) IDS vs. VDS output characteristics, VGS from 0 to 40 V with steps of 8 V; b) IDS vs. VGS 

transfer characteristics, keeping VDS at 50 V. 
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The devices showed a higher BSC hysteresis, the example in Fig. 6.1 shows that 

such effect is more noticeable in the output characteristics, especially at the higher VGS 

value applied, while it is less in the transfer characteristics: the mean difference between the 

backward current and the forward one is 6% for the scan at VGS = 40 V in the output, and 

only 1.8% in the case of the transfer taken at VDS = 50 V. 

The performances of the devices with the best results are summarized in Table 6.1, 

showing the inverse relationship between field-effect mobility and the sheet resistance of the 

film. The edges of the devices were previously etched with a solution of FeCl3 (0.01 M) to 

guarantee that they were clean from any ZnO residual, due to the deposition, that may 

cause a short circuit between the semiconductor layer and the bottom gate of the substrates. 

The sheet resistance measurements were performed via the four-point probe method, using 

a Keithley 2000 multimeter. 

Samples O2 

Pressure 
(mbar) 

Sheet 
resistance 

(MΩ/square) 

Mobility 
(cm

2
/Vs) 

On-Off 
ratio 

Threshold 
voltage (V) 

Mean gate 
current (A) 

 

A*             

 

8.8 x 10
-4
 

 

      3.40 

 

5.39 

 

7.06 

 

-21.63 

 

1.6  10
-5
 

B 9.5 x 10
-4
 0.12  3.72 15.36 -8.31 3.0  10

-5
 

C 8.5 x 10
-4
 2.17 3.00 38.95 13.89 3.1  10

-6
 

D 8.7 x 10
-4
 2.81 1.61 50.81 7.64 8.9  10

-7
 

E 8.9 x 10
-4
 12.68 0.23 450.80 5.42 3.9  10

-8 

 

 

Table 6.5: Field-effect mobility values for transistors prepared at oxygen pressures in the range of 8.5 

and 9.5 x 10
-4
 mbar. *Sample A shows inconsistent behaviour with respect to the 

resistance, due to a shorter distance between the sample and the target used during the 

deposition. 

These devices were prepared using oxygen pressure between 8.5 and 9.5  10
-4

 

mbar and deposition time between 2 and 3 minutes. It was ascertained that in these 

conditions the optimal range for the resistance values 0.1-10 MΩ was achieved, ensuring in 

this way the best performances for the devices. 

In fact, It was found that working at higher pressure leads to films with too high 

resistance that measured very low current and had low mobility (10
-5 

cm
2
/Vs); on the other 

hand working at lower pressure led to transistor that either do no reach the saturation 

regime, showing a resistor-like behaviour, or with field-effect mobility ~10
-2 

cm
2
/Vs or less 

(Table 6.6). 
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Sample O2 
Pressure 

(mbar) 

Sheet resistance 
(MΩ/square) 

Mobility 
(cm

2
/Vs) 

On-Off 
ratio 

Threshol 
Voltage 

(V) 

Mean gate 
current (A) 

 

F 

 

5.5  10
-4
 

 

17.21 

 

0.23 

 

70.27 

 

-1.0 

 

-6.02  10
-8
 

G 2.9  10
-3
      40 1.92  10

-5
 17.94 2.25 -1.39  10

-8 

 

Table 6.6: Field-effect mobility values for transistors prepared at oxygen pressures outside the range 

of 8.5 and 9.5x10
-4

 mbar 

The distance between the target and the sample is also found to be relevant in term 

of properties presented by the final product. This distance was usually 70 mm except for 

sample A: in this case, the sample was at 30 mm from the target. The thickness was slightly 

lower than expected (see table 1), and the properties of the material were different from 

those of films deposited with the same parameters but at a longer distance from the target. 

In fact, the sample showed a resistance value (3.4 MΩ) in the expected range (0.1-10 MΩ) 

and gave the best transistor performance in term of current measured and mobility value 

achieved. However, other samples showing close resistance values (see samples C and D) 

gave lower field-effect mobility. 

Further experiments were carried out to show how the voltage applied to the 

electrons gun, during the depositions, affected the devices performances. The depositions 

were carried out using an oxygen pressure of 8.5×10
-4

 mbar, the time of the depositions was 

chosen such as the final film displayed the purple colour, the same as for the transistors 

reported earlier. Based on the previous results it was known that such colour would 

correspond to a film thickness ~ 50 nm, this assumption was subsequently confirmed by the 

results gained via ellipsometry characterization performed on the samples at issue. Table 

6.7 reports, for each one, the values of the films thickness together with the deposition 

times, these quantities were then used to estimate the deposition rates, also reported in the 

table. 
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Table 6.7: Thin-film deposition rate calculated using the deposition times and the film thicknesses, also 

reported, related to samples prepared at different voltages applied to the electron gun. 

The results appear to suggest the presence of a trend in which the deposition rate 

increases together with the increase in the voltage applied to the electron gun.  

The electrical characterizations, to appraise the performance of the transistors, are 

reported in Table 6.8, displaying the sheet resistance (gained via four-point probe method), 

the field-effect mobility and the on-off ratio, respectively.  

 

 

 

 

 

 

 

Table 6.8: Sheet resistance, field-effect mobility and on-off ratio values for transistors prepared with 

different voltages applied to the electron gun. 

The data gathered show another trend relate to the voltage applied to the gun: the 

sheet resistance increases as the voltage decreases. Furthermore, it was also found that 

above the tension of 12.5 kV the transistors did not work properly and presented poor 

current modulation (Fig. 6.17).  

Voltage 

(kV) 

Deposition time 

(s) 

Film thickness 

(nm) 

Deposition rate 

(nm/s) 

 

10.5 

 

144 

 

51.97 

 

0.36 

11.5 102 50.71 0.50 

12.5 23 54.25 2.36 

13.5 

 

15 52.62 3.51 

Voltage 

(kV) 

Sheet resistance 

(MΩ/square) 

Mobility 

(cm
2
/Vs) 

On/Off 

ratio 

 

10.5 

 

5.07 

 

0.156 

 

42 

11.5 4.53 1.24 14.68 

12.5 1.36 0.057 3.5 

13.5 0.32 - - 
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Figure 6.17: IDS vs. VDS output characteristic for a device prepared using a tension of 13.5 V for the 

electron gun. The device shows a resistor-like behaviour with very small current 

modulation as the gate voltage increases. 

Despite the deposition conditions applied, all the data, yielded by the investigation 

on the transistors, produced consistent results showing flaws upon their performance, such 

as the quite low (~10
2
) on-off ratio of the devices together with the high values in the gate 

current, with magnitude in the µA range. These results suggest that some sort of damage at 

the dielectric might  have happened due to the plasma hitting the substrate, these damage 

can relate both to creation of traps that cause charge accumulation, hence high off current 

and shift of VT to negative values, and structural damage of the SiO2 that may explain the 

high leakage current. 

Degradation of gate oxides in MOS devices due to plasma processing has been 

observed and attributed to electrical charging during the process 
[350]

. Charging damage 

occurring during plasma deposition has already been reported in the past 
[351]

. To verify that 

the plasma deposition was indeed the culprit responsible for the not-ideal on-off ratio values, 

a confirmation experiment was performed onto one of the processed samples which showed 

an on-off current ratio of 38.95 and mean gate current  of 3.1  10
-6 

A. The zinc oxide layer 

was removed from such sample by wet etching using a solution 0.001 M of FeCl3, the 

substrate was then used to produce a TFT using as channel material a polymer of well-

known TFT characteristic behaviour. 

The polymer taken into consideration was the P3HT, 

poly(3-hexylthiophene-2,5-diyl). A brand-new cleaned substrate was also used as reference 

sample, for comparison. A standard procedure reported in literature 
[352]

 was used to 

produce the devices: a 10 mg/ml  solution  of P3HT (purchased from Sigma-Aldrich) was 



Chapter 6 Pulsed Plasma Deposition 

164 

 

prepared under ambient conditions by solving the polymer in chlorobenzene (corresponding 

to 0.9  by weight), heating the solution to 75  C for 1 hour, and then leaving it on the stirrer 

for  about 12 hours at room temperature to make sure the material is dissolved, resulting in 

an orange coloured solution before been transferred into a nitrogen glove box (O2 and H2O 

levels < 0.1ppm) for spin-coating onto the transistor substrates preventively cleaned with RF 

oxygen plasma treatment. A hexamethyldisilazane (HMDS) layer was spin-coated on the 

samples, annealed at 100  C for 1 hour and spin-washed with isopropyl alcohol. Then the 

active layer was spin-coated and the devices were annealed for other 10 minutes. The 

transfer characteristics were measured at VDS = -80 V scanning VGS from 12 V to -80 V with 

4 V steps (Fig. 6.18). 

 

Figure 6.18: Transfer characteristics of P3Ht TFTs. a) reference sample made with a brand new TFT 
substrate; b) TFT prepared using a former ZnO transistor. 

Unfortunately the result for the former PPD device confirmed that the SiO2 

undergoes to some sort of damage, the on-off ratio of such device was low especially 

compared with the devices prepared with a brand new substrate, 2 order of magnitude, the 

leakage current IGS is not negligible at all time furthermore the sample does not obey the 

simple transistor model for a p-type transistor as for the reference sample hence it was not 

possible to extract a valid value for the filed-effect mobility. 
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6.3.3.3 p-Type TFT 

Park at al. 
[353]

 investigated the p-type doping difficulty in ZnO by first-principles total 

energy calculations. The dopants being considered were alkali metals (Li, Na, K) and group 

V elements. They found that alkali elements are shallow acceptors. Without compensation 

by intrinsic defects, the most likely cause for doping difficulty is the formation of interstitials 

for group I elements 
[354]

. 

Huang et al. also studied the p-type doping for many elements in wurtzite ZnO by 

first principles. Based on their calculation results, they found that Li, Na and K have the 

shallowest transition energy level for p-type doping 
[355]

. In experimental research, both Wu 

and Yang and Tay et al. obtained stable p-type K-doped ZnO thin film 
[356,357]

. The difficulty in 

p-type doping for ZnO is mainly due to self-compensation by donors like native defects, low 

solubility of p-type dopants, and formation of deep acceptor levels  
[358]

. 

The PPD technique also allows doping the target material during the depositions 

thanks to another gun and dopant target that can be placed inside the deposition chamber, 

ablating both materials at the same time. I tried to dope the ZnO with Li, using a Li2O target, 

to get a p-type semiconductor on top of the transistors substrates. 

For the deposition parameters I used the same ones used for the previous device, 

trying to keep the pressure inside the chamber as lower as possible. The problem with this 

device was that the doping concentration was hard to keep under control, we knew exactly 

neither the amount nor how the Li went inside the ZnO crystal structure. 

After few trials I managed to get one sample whose output characteristic showed p-

type behaviour by applying increasing negative voltages (Fig. 6.19), unfortunately, I could 

not obtain any transfer characteristic.  

 

Figure 6.19: Output characteristic for a Li-doped ZnO TFT showing p-type behaviour. 
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6.4 Conclusions 

ZnO thin films on Si/SiO2 substrates were grown via PPD by ablation of a solid 

target, using a high energy (keV) electron beam. 

A preliminary study suggested that the RF treatment has a substantial effect on the 

resistance of the layer: the increment in sheet resistance is shown as a result of treatment 

with argon, such increment is even bigger for the sample treated with oxygen. 

It was also showed that the properties of the grown material directly depend on the 

oxygen pressure used during the deposition, which affects the composition of the grown film 

by filling the native oxygen vacancies in the ZnO crystal structure with oxygen atoms. The 

deposition rate is strongly linked to the O2 pressure used inside the chamber, becoming 

generally lower as such pressure increases. 

Morphology investigation was carried out to better understand the structure of the 

film. AFM investigations confirmed a uniform and compact structure consisting of 

interconnected lumps with average roughness ~ 1.0 nm. Structural investigation via XRD 

showed that ZnO films grown at different oxygen pressures all have polycrystalline wurtzite 

structures.  

C-AFM investigations were performed to study the conductivity of the film by etching 

through the layer and to gain a current map of the film. These measurements were used for 

a preliminary work on the conductive AFM tip used for the experiment. The results revealed 

that the tip is subject to change in conductivity due to accumulating material and 

consumption during both the scan and the etching of the film. This result was also confirmed 

by SEM images. 

The PPD technique was also used to grow ZnO thin films on Si/SiO2 substrates with 

gold interdigitated contacts to produce bottom-gate, bottom-contact thin film transistors. 

I found that the best results were achieved for films grown at pressures in the range 

8.5 and 9.5 x 10
-4

 mbar, presenting film resistance in the range 0.1-10 MΩ, range obtained 

when the deposition time was kept between 2 and 3 minutes. 

The devices created in these conditions show field effect mobility in saturation 

regime up to 5.39 cm
2
/Vs. Unfortunately, these devices showed the inconvenient of a 

relative low on-off ratio (up to 10
2
): further experiments confirmed that the dielectric layer 

undergoes some sort of damage, probably due to the plasma deposition. Even though this 

was an undesired inconvenient still a progress on the knowledge about the PPD technique. 

The PPD technique also allows doping the target material during the depositions 

thanks to a second gun and dopant target that can be placed inside the deposition chamber, 

ablating both materials at the same time. For the first time it is reported ZnO doped with Li, 

using a Li2O target, to get a p-type semiconductor on top of the transistors substrates. 
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One device actually showed a p-type behaviour in the I-V characteristic. 

Unfortunately, the problem with such devices lies in the difficulty of keeping under control the 

doping concentration and knowing the exact amount of Li that actually goes inside the ZnO 

crystal structure rather than growing as an independent layer.  

Although the transistors performance showed some inconvenient - it has 

conclusively been proved that plasma deposition indeed causes damage to the SiO2 - this 

work still represents a good contribution to the better understanding of the techniques itself 

and its possibility over a vast range of materials, proving its validity  as a tool for the industry 

and for research. Furthermore, the investigation done with the conductive AFM surprising 

reveal new important information about the effect of the measurements on the conductive 

tip. 
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7. Conclusions 

Nowadays zinc oxide has a great commercial impact for optoelectronic applications. 

The work presented in this thesis highlighted the potential of two methods for the preparation 

of ZnO thin film transistors. I described and characterized various devices where the ZnO 

was used as semiconductor addressing some of the challenges currently open in this field. 

Several techniques can be adopted to create a thin film layer onto a substrate, these 

techniques can be allocated into two bigger categories: chemical deposition or physical 

deposition depending on the process involving a chemical or physical reaction, respectively. 

In light of the interest in optoelectronics, the purpose of this work was to describe 

and examine these two different approaches, both used with the common aim to produce 

the aforementioned ZnO TFTs. The first technique proposed employs ZnO nanoparticles in 

a colloidal state in K-rich solutions of methanol to create a thin film on top of the substrates 

via spin-coating depositions. The second method used the pulsed plasma deposition (PPD) 

for the same purpose, via the ablation of a ZnO target thanks to a high energy (10 keV) 

pulsed/plasma electron beam. Finally, I highlighted the possibility of doping the ZnO in the 

attempt to provide precious information on a p-type semiconductor behaviour from such 

material. 

 

7.1 TFTs with Nanoparticles 

In chapter 3 I introduced the collective properties of nanoparticle arrays and I 

described the method used for ZnO nanoparticles synthesis using  a combination of the 

Pacholski  
[221]

 and Spanhel 
[222]

 instructions to guarantee the stability of the colloidal 

solutions. 

I investigated the variation of optical properties and size of the elaborated particles 

as a function of the synthesis conditions and the type of hydroxide used in the solutions. The 

absorption spectra showed a high absorbance with a sharp absorption edge at ~350 nm with 

red shift as the nanoparticle size increases. The nanoparticles size was estimated to be 

around 2.2 nm, the same order of the ZnO exciton Bohr radius of 2.5 nm 
[245]

.  The Tauc 

relation 
[238]

 was used to extrapolate the value of the allowed direct band-gap energy of ZnO 

nanoparticles, found to be higher (~3.52 eV) as compared to their bulk counterpart (3.37 eV) 

[244]
 due to quantum confinement effect  

[230,236,247]
. Photoluminescence measurements 

evidenced excitonic UV and defect emission bands. The green band was assigned to 

surface oxygen vacancies of ZnO particles. 

 In chapter 4, I reported the performance of TFTs produced by spin coating of the 

synthesized ZnO nanoparticles. I showed how the performances of those devices were 
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affected by the alkaline conditions, the storage environment and even the multiple I-V 

measurements made to test them. 

The I-V data obtained showed surprisingly high mobility values, much higher than 

the ones reported in the literature and close to the values found for the bulk material. The 

degradation effects due to multiple consecutive scans are recovered when the stress bias is 

interrupted. It was also demonstrated that the storage environment has a large influence on 

the performance of the devices. Samples stored in atmosphere showed uniformly high 

performance (mobility > 50 cm
2
/Vs, on-off ratio > 10

5
). The storage in the glovebox (under 

nitrogen atmosphere) had a detrimental effect on the performance with mobility values low 

as < 10 cm
2
/Vs and an on-off ratio < 10

3
. It is of particular interest to note that under nitrogen 

atmosphere mobility decreased but the current recorded increases, despite the applied 

potential (positive or negative). However, recovery from the degradation due to the storage 

in glovebox was possible by storing again the samples in atmosphere. 

In chapter 5 results gained via SEM images and XPS investigations, both 

constituted strong evidence that the processes used to prepare ZnO transistors caused 

chemical reactions at and below the surface of the SiO2 gate oxide which produce a material 

similar to potassium-silica glass. This phenomenon may offer a new method for preparing 

high-κ dielectric coatings on Si to replace SiO2.  

It was of logical deduction that the changes in the SiO2 layers led to a change in its 

capacitance value. The data obtained from the capacitance investigation provided 

compelling evidence that the capacitance per unit area C of the SiO2 layer increased after 

the processing steps used to prepare the transistors, even in samples treated with KOH 

without ZnO, reinforcing the idea that these changes and the unpredictable behaviour of the 

devices could be attributed to the presence of KOH. 

It is clear there is insufficient evidence to draw any firm conclusions and additional 

work is required before a complete understanding can be reached. However, the high values 

found for the mobility are encouraging and should be validated. Nevertheless, these results 

suggest that the carrier mobility values calculated from transistor I-V characteristics are 

overestimated, as the calculations assume no change in gate oxide capacitance. However, if 

the reported mobility values in the transistors were reduced by 30% (based on the change in 

ε), this would still place them in a range comparable to the best results reported in the 

literature for thin-film ZnO transistors. It should be noted that the estimated change in ε from 

the capacitance measurements described here may not represent that in the transistors due 

to different observed behaviour – in particular, the apparent increase in oxide thickness 

below the transistor channel seen in cross-sectional SEM images. However, since an 

increase in oxide thickness would reduce capacitance and counteract an increase in ε, it is 

possible that the capacitance per unit area below the transistor channel is lower than in the 

samples discussed here where no thickness increase was observed. This would translate to 

an increase in calculated channel mobility. 
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In addition to the implications for transistors prepared using the method described, 

this work may be relevant to the production of high-κ dielectrics on Si wafers for other 

electronics applications. State-of-the-art microprocessors already use high-κ dielectrics 

including silicates of zirconium and hafnium instead of SiO2 to improve device performance 

and facilitate miniaturization 
[329]

. 

 

7.2 TFTs with PPD 

In chapter 6 I described the use of PPD to grow ZnO thin films on Si/SiO2 

substrates. 

A preliminary study showed that the properties of the growth material directly 

depended on the oxygen pressure used during the deposition: oxygen atoms changed the 

composition of the grow film by filling the native oxygen vacancies in the ZnO crystal 

structure. 

Furthermore, the RF cleaning treatment had a substantial effect on the resistivity of 

the layer: treatment with either argon or oxygen plasma resulted in increments in sheet 

resistance of the growth films.  In addition, the morphology of the films was also 

investigated. AFM investigations confirmed a uniform compact structure consisting of 

interconnected lumps with average roughness ~ 1.0 nm. Furthermore, structural 

investigation via XRD showed that ZnO films growth at different oxygen pressures all 

showed polycrystalline wurtzite structures.  

The realization of TFTs is also reported. Mobility up to 5.39 cm
2
/Vs was achieved. 

The depositions were performed each time monitoring the oxygen pressure: we controlled 

the oxygen amount inside the chamber since the stoichiometry of the ZnO structure 

depended on it. Increasing the pressure, we increase the amount of oxygen, and decrease 

the number of vacancies, creating in this way a less conductive material. On the other hand, 

working at lower pressure allow getting a ZnO layer with a higher number of vacancies and 

so more conductive. 

A homogeneous layer of ZnO film was obtained only for a rotating sample, 

otherwise, the result was an uneven deposition. Such film would show a range of different 

colours indicating the different thicknesses in each area. In addition, the rotation of the target 

holder enabled uniform consumption of the target itself. It was proven that a too conductive 

layer (resistance < 0.1 MΩ) will not be suitable for a transistor: the I-V characteristics 

showed in fact that such devices had a resistor like behaviour with no current modulation 

due to apply a gate voltage. Thanks to this technique it will also be possible to dope the ZnO 

with another electron acceptor material such as Li that will enable to get a p-type 

semiconductor. 
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I believe that the work described here gives valuable information to the scientific 

community on the possibilities of the PPD, elucidating how the final product is depended on 

the pre-deposition treatments and the parameters used during the deposition. Furthermore, 

the first attempt to produce p-type ZnO using this technique is also reported. Moreover, 

investigation done via C-AFM brought up some interesting consideration on the technique 

itself, giving a further contribution to better understanding of possible modification that can 

affect the tip, hence the performance of the measurements, laying the first stone for further 

studies related to the tip characterization. 
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