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                                     Abstract  

Zinc oxide (ZnO) and Indium Gallium Zinc Oxide (IGZO) thin films are of interest as 

oxide semicon ductors in thin film transistor (TFT) applications, due to visible light 

transparency , and low deposition te mperature . There is particular interest in ZnO and 

IGZO based transparent TFT devices fabricated at low temperature on low cost flexible 

substrates.  However, thermal annealing processes are typically required to ensure a 

good performance, suitable long term stability, and to control  the point defects which 

affect t he electrical characteristics. Hence there is interest in post deposition 

processing tec hniques, particularly where alternatives to high temperature thermal 

treatments can be utilised in combination with low temperature substrates. This thesis 

presents the results of a series of experimental studies as an investigation into 

photonic (excimer laser) processing of low temperature ZnO and IGZO thin films 

deposited by RF magnetron sputtering and /or  by high target utilisation sputtering 

(HiTUS), to optimise the microstructure and electrical properties for potential use in 

thin film electronic appli cations.  

ZnO thin films were grown at various deposition parameters by varying oxygen flow 

rates, RF power, oxygen concentration, and growth temperatures. Subsequently, the 

films were subjected to three different annealing processes: (i) Thermal Annealing 

(furnace): samples were thermally annealed in air at temperatures ranging from 300  

°C to 880  °C for 1 hour. (ii) Rapid Thermal Annealing:  samples were annealed in 

nitrogen and oxygen environment at temperatures of 600  °C, 740  °C, 880  °C, and 

1000  °C, and  dwell times of 1 -16 s. (iii) Excimer laser annealing : samples were 

annealed at ambient conditions  using a Lambda Physik 305i 284  nm, 20  ns pulse KrF 

excimer laser with a beam delivery system providing a homogenised 10  mm x 10  mm 

uniform irradiation at the s ample plane. Processing was undertaken at fluences in the 

range of 0 to 350  mJ/cm 2 at single and multiple pulses.  
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IGZO thin films were also investigated following RF magnetron deposition without 

intentional substrate heating and at various other deposition  conditions, followed by 

laser processing in air at laser energy densities in the range of 0 to 1 75 mJ/cm 2 with  

single pulse.  

Processed ZnO films were characterised by room temperature photoluminescence 

excitation which exhibited that laser annealing at hi gh fluences resulted in suppression 

of the observed visible deep level emission (DLE) with evolution of a strong UV near  

band emission  (NBE) peak , indicating a reduction of intrinsic defects without film 

degradation or materials loss that occurred by therm al and rapid thermal annealing. 

Also the intensity of the NBE peak was strongly influenced by the film s growth 

temperature, with the result s showing that as the growth temperature increased 

beyond ambient; the intensity of the resultant NBE peak decreased as a function of 

laser energy. TEM studies demonstrate that laser processing provides a controlled in -

depth crystallisatio n and modification of ZnO films.  Therefore, laser processing is 

shown to be a suitable technique to control the crystal microstructure  and defect 

properties as a function of two lasers  processing parameters (fluence, number of 

pulses) ï realising optimised film properties as a localised region isolated from the 

substrate or sensitive underlying layers. In terms of electrical properties, the results 

indicated a significant drop in sheet resistance as a function of laser anneal from 

highly resistive (>5  Mǹ/sq.) to about 860  ǹ/sq.  

To produce IGZO thin films without intentional substrate heating with lowest sheet 

resistance as a function of laser processing, low deposition pressure, low oxygen 

concentration, and high RF power are required. Room temperature Hall effect mobility 

of  50  nm thick IGZO increased significantly as the laser energy density increased from 

75  mJ/cm 2 to 100  mJ/cm 2 at single pulse reaching values of 11.1  cm 2/Vs and  13.9  

cm 2/Vs respectively.  
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Chapter 1  

                           Introduction  

 Introduction  1.1

In recent years, there has been a significant research interest in the d evelopment of 

materials fabrication and processing  to realise flexible display technologies [1] . High 

performance thin film transistors (TFTs) are one of the most significant technologies 

required in active matrix flat panel displays, including active  matrix liquid crystal 

displays (AMLCD) [2] , and active matrix organic light emitting diode (AMOLED) 

displays, to switch the pixels ON and OFF. Transparent thin film transistor s (TTFTs) 

made of transparent oxide semiconductors (TOSs) have attracted considerable 

attention due to their potential for use in display devices, because the use of  

transparent active matrix circuits increases the aperture opening ratio (i.e. increases 

the light emitting area per pixel, and hence pixel brightness) [2] .  

Amorphous silicon (a-Si) TFTs have been successfully employed in large area display 

technology, but the major shortcoming is low mobility (~1  cm 2/Vs) which limits the 

device switching speed and ultimate refresh frequency [3] . Alternatively, poly silicon 

(poly -Si) TFTs demonstrate higher mobility (>50 cm 2/Vs), and are used in smaller area 

AMLCDs [4] . However, the need for processing at high temperatures makes poly -Si 

TFTs incompatible with flexible substrates, and it is difficult to grow uniform layers over 

large areas, hence affecting display sizes attainable [5] . Furthermore, both a -Si and 

poly -Si are opaque mater ials with a narrow  band gap of 1.1  eV for crystalline silicon or 

1.6  eV for a -Si [6] , hence their use results in limitations to the pixe l aperture ratios, 

which affects the pixel brightness [7] .  
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There is consequently a significant interest in developing materials technology that  

offer s alternatives to a -Si and poly -Si in order to achieve optimised  performance in 

future displays, and to also offer the potential for new design innovation through the 

realisation of flexible, and ideally transparent displays and TFT materials. Several metal 

oxide semiconductor materials have been studied over recent ye ars, both as 

transparent conducting oxides (TCOs) and as transparent semiconducting oxides 

(TSOs) for application to electronic devices such as displays. One such oxide material is 

Zinc oxide (ZnO) which is a material of interest for TFTs because of its wi de and direct 

band gap (3.36 eV) [8] . High processing temperature (deposition or annealing) is 

typically required to achieve good properties such as to enhance the film crystallinity, 

reduce the defects, reduce grain bo undaries, and control conductivity. Hence deposition  

and processing  of ZnO at low temperatures with good microstructure and electrical 

properties , to be compatible with flexible substrate is one of the most challenging tasks.  

Another material of interest for display applications is amorphous indium gallium zinc 

oxide, for use in transistor devices a - IGZO TFTs. These devices have attracted 

considerable attention [9, 10] , and have been demonstrated as switching devices in 

active matrix liquid crystal displays (AMLCD), and organic light emitting diode based 

displays (OLED) [11, 12] . The a - IGZO based TFTs reported in 2004 by Nomura et al, 

were fabricated on flexible substrates via pulsed laser deposition (PLD). These devices 

were investigated as an alternative to a -Si and poly -Si TFTs, because of the high field 

effect mobility that was demonstrated in the amorphous state (>10 cm 2/ Vs) [9] , which 

was attributed to the heavy metal cations with ( n -  1) d 10  ns0 nÓ5 electron 

configuration [13] . In the past ten years, there has been much work on IGZO devices, 

with commercial displays now using this material [14 -16] . However, there is still a need 

to optimise low temperature deposition and processing of IGZO for flexible applications, 

ideally utilising a deposition and processing technique that is suitable for large area at  

low cost.  
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For the research presented in this thesis, the combination of low temperature 

deposition by sputtering (a technique well suited to scale up to  large area s) and post 

deposition by laser annealing has been investigated in order to study the potential for 

application to the processing o f ZnO and IGZO and TSOs. The use of laser processing 

provides the potential to localise the modification induced by annealing in order to 

minimise energy deposited into the substrate, hence can be a method suitable for low 

temp erature substrates. The work presented here uses RF magnetron sputtering and 

High  Target Utilisation Sputtering (HiTUS) in combination with subsequent pulsed UV 

excimer laser treatment, to examine the effect on the thin film structure and 

properties.  

One o f the main experimental tools used to investigate the effect of deposition and 

annealing for this work is photoluminescence (PL). Typical PL emission from ZnO 

exhibits two significant peaks: a strong narrow ultraviolet (UV) centred at around (381  

nm) from near band emission (NBE) associated with free exciton recombination, and a 

broad visible peak (from 450 -750  nm) associated with deep level emission (DLE) [17, 

18] . The DLE is attributed to intrinsic or extrinsic defects [18] , and to produce ZnO 

films with good microstructure and electrical properties, the related defects (DLE peak) 

should be supressed with a pronoun ced evolution of NBE intensity. It has been reported 

that an improvement of NBE intensity is clearly observed after thermal annealing [19] . 

Hence, for t his work, the effect on PL of ZnO thin films processed by low temperature 

laser annealing is compared with the effect of thermal and rapid thermal annealing . 

Work on IGZO thin films is also presented, in which the electrical properties of devices 

utilising  IGZO semiconductor layers are studied following laser annealing . 

 Problem definition  1.2

There is a difficulty in fabricating good quality TFTs materials that are transparent and 

at the same time fabricated at low temperature s. Also stability of performance is  an 

issue with the channel materials. Laser processing is a technique that has promise for 
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highly localised film modification. This project consequently addresses this area of 

materials and device research to investigate the use of laser processing for the  

optimisation of transparent semiconducting thin films suitable for use in TFTs.  

 Project Aim  1.3

The project aims to investigate the deposition and processing of oxide semiconductors 

of zinc oxide (ZnO) and indium gallium zinc oxide (IGZO) in order to underst and how to 

modify and optimise the properties of these transparent semi conducting oxide thin films 

for use in electronic device applications.  

 Project Objectives   1.4

The specific objectives of this work are to:  

¶ Undertake background study of TFT devices, ZnO a nd IGZO thin film deposition 

and fabrication and characterisation of TCOs in electronic devices.  

¶ Experimental design to investigate the optimisation of TCOs: ZnO and IGZO.  

¶ Investigate the deposition and post processing of ZnO thin films though 

characterisa tion  of the resultant structural, electrical and defect properties.  

¶ Investigate the deposition and post processing of IGZO thin films though 

characterisation of the resultant structural, electrical and defect properties.  

¶ Evaluate the effect of excimer la ser processing on ZnO and IGZO .  

¶ Investigate the performance of TFT devices comprising IGZO produced in 

pervious objectives.  

 Structure of the Thesis   1.5

This thesis consists of the following chapters:  
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Chapter 2: Background and Literature Review  

This chapte r presents background knowledge and a literature review related to the 

structure, principle, and theory of  the operation of thin film transistor s (TFTs).  This is 

followed by a review of semiconductor materials in thin film transistors (TFTs) based on 

polyc rystalline zinc oxide and amorphous IGZO electrical properties, including  a 

discussion of the deposition methods used.  

Chapter 3: Experimental Procedures and Techniques  

The third chapter provides a description of the experimental systems utilised 

through out this research, comprising a description of the two deposition techniques of 

HiTUS and RF-magnetron sputtering, and of the excimer laser processing system.  Also 

discussed are the characterisation techniques applied to the films following deposition 

and processing: photoluminescence (PL), X- ray diffraction (XRD), Transmission Electron 

Microscopy (TEM), Four Point Probe (4PP), and Hall Effect.  

Chapter 4: ZnO Thin Films by HiTUS  

This chapter presents the results obtained from  a study of the photoluminescen ce of 

ZnO films deposited  at low temperature  by the HiTUS technique and followed  by 

different annealing processes:  laser, thermal, rapid thermal annealing. The structure of 

the processed ZnO films is also examined and analysed  using Transmission Electron 

Microscopy (TEM) and X -  ray Diffraction (XRD) and their results are correlated to the 

PL properties.  

Chapter 5: ZnO Thin Films by RF Magnetron Sputtering  

In this chapter, the effect of laser annealing on PL spectra of ZnO films deposited by RF 

magnetron sputtering at various RF powers and oxygen concentrations without 

intentional substrate heating are reported. The effect of varying deposition parameters 

is compared with the HiTUS results presented in chapter 4, with the PL spectra of laser 

and thermal an nealed ZnO films grown at various substrate temperatures presented. 
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Further confirmation of film structure as a function of annealing process is examined by 

cross sec tional TEM, and XRD pattern .     

Chapter 6: Electrical Characterisation of ZnO and IGZO.  

This chapter presents a study of the electrical properties of the investigated oxide 

semiconductor materials and devices. The electrical properties of laser annealed ZnO 

thin films and IGZO thin films deposited at various deposition parameters from targets 

with different compositions are discussed, and an evaluation of test TFT devices 

fabricated with the optimised IGZO thin films is presented.  

Chapter 7: Conclusion and Further Work   

The conclusion chapter provides a combinatorial  summary of the research ca rried out, 

and the achievement s of the  work perfor med, with some possible suggestions  for 

further work.  
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Chapter 2   

                           Background and Literature Review  

 Introduction  2.1

Metal ï oxide semiconductor devices, for example thin film tr ansistors (TFTs) play an 

important role in electronics applications. TFTs are one of the key components in 

electronics displays in which they are used as switching elements (addressing) for 

active matrix liquid displays (AMLCD) [20] , and as a driver/address device in organic 

light emitting diode (OLED) displays [11] . In recent years, tran sparent oxide 

semiconductors (T OSs)  are of interest for application t o TFT technology for displ ays, 

because of the transparency in the visible part of the spectrum, due to the wide band 

gap, and due to the potential for low processing temperature, which facilitates 

processing on substrates such as glass and flexible materials. For example in 2011, 

Samsung introduced the first commercial 2 - inch transparent display using transparent 

TFTs [21] . Zinc oxide ZnO ïTFTs and amorphous indium gallium zinc oxide a - IGZO -TFTs 

have attracted much attention for the next generation large ïarea, transparent, and 

flexible flat panel displays. These semiconducting thin films exhibit various advantages 

over conventional Si ïTFTs, such as high mobility and transparency  [9 , 22] . 

ZnO presents  a wide band gap of 3.3 6 eV [23] , and IGZO a band gap of  ~3  eV [9] , 

hence, when used as channel layers in TFTs , exposure to light will not affe ct the devic e 

performance. Hence, employing ZnO or IGZO TFTs in AMLCDs for switching the  pixel 

display  can improve the brightness of pixels.  

These features make zinc oxide ( ZnO )  and amorphous indium gallium zinc oxide (a -

IGZO) thin film transistors (TFTs)  the subject of vibrant research  and devices using 

these materials have been demonstrated for display technologies such as liquid crystal 

displays (LCD) and organic light emitting diodes (OLED) displays [24 , 25] . 
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 The basic structure of TFTs and operation theory   2.2

2.2.1  Overview of TFT principles of operation   

The main role  of TFT devices is to control the cur rent that passes between source and 

drain via  the medium of a semicond uctor thin film layer.  This is achieved by  an induced 

accumulation layer in the active layer/dielectric interface as a function of applied 

voltage on insulated electrodes (gate/drain). TFTs can be classified into two categories :  

enhancement mode ñnormally offò, and depletion mode ñnormally onò. For example, for 

n-channel TFTs, a positive threshold voltage (V th ) is required  to turn on  an 

enhancement mode device , while  in depletion  mode device a negative threshold voltage 

is required. However, in a depletion  mode ñnormally onò device a voltage on the gate 

terminal is re quired to switch off the device , hence enhancement mode is superior in 

term s of minimizing the power dissipation as no voltage is needed to switch off the 

device  [26] .  

2.2.2  Basic stru cture  of TFTs  

Figure 2.1, shows the simple bottom gate (inverted) structure of TFTs, which consists 

of three electrodes terminals: source, drain, and gate. The gate is isolated from the 

semiconductor layer by an insulating materia l (gate insulator), whereas the source and 

the drain are in direct contact  with  the semiconductor film.  

Figure 2.1  (a), shows the cross section of a TFT, while Figure 2.1(b), illustrates the top 

view, with the dimensions W and  L representing the width and  length of the channel 

layer respectively.  
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Figure  2.1 :  Schematic of a bottom gate TFT (a) cross section, (b) top view, (c) 3D 

view . 

2.2.3  Types of thin film transistors TFTs  

Generally, there are four basic possible structures of planar TFT devices , which are 

classified according to the place of the semiconductor layer, gate terminal, gate 

insulator, and relative position of source/drain electrodes as depicted in Figure 2.2 [7 , 

27] .  

 

 

     (a) 

W 
L 

   (b) 

      (c) 
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Figure 2.2 :  Types of TFTs (a) staggered bottom -gate, (b) staggered top -gate , (c) 

coplanar bottom -gate, (d) coplanar top -gate  [28] . 

TFT devices are classified in either staggered or coplan ar structures according to 

Weimer as following: -  

1. In staggered configuration: the gate and the source /drain electrodes are on 

opposite sides of the semiconductor  layer , and in such a configuration there is no direct 

connection with the induced channel. Therefore, the current h as to flow vertically to 

induce the conduction chann el before flowing horizontally to reach the drain.  

2. Coplanar configuration: the source / drain electrode s and the gate  are on the same 

side of the semiconductor  layer . I n this c ase the  source / drain electrodes are in direct 

contact with the induced channel, the current flows in a single plane  [29 , 30] .  

As Figure 2.2  shows , the staggered and coplanar con figuration can be either bottom 

gate óinvertedô or top gate devices. This classification is defined by gate electrode 

location and relative position of the source / drain and the gate terminals. If the gate is 

on the active layer, the devi ce is in top -gate  configuration,  whereas, when the gate 

(a) (b)

(c) (d)
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electrode is below the active layer, the device is in bottom -gate ( inverted )  configuration 

[31] .  

Finally, the  inverted ïstaggered "bottom gate" a -Si:H TFTs h ave  better device 

cha racteristics than the staggered ñtop gateò structure because in the former the 

insulator layer is deposited before the active layer , which leads to lower interface 

density of states [32] . However , inverted stagger ed TFTs  suffer from some drawback s 

that  may affect TFTs performance such as; the back channel layer b eing exposed to 

atmospheric gases , and back channel could be damage  from subsequent process 

patterning of source/ drain electrodes [33] . To overcome these  issues t he TFT structure 

is specified further  according to the structure above the active layer in two ways [7]  as 

illustrated in Figure 2.3 . First, the back -channel -etched (BC E) structure , where a thin  

part of the  channel layer is etched together with forming the s ource and drain 

electrodes. The second is the etch -stopper (ES) structure, where a protective layer on 

the top of active layer is formed prior  to the source and drain  being deposited  [34] .   

Figure  2.3 : The structure of etch stopper, and back channel ï etched TFTs  [14] .  

The back channel etched (BCE) structure is used widely in the LCD indus try to fabricate 

a-Si:H TFTs, because of its simpler fabrication process and the fact that it saves one 

photo mask step compared to the etch stopper  (ES) structure  [7] . However, ES devices 

exhibit better  TFT charac teristics , compared to the  BCE structure , when under bias 

stress [35] . Moreover, BCE structures required a thicker channel layer [7, 14] . Figure 

2.4 s hows classification of main types of TFTs.   
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Figure  2.4 : Diagram shows the main types of TFTs.  

2.2.4  The operation theory of TFTs  

The main principle of op eration for TFTs relies on the flow of current in an induced 

accumulation channel layer in the semiconductor between source/drain electrodes [28] .  

The TFTs function and theory are similar to the inversion mode of metal ï oxide 

semiconductor field ïeffect ïtransistors (MOSFETs). But there is a variance in struct ure, 

for example in MOSFETs the current flows following the formation of an inversion layer 

in the semiconductor layer between source and drain (i.e. in n -channel MOSFET n - type 

conductive layer generated in p - type substrate), whereas in TFTs, the current f lows in 

an induced charge accumulation layer in the channel/gate dielectric interface. In 

addition, in silicon based MOSFETs, the silicon is employed as a substrate and active 

layer, while in TFT devices, a glass substrate is typically used, with the semic onductor 

layer being deposited as a thin film [28] . Combinations of n -channel TFT, and p - channel 

TFTs are employed in logic circuits as an inverter, in which switching devices work in 

different (on/off) states call ed complementary metal oxide semiconductor (CMOS) as 

Tri -layer ñEtch 
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Coplanar  Staggered  
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Top gate  Bottom 

gate 

Top gate  Bottom 

gate 

Bi-layer ñBack 
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used in integrated circuits. Oxide CMOS devices have been demonstrated [36] , for 

example in transparent inverter using IGZO TFTs employed in ring oscillator circuits 

[37] .        

TFT performance is divided into two main operational regimes: the linear and saturation 

regimes [7]  ï as shown in Figure 2.5. When the drain -source volt age, V DS, is much less 

than the gate -source voltage, V GS, minus the threshold voltage V th  (V DS << V GS ï Vth ), 

the TFT is operating in the linear regime. When (V DS > V GS ï Vth ), the transistor is in 

saturation, independent of V DS [7 , 38 ,  39] .  

For n -channel TFTs, in "normally off" enhancement mode, when the source is grounded 

and a ñpositiveò voltage is applied on the gate terminal, el ectrons are attracted towards 

the gate bias ï leading to an accumulation layer at the insulator interface. To pass 

current through the channel, a positive voltage on the drain must be applied, which 

causes curr ent to flow along the channel ï depending upon  the state of the 

accumulation. When the voltage between gate and source is less than the threshold 

voltage there is no drain current, because no in duced accumulation layer exists.  I n this 

case the TFT is in the cut off region [29] . 

When the gate bias is increased to exceed the threshold voltage level, and a small 

voltage is applied to the drain i.e (V DS < V GS ïVth ), there will be the appearance of drain 

current, as the electrons are injected from the source into the lower resistance induced 

electron accumulation l ayer creating a path of current.  Then they are extracted at the 

drain contact and  as a result drain current is passed in the opposite direction from drain 

to source [29] . Hence, as in Ohms law, there is a linear of increase drain current with  

increasing  drain voltage;  this is the ñlinear regimeò.  
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Figure  2.5 :  Shows the I DS vs V DS characteristic curves, for various values of V GS and for 

n-channel TFTs enhancement  type [28] .  

In linear regime by applying the Gradual Channel Approximation (GCA), the drain 

current (I DS) with respect to gate voltage V Gs given as:  

                   )  ὅ ‘    ὠ ὠ ὠ   
 

                                             (2.1)  

where W and L width and the length of the channel layer respectively . 

When V DS << V GS then the drain current can be written as:  

                Ὅ  ὅ ‘    ὠ ὠ ὠ                (2.2)  

Further d etails of deriv ing equation (2.2) can be found in appendix A, at the end of this 

thesis  

VDS<<V GS -  Vth  

 

linear region  

increasing V GS  

VDS>V GS -  Vth  

I D
S
 

VDS 



  Chapter 2                                                Background and Literature Review                                                             

15  

 

As the applied positive drain voltage increases, the  induced carrier density  near drain 

terminal disappears  when  VDs = (V Gs ïVth ), resulting in the electron channel becoming 

pinched off at the drain en d, as illustrated in Figure 2.6.  The drain current saturates 

and is no longer Ohmic when V DS exceed the (V GS ïVth ) [7 , 29] .  

       Ὅ  ὅ ‘    ὠ ὠ                (2.3)  

 

Figure 2.6:  Shows t he non - linear saturation  [29] .  

From equations (2.2),( 2.3) we can find the important parameters defining and af fecting  

the  TFTs operation, such as the capacitance of the dielectric layer (C o), mobility (ȉ), 

threshold voltage (V th ), and the ratio of width over the length of the semiconductor 

channel layer. All of these factors must be considered, and th is study will  be concerned 

with optimising the mobility of ZnO, and IGZO thin films deposited at low temperature.  

Figure 2.7 shows the typical transfer characteristics of n -channel TFTs, from which the 

key TFT parameters can be extracted, such as threshold voltage (V th ), drain on - to -off 

current ratio, field effect mobility, and sub threshold swing ( S).   
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Figure  2.7 :  Transfer characteristics of n - type TFT [28] .  

The electrical characteristics of TFTs are highly influence d by the materials used in their 

structure (such as the channel layer material), the deposition techniques, and the 

parameters employed.  

 Materials used in TFT devices  2.3

The first functional thin film transistor (TFT) was reported in 1962, by P.K.Weimer [7 , 

40] . They employed a polycrystalline cadmium sulfide (CdS) semiconductor as the 

active layer and fabrication via vacuum evaporation [40] . In the early 1980s TFTs were 

fabricated from other semiconductor materials such as CdSe, Te, InSb and Ge [3 , 41] .  

Cadmium sulfide CdSe TFTs were first employed as a switchin g element in the active 

matrix liquid crystal display (AMLCD) industry [20] . However, CdSe TFT creates some 

issues such  as large density of interface states in CdSe [3] , traps in the CdSe layer or 
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insulator interface affect ing  the frequency response of TFTs [42] , and traps in the gate 

insulator lead ing  to instability [43] .  

An improvement in the LCDs indust ry was reported by LeComber [44]  who employed 

hydrogenated amorphous silicon (a-Si:H )  as a  channel layer in TFTs, which achieve d 

good performance in term s of uniformity, low temperature, and capability  of fabricatio n 

over large area.  This was a  good fit to the requirement s of flat panel display (FPD) 

addressing [44] .  

However, the use of conventional amorphous silicon (a -Si) ï based TFTs for LCDs 

displays create  some disadvant ages . The a -Si opacity leads to blocking the backlight in 

a FPD, which restricts  the pixel brightness (aperture ratio)  [7 , 45] . Other negative 

factors are light sensitivi ty [3 , 7] , and low mobility (~1 cm 2/V s) which limits the 

frequency of operation.  Hence, alternatives with high mobility are desired in LCDs and 

OLED displays in order to charge t he storage capacitor in less time [28] .  An additional 

factor which must be considered is instability under bias stress which influences the 

lifetime of the devices [7 , 29] .  

In 1980 Depp et  .al . reported poly -  silicon TFTs wit h dramatic increase in mobility (50 

cm 2/Vs), fabricated at growth temperatures of 625  ° C and 1050  ° C for the poly -Si and 

gate the insulator respectively  [4] . However, poly -Si has some drawbacks associated 

with the high processing temperature , which makes it un suitable for  flexible substrates. 

Moreover, poly -Si is difficult  to  fabricate d over large area s [46] .  

Hence, great interest  is shown in  replacing the conventional Si TFTs with transparent 

semiconducting oxide  (TSOs) in order to fabricate transparent display devices [22] . The 

starting of transparent  electronics evolution dates to early 2003 , with the report of Zinc 

Oxide (ZnO) thin film s in transparent thin film transistors (TTFTs) [22 , 26 , 47] . Since 

then, several reports have emerged  describing  a diversity of TFT channel materials such 

as: indium gallium zinc oxide (IGZO), tin oxide (SnO 2), indium oxide (In 2O3), and zinc 

tin oxide (ZTO)  [48] .  
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These transparent conducting oxides (TCOs) present  a combination of two physical 

properties : good electrical conductivity and high transparency  [29] . Transparent 

semiconducting  oxides (T SOs) , such as zinc oxide ZnO , are  a promising material for the 

channel layer in TFTs, because they can be grown at room temperature with high  

electron mobility  [49]  and exhibit optical transparency in the visible spectrum  [47] .  

In particular, amorphous indium gallium zinc oxide based thin film transistors (a - IGZO 

TFTs) have attracted considerable attention [9 , 10]  and have been demonstr ated as 

switching devices in active matrix liquid crystal displays (AMLCD) and light emitting 

diode based devices (OLED) [11 , 12] . Hence, ZnO and a - IGZO thin films are the major 

interest of this study, which is concerned with the low temperature deposition and  the 

subsequent  photonic processing of these materials.  

 Density of states (DOS)  2.4

2.4.1  Density of states of amorphous silicon  hydrogenated a- Si:H  

The electronic characteristics of a morphous thin films are strongly dependant on the 

density of state distribution. Amorphous silicon hydrogenated a-Si:H have no long -

range order, the atoms are not periodically located over large distance, but retain short 

order of Si lattice. Figure 2.8 shows a typical density of states of a -Si:H, the density of 

states distribution contain the following major parts:  

Band tails (tail states): The band tails are due to bonding disorder in amorphous 

structure, the disorder - induced localisation of states extend ed near the band edge and 

decaying exponentially, arising from deviations in length and angle of particular bonds 

originated from long range structural disorder [3] . The band states below the 

conduction band minimum (CBM)  and above the valence band maximum ( VBM), Eu is 

the Urbach energy typically Eu ~ 25 meV for conduction band tail and Eu ~ 50 meV for 

the valence band tail [14] . 
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Dangling bonds (deep defects): are c onsequences  of coordination disorder, and 

depending on position of the Fermi level. For doped a -Si:H, donor and acceptor levels 

exist in three charge states, when singly occupied forming neutral defect D 0, an 

electron excited out of neutral bond creating positively charg ed states D + , or can be 

occupied by second electron forming negatively charged states D -  as depicted  in Figure  

2.8 [14] . Finally, mobility gap in which separates localized and extended states.   
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Figure 2.8:  Schematic model of subgap DOS of a -Si:H, adapted from  [14] . 

2.4.2  Density of states of amorphous indium gallium zinc oxide a - IGZO  

Figure 2. 9 electronic structure of a - IGZO density of states shows the electronic states 

that control inversion p -channel TFT operation, n -channel TFT, and Hall effect. a- IGZO 

presents high density electron traps occupied the states just above the valence band 

maximum (VBM) with energy range of ~ 1.5 eV which is may the r eason a - IGZO TFTs 

have never achieved to operate in p -channel mode [50] . The un -annealed a - IGZO film 

grown at room temperature exhibit extra subgap states ~ 0.2 eV below CBM  related to 
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hysteresis in electrical prop erties of a - IGZO TFT  [51] . The subgap  DOS in a - IGZO is 

one ï two orders of magnitude smaller than in a -Si:H.  
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Figure 2. 9:  Schematic electronic structure of a - IGZO density of states fo r as -deposited 

adapted from [52] .  

 Oxide thin film properties  2.5

2.5.1  ZnO crystal structure  

ZnO is a wide band gap semiconduc tor with a direct band -gap of 3.3 6 eV at room 

temperature  [53] , a nd belongs to the II ïVI group of compound semiconductors [54] ,  

which have an ioncity at the borderline between covalent and ionic semiconductor  [23] .  

The crystal of ZnO is represented in three kinds of structures, wurtzite (B4), zinc blende 

(B3), and rocksalt (B1). Under ambient conditions, ZnO crystallizes in the hexagonal 
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wurtzite symmetry (B4 type), which is the most thermodynamically stable crystal 

structure [29 , 55 , 56] . Figure 2. 10  shows hexagonal wurtzite ZnO structure.  

 

Figure  2. 10 :  Hexagonal wurtzite ZnO structur e. Large gray shaded and small black 

spheres denote O and Zn atoms, respectively [29] .  

The hexagonal wurtzite lattice of ZnO has a mean lattice consta nts of a = 0.325nm, c = 

0.52066 nm [56] , with  the zinc atoms surrounded by oxygen atoms in a nearly 

tetrahedral  arrangement of O atoms  [57] . The zinc blende ZnO structure can be 

stabilized only by growth on cubic substrates, where as the rocksalt structure is a high 

pressure metastable phase forming at about 10 G Pa, and cannot be expitaxially 

stabilized [56] . 

2.5.2  Amorphous structure of IGZO  

Amorphous oxide semiconductors (AOS) , such as indium gallium zinc oxide IGZO , have 

become one of the most promising materials in flexible TFTs device  since first reported 

in 2004 [9] . The interest is related to the high mobility achieved even in the amorphous 

pha se, which differs from conventional semiconductors w here high mobility is achieved 

in crystalline structures. The amorphous state provides a highly uniform layer, which is 

important for l arge area circuit fabrication. The materials exhibit the electric orb ital 

structure and conduction mechanism of carrier transport. For example, in a - IGZO, the 

conduction band minimum (CBM) consists of unoccupied s -orbitals of metal cations, 
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and the valence band maximum composed of fully occupied O 2p orbitals [9 , 52] , with 

electron conducti on through metals ions ns -orbitals. The direct overlap  between 

neighbouring metals ns -orbitals creates a continuous conduction path even in  an 

amorphous structur e [9 , 33] . Hosono et.al, reported the metal ion should contain heavy 

post transition metal cations with electric configuration (n -1)d 10  ns0 n>5 to achieve high 

mobility [ 13, 58 ] . By contrast, conventional covalent semiconductors such as Si have 

carrier transport paths composed of sp3 orbitals with strong spatial directivity [9] , and 

in a ïIGZO the conduction band is formed by overlap of the In 5s orbitals [59]  as 

depicted in Figure 2. 11 . 

(a):Covalent semiconductor                    (b):Post - transition - metal oxide  

      (Silico n crystalline)                                semiconductor (crystalline)  

 

                 (amorphous)                                                                        (amorphous)  

 

Figure  2. 11 :  Schematic orbital structure of carrier transport path in: (a) covalent 

semiconductor ñsiliconò. (b) Post transition metal oxide semiconductor [9] . 
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 ZnO and IGZO layer based TFTs   2.6

2.6.1  Zinc oxide (ZnO) layers based TFTs  

The first devices employing fully transparent ZnO -based TFTs were reported in 2003 by 

three groups: Masuda et.  al.  Hoffman et.  al.  and Carcia et.  al . [22, 26, 47] .  

Masuda et.al studied the effect of the double gate insulator layer , with a high carrier 

concentration layer between the channel layer and source/drain contacts of bottom -  

gate ZnO -TFTs. Three types of TFTs were investigated: the first devices were fabricated 

with dual layer gate insulator of SiO 2 and SiN x, the second dev ices were fabricated in 

the same manner but with high carrier concentration layer between the ZnO layer and 

source/drain electrodes, and the third set of devices were fabricated with transparent 

materials. The resultant devices with the high carrier concen tration layer presented a 

high field effect mobility of about 0.97 cm 2/Vs , and a threshold voltage of -1 V. 

Conversely, the TFTs without the high carrier concentration layer exhibited a mobility of 

0.031 cm 2/Vs , which was lower than the Hall mobility of th e ZnO thin films -  at about 

0.70 cm 2/Vs  .This reduction was attributed to a reduction in drain current caused by 

contact resistance between the S/D electrodes and the ZnO layer. TFT devices 

fabricated on glass substrate s demonstrate d optical transmittance > 80% in the visible 

range [22] .     

Hoffman et.al fabricated bottom ïgate highly transparent ZnO ïTFTs on glass, with the 

active layer deposited via ion beam sputtering at room temperature. To functionalise 

the ZnO film , rapid thermal annealing (RTA) in the range 600 -800  °C in oxygen  

ambient was used. Following the subsequent deposition of the source and drain 

electrode, RTA was carried out again at 300  °C in an O 2 atmosphere. The devices 

exhibited channel mobility in th e range 0.3 to 2.5 cm 2/Vs , a threshold voltage of 

between 10 to 20  V, and a drain current on - to -off ratio ~10 7 [26] .  
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Carcia et.  al . demonstrated transparent ZnO ïTFTs without post deposition annealing, 

grown using low  temperature processing (~120  °C) via RF magnetron sputtering. The 

TFTs exhibited a channel mobility of more than 2 cm 2/Vs , a threshold voltage ~0V, 

drain current on - to -off ratio of >10 6, and transparency >80%  [47] .  

More recently, Nishii et.  al . reported ZnO -TFTs with improved field effect mobility to 7 

cm 2/Vs . These devices were fabricated by pu lsed laser deposition (PLD) at a substrate 

temperature in the range of 150 -300  °C, and employed a CaHfO x layer between a ZnO 

active layer and silicon nitride gate insulator [60] . 

Carcia et.  al . studied the influence of different gate dielectric insulators on the 

performance of ZnO ïTFTs. The insulating thin films studied were HfO 2, HfSiO x, S iO2, 

and Al 2O3 deposited  via atomic layer deposition (ALD) at temperatures 300  °C, 400  °C, 

~100  °C, and (450  °C, 200  °C, 150  °C) respectively. The TFT devices with an alumina 

dielectric grown at 125  °C and 200  °C resulted in combination of lower threshold  

voltage (1.1  V) , and the highest mobility at 17.6 cm 2/Vs  [49] .  

Navamathavan et.  al . reported an improvement of ZnO ïTFTs characteristics using  

bottom -gate top -contacts TFTs fabricated with silicon nitride (SiN x) as t he gate 

dielectric layer grown by plasma enhanced chemical vapour deposition (PECVD) at 

300  °C, and the active layer grown by RF magnetron sputtering at 300  °C. The 

resultant devices showed field effect mobility at 31 cm 2/Vs , a threshold voltage of 9  V, 

and drain current on/off ratio more than 10 5 [61] . 

Cross et.  al . examined the stability of inverted ïstaggered ZnO -TFTs devices under bias 

stress. Comparisons were made between the stability of devices fabricated usi ng silicon 

dioxide (SiO 2) and silicon nitride (SiN) as the gate insulator, deposited via low pressure 

chemical vapour deposition followed by annealing at 1000  °C, with the active layer in 

both cases grown by RF magnetron sputtering at room temperature. The  results 

demonstrated devices with silicon nitride as gate insulator have slightly better 

performance than TFTs with silicon dioxide gate dielectric. However, the TFT 
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parameters achieved were lower than that reported in the literature and were 

attributed t o the influence of grain boundary scattering at the ZnO/insulator layer 

interface.  In terms of stability under bias stress, both sets of devices exhibit ed a shift 

in threshold voltage caused by the lattice mismatch between the ZnO /insulator 

interface [62] .  

Kim et.  al . studied the effect of post deposition laser treatment, thermal anneal, and  a 

combination of thermal anneal with laser anneal on the performance of bottom gate -

bottom contacts ZnO ïTFTs fabricated at 400  °C, utilizing a KrF excimer laser (Ȉ = 248  

nm) in air at a fluence of 100  mJ/cm 2 with up to 200 pulses, while thermal annealing  

was carried out in a furnace in air ambient at a temperature of 400  °C. The result 

showed improvement in laser annealed device s at 200  pulses com pared with un -

annealed TFTs with a threshold voltage of 13.4  V, drain current on - to -off ratio of 7.8, 

and field effect mobility of 0.14 cm 2/Vs . The devices which were subjected to a 

combination of thermal and laser annealin g exhibited better performance, with the 

threshold voltage significantly decreased to 0.6  V, field effect mobility increased to 5.08  

cm 2/Vs , and an on - to -off ratio 8.49 [63] .  

Lim et.  al . demonstrated an enhancement in electrical properties of bottom g ate ZnO ï

TFT devices, fabricated at medium temperature s (200  °C), which were subjected to 

post deposition photonic processing by UV lamp light exposure with wavelength 368  nm 

for 3  min, 30  min, and 120  min in vacuum. The results exhibit a negative shift in 

threshold voltage as function of exposure time to 17.8, 1.7, and -6.5  V respectively  

[64] .  

Nakata et.  al . made  a comparative study between thermal and excimer laser anneal ing  

of inverted ïstaggered bottom gate ZnO ïTFTs. The active layer was grown via RF 

magnetron sputtering with no substrate heating. Devices fabricated on silicon 

substrates were subjected to thermal annealing in air ambient at temperatures from 

300  °C to 850  °C for 30  min, while excimer laser processing (Ȉ=308 nm) was 
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conducted for devices on plastic substrates at fluences ranging from 250 -450  mJ/cm 2 in 

air. Results show ed that laser annealing was more effective than thermal anneal, with a 

field effect mobility of 12  cm 2/Vs  achieved at a laser energy densi ty of 350  mJ/cm 2 

compared with thermal annealed devices where the equivalent field effect mobility was 

6.4 cm 2/Vs  at annealing temperature 850  °C [65] .  

Ya-Hui yang et.  al . reported the influence of laser anneal ing  on solution based ZnO ï

TFTs with the bottom -gate coplanar structure. The ZnO active layer was deposited by 

spin -coating and post baked at 95  °C.  Subsequently the devices were irradiated by  3 rd  

harmonic  Nd:YAG laser 355  nm. The resultant as deposited devi ces demonstrate d field 

effect mobility, threshold voltage;  drain current on to off ratio of 0.19  cm 2/V s, 3.4  V, 

and 5.38x10 5 respectively. However, laser irradiated devices show a pronoun ced 

improvement in performance, where for example devices processed a t a laser dosage 

of 740 mJ (spot size of 2.5x10 -2 cm 2) exhibited a field effect mobility of 0. 49  cm 2/Vs and 

drain current on to off ratio 3.19 x10 6  [66] .  

The main results of these studies are presented in Table 2. 1. From all reports 

summarized above we can conclude the electrical characteristics of ZnO TFTs are highly 

dependent on the deposition techniques empl oyed, and that high deposition 

temperature or thermal annealing is required to improve the electrical properties of 

ZnO -TFTs. However, the laser annealing process is a powerful technique to enhance 

and improve the properties of ZnO -TFTs fabricated at low s ubstrate temperature 

(<120  °C) compatible with flexible substrates.  
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     ȉ  
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Vth  

(V)  
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Technique                  
 

Temp  

Masuda et.al  

 2003 [22]  

Pulsed laser  

deposition  

 450  ° C      No      0.97     -1  ~10 5 

Hoffman 

et.al2003  

[26]  

 Ion beam 

sputtering  

  RT  RTA at 600 -

800  ° C in O 2   

     2.5  10 -2  ~10 7 

Carcia et.al  

 2003  [47]  

RF magnetron  

sputtering  

120  ° C      No       2   0    >10 6 

Nishii et.al  

 2003  [60]  

  PLD 

 

  

150 -

300  ° C   

     No      7 

      

N/A  

 

  

  N/A  

 

  

 

Carcia et.al  

2006  [49]  

 

RF magnetron 

sputtering  

      

    RT  

     

     No 

  17.6  

For Al 2O3  

at 200  ° C 

  3.1  

For Al 2O3  

at 125  ° C 

 6 

 

 

1.1  

  N/A  

 

   

  N/A  

Navamatha -

van et.al 

2008  [61]   

RF magnetron  

sputtering  

300  ° C      No   31   9  >10 5 

Cross et.al  

 2008  [62]  

RF magnetron  

   sputtering  

   RT  TA at 

1000  ° C 

0.2 -0.7  

With SiN  

0.1 -0.25  

With SiO 2 

N/A  

 

N/A  

   10 5 

 

3X10 4 

Nakata et.al  

 2009 [65]  

RF magnetron  

sputtering  

   RT TA at (300 -    

850  ° C) 

ELA (Ȉ 

308nm)  

250 -

450mJ/cm 2       

   6.4  

 

 

    12      

N/A  

 

 

N/A  

  N/A  

 

 

  N/A  

 

Kim et.al 

2010  [63]  

 

RF magnetron  

sputtering  

      

   RT 

KrF ELA 248  

nm at  

100mJ/cm 2 

Combination      

TA at 400  ° C 

+LA at  100  

mJ/cm 2 

200 pul ses        

    0.14  

 

 

    5.08  

13.4  

 

 

0.6  

 7.8  

 

 

 8.49  

 

Lim et.al 

2010 [64]  

Plasma 

enhanced 

atomic  layer 

deposition 

PEALD 

 200  °C  UV lamp 

368nm 

exposure 

from 3 min  

    120 min  

 

 

   

0.037  

0.035  

 

 

 

17.8  

-6.5  

 

 

 

1.3x10 5 

1.4x10 5 

Ya-Hui et.al  

 201 0 [66]  

Spin -coating        

95  °C  

Nd:YAG    

laser  

355nm           

 0. 45   N/A  3.19 x10 6 

 

Table  2.1 :  Summary of previous work on ZnO -TFTs. TA stands for thermal annealing 

LA for laser annealing , and Temp for temperature . 
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Post -deposition process ing  improved the transfer characteristics of ZnO -TFTs devices 

by phenomena which occurred when the ZnO fil ms were heated up, indicating possible 

enhancement mechanisms such as: crystal grain growth caused by Zn atoms gaining 

higher  energy , making Zinc and oxygen atoms well bonded by filling the entire volume 

within a grain creating a path for current to flow as shown in Figure 2.1 2 [65, 67] . 

Hence electrical current in creased, and there could be an increase in the carrier 

concentration by generation of oxygen vacancies or Zn interstitials [64] , and a 

reduction of the concentration of point defects.  

Free electron Current path 

ZnO crystal Low crystallinity region 

(a) (b)

Figure 2.1 2 : The concept of crystal grain growth of ZnO films as a function of thermal 

annealing: (a) as -deposited, (b) thermal annealed above 500  °C, adapted from [65]  

To investigate this in detail, the research presen ted here investigates the effect of laser 

annealing on the microstructure properties of ZnO thin films grown by two different 

techniques; high target utilisation system (HiTUS) without intentional substrate heating 

at various oxygen flow rates to identify the influences of three annealing method s 

(furnace, rapid thermal, and laser annealing), and RF  magnetron sputtering deposition  
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at various temperatures (from RT to 400  °C) to investigate and compare the effect of  a 

laser and thermal anneal of ZnO grown at various substrate temperatures, and to 

investigate the nature of point defects developed or supressed by the annealing 

processes.  

2.6.2  Multicomponent amorphous oxid es of indium gallium zinc oxide 

(IGZO) based TFTs  

In 2003 Nomura et. al . reported transparent si ngle crystalline IGZO thin film transistors 

using the top gate structure, with all TFT layers deposited via pulsed laser deposition 

(PLD) at room temperature: 120  nm of InGaO 3(ZnO) 5 (as the active layer ) deposited on 

yttria -stabilized zirconia (YSZ) substr ate, followed by thermal annealing at 1400  °C for 

30  min , ITO source and drain electrodes grown and patterned on the channel layer, 

amorphous HfO 2 80  nm thick deposited as the gate insulator, and finally, an ITO gate 

electrode on the top. As a result of th e high annealing temperature, the devices 

exhibited high field effect mobility ~80  cm 2/Vs , a drain current on - to -off ratio ~10 6, 

threshold voltage of 3  V, and an optical transmittance >80% at wavelengths between 

390  nm -3200  nm  [68] . 

Amorphous oxide semiconductor (AOS) of indium gallium zinc oxide (IGZO) -based 

transparent and flexible TFTs was first reported in 2004 by Nomura et.  al.  who 

demonstrated a - IGZO based TFTs, coplanar top -gate structure on polyethyhere 

terepht halan (PEN) flexible substrates at room temperature, with all layers grown by 

pulsed laser deposition (PLD). Yttrium oxide, Y 2O3,  was employed as the gate insulator. 

The resultant devices exhibited a field effect mobility of ~8.3 cm 2/Vs , drain current on -

to-off ratio ~10 6, and threshold voltage of 1.6  V [9] .  

In early 2006, Yabuta et.  al.  fabricated staggered top -gate type a - IGZO TFTs, where RF 

magnetron sputtering was used to deposit the channel layer and gate insula tor layers 

on glass substrates. The electrical properties showed channel mobility, threshold 

voltage, drai n current on - to -off ratio of 12 cm 2/Vs , 1.4  V, and ~10 8 respectively [10] . 
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Since the first reports on IGZO TFTs research, there has been interest in studying the 

effect of post deposition annealing as a mechanism to improve performance and 

stability of the devices.  

Kikunhi et.  al . studied the effect of post deposition process ing  of IGZO ïTFTs at 

temperatures up to 40 0 °C. Two IGZO films were deposited via pulsed laser deposition 

(PLD) and RF magnetron sputtering at room temperature. Prior to fabrication, the top -

contact bottom -gate TFTs structured a - IGZO films were subjected to a thermal anneal 

in wet oxygen and dry o xygen atmosphere of 1 atm at various annealing temperatures 

up to 200  °C. The RF sputtered TFTs annealed in dry oxygen at 150 -200  °C exhibited 

enhanced and improved characteristics, whereas wet annealing enhanced device  

performance , but caused a large nega tive shift in threshold voltage. In contrast, PLD 

devices with wet annealing at 200  °C exhibited improved characteristics with a small 

negative shift in threshold voltage [69] .    

Ide et.  al.  examined the effect of the ozone (O 3) annealing t echnique at temperature 

<250  °C, on top -contact bottom -gate TFTs with  a- IGZO films via RF magnetron 

sputtering and ozone  (O 3) anneal ing . The O 3 annealing improved the performance of 

TFTs properties, and was more effective than conv entional thermal anneal ing  in oxygen 

or air. The devices exhibited a channel mobility of ~ 11.4 cm 2/Vs , threshold voltage 0.1  

V, and sub threshold swing of 217 m V/decade [70 , 71] .  

Nom ura et.  al.  studied the stability of pass iv ated a - IGZO TFTs against negative bias 

light illumination stress (NBLS), and constant current stress (CCS).  Bottom ï gate top 

contact TFTs were fabricated on Si substrate s at room temperature, with the active 

lay er grown via pulsed laser deposition (PLD) , and prior to the source and drain 

contacts formation thermal annealing at 400  °C in wet oxygen with H 2O vapour was 

con ducted.  Then  the Y 2O3 passivation layer was deposited, and the devices were 

annealed at 350  °C in air for 30  min. The resultant passivated TFTs exhibited a channel 

mobility ~12.14 cm 2/Vs , threshold voltage ~ -1 V, and sub threshold swing  ~0.14 
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V/decade with improvement of the stability against constant current stress, and 

negative bias light illumin ation stress compared to un -passivated TFTs [72] .  

However, post thermal annealing at temperatures higher than the maximum allowable 

temperature for heat resistance of plastic substrates (~150  °C) is undesirable when 

considering low cost and flexible substrate applications. So, as an alternative to thermal 

annealing, photonic processing using UV lamps or laser irradiation is a method of 

interest for a range of applications where highly localised annealing and surface 

m odification is required [73 , 74] .  

For example, Nakata et.  al . reported utilizing excimer laser annealing (ELA) to process 

20  nm IGZO thin films for inverted -staggered bottom gat e a - IGZO -TFTs deposited via 

RF magnetron sputtering at room temperature, using a XeCl excimer laser (Ȉ=308 nm)  

at  25  ns, for 2 pulses. The IGZO -TFTs irradiated at laser fluences of 130  mJ/cm 2 

exhibited ON current more than one order of magnitude higher tha n that of un -

annealed devices with a field effect mobility of 14  cm 2/Vs [73] .  

Subsequently, many researchers have extensively focused on enhancing and improving 

the properties of a - IGZO ï TFTs using different kinds of  post deposition photonic 

processing.  

Ahn et.  al . fabricated bottom gate a - IGZO -TFTs, using a 50  nm thick channel layer 

grown by RF magnetron sputtering without intentional substrate heating. The IGZO 

films were selectively laser processed via a projection  mask using a XeCl (Ȉ=308 nm) 

excimer laser in air ambient at ten pulses with a range of laser energy dens ities  from 0 

to 250  mJ/cm 2. The electrical properties of the devices treated with laser energy 

density 130  mJ/cm 2 exhibited a channel mobility of 21.7 9 cm 2/Vs, on/off ratio of 1.2 

x10 8, and threshold voltage ~ -0.15  V. As the laser fluences increased to 130  mJ/cm 2 

the resistivity of IGZO film decreased from 104 ǹ cm to 3.2x10-3 ǹ cm with carrier 

concentration 1.3x10 20  cm -3, and hall mobility 15 cm 2/ Vs [74] .  
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It has also been  reported by Zan et . al.  that the 4 th  harmonic of an Nd:YAG  laser (266  

nm) or UV lamp irradiation (172  nm) light exposure supressed the instability of a - IGZO 

TFTs, and reduced the defe cts in IGZO film. Tests used a stable bottom ïgate top 

contact a - IGZO -TFT where the active layer was deposited by RF magnetron sputtering 

and was subjected to the low temperature annea ling methods of solid -state Nd:YAG  

laser processing at 266  nm or UV lamp irradiation (172  nm). The TFT devices annealed 

by Nd:YAG laser at energy density 10.7  mJ/cm 2 exhibited an improvement in stability 

with channel mobility of 8  cm 2/Vs, threshold voltage 0  V, an on/off current ratio larger 

than 7 order  of magnitude , while devices subject ed to UV lamp irradiation for 30 min 

showed a channel mobility of 3  cm 2/Vs, a threshold voltage 0  V, and on/off current 

ratio larger than 6 order  magnitude  [75] .  

Ya-Hui Yang et . al.  studied the effect of the 3 rd  harmo nic of the Nd:YAG laser ( Ȉ=355  

nm) on the performance of solution based IGZO -TFTs. 200  nm thick IGZO was the 

active layer grown by spin -coating, and baked at 95  °C, with the devices subjected to 

Nd:YAG laser  annealing  at various energy densities in air. Re sults demonstrate a clear 

improvement in device properties as a function of laser processing, with field effect 

mobility of 7.65 cm 2/Vs, and drain current on to off ratio 2.88x10 7 [76 , 77] . 
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 Author  

 

IGZO active layer  

deposition  

 

Technique         Temp  

 

Post deposition  

processing  

 

Mobility  

     ȉ 

cm 2/Vs   

 

Vth  

(V)  

 

On/Off  

 ratio  

Nomura et.al  

2003 [68]  

Pulsed laser  

Depositi on 

(PLD)  

     RT Thermal anneal 

at 1400 ° C,3min  

     80     3   ~10 6 

Nomura et.al  

2004  [9]  

Pulsed laser  

Deposition 

(PLD)  

     RT       No       8.3   1.6    ~10 6 

Yabuta et.al  

2006  [10]  

RF magnetron  

Sputtering  

     RT      No       12   1.4     10 8 

Ahn et. al 

2009  

[74]  

RF magnetron  

   Sputtering  

     RT XeCl-LA 

(Ȉ=308nm)  

0 -250mJ/cm 2 

   21.79  -0.1  1.2x10 8 

Nakata et.al  

 2009  [73]  

RF magnetron  

   Sputtering  

     RT  XeCl  ELA 

(Ȉ=308nm), 

130 mJ/cm 2,  

2pulses  

     14  N/A    N/A  

 

Zan et.al 

2010  

[75]  

 

RF magnetron  

   Sputtering  

      

     RT 

-  Nd:YAG  laser  

  266nm   

  10 -25mJ/cm 2 

-UV lamp              

irradiation  

172nm, 30min  

     8 

 

 

     3 

 0 

 

 

 0 

  >10 7 

 

 

  >10 6 

 

 

Kikunhi et.al  

2010  [69]  

PLD 

 

RF mag netron  

   Sputtering  

     RT 

  

     RT  

-TA in wet O 2               

at 200 ° C 

-TA in dry O 2 at      

150 ° C 

 

    12.6  

 

     8.9  

 -1.7  

 

 -5 

   N/A  

 

   N/A  

Ide et.al 

2011  [70]  

RF magnetron  

   Sputtering  

     RT  TA ozone O3 at 

150 ° C 

   11.4   0.1     N/A  

Nomura et.al  

2011  [72]  

PLD       RT TA at 400 ° C in 

wet O 2 with H 2O 

vapour  

12.14   -1    N/A  

Ya-Hui Yang        

 2011  [77]  

Spin -coating          95 ° C Nd:YAG laser  

 355nm  

    7.65   N/A   2.8x10 7 

 

Table  2.2 :  Summary of the IGZO -TFTs work presented previously in the literature . TA 

stands for thermal annealing, LA for laser annealing  and Temp for temperature .  

In all reports summarized in Table 2.2 , RF magnetron sputtering, and pulsed laser 

deposition (PLD) are the most common techniques used to grow IGZO for a channel 

layer  in TFTs, without intentional  heating of  the substrate. Overall, devices thermally 

annealed exhibit reasonable T FTs properties compared with un -annealed devices. 

However, thermal anneal <200  ° C in O 3 is more effective than in O 2 or air because O 3 

result s in better devices by supressing the large negative shift in V th  that is reported 

when annealing in O 2 was employed. This effect is ascribed to annealing in O 3 being 
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more effective in reducing the defects in the deep channel region than O 2.  Also  the 

stronger oxidation of O 3 leads to a reduction in electron density [71] .  

Interestingly, excimer las er anneal ing  of TFTs demonstrated by Ahn et.  al . exhibit s 

better performance than thermal ly  annealed devices, with mobility of 21.9  cm 2/Vs . This 

is linked to a different possible mechanism that arises from raising the film temperature 

such as; creating a n ew equilibrium by removing weakly bonded oxygen atoms [75] , 

reduction  in  the density of tail states below the conduction band in IGZO film, and 

reduction in contact resistance between IGZO channel layer and source/drai n contacts 

[74] , as well as  an increase in the electron density.  

Laser annealing  is thus a technique that can be used to improve the properties of IGZO 

TFTs. Further work is presented in this study which investigates the effect of laser 

annealing on electrical properties of IGZO films grown without intentional substrate 

heating at various deposition parameters by varying RF power, oxygen concentration, 

deposition pressure  and  from targets with two different stoichiomet ries, (2:2:1)  and 

(1:1:1). The influence of laser anneal ing  before and after IGZO channel layer 

patterning on the electrical properties of IGZO TFTs is also studied.                

 Sputtering  2.7

Sputtering is one of the most important deposition methods used t o deposit thin films 

onto substrate surfaces, and is widely used in industrial and microelectronics fabrication 

[78 , 79] . First discovered in 1852 was the dc gas discharge tube by W .R.Grove [80] . 

This was developed as a thin film deposition technique by Langmuir in the 1920s [81] .  

Sputtering is a physical vapour deposition technique in whic h the substrate (anode 

terminal) is placed in a vacuum system (chamber) opposite the cathode surface which 

is c overed with the target material  to be deposited via transfer of target atoms through 

the sputtering gases  [78] . 
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The basic concept of sputtering is that when the gas, typically argon, is introduced to 

the evacuated chamber, a voltage is applied between the electrodes to create a 

discharge. Ar +  ions are created in the resultant glow discharge phenomenon (plasma), 

and are accelerated towards the cathode and sputter the target via transfer of kinetic 

energy, resulting in coating the thin film on the substrate surface [78]  as shown in 

Figure 2.1 3.  

Incident ion 

Target surface 

Target atom 

Sputter atom 

Ion implantation 

 

Figure  2.1 3 :  Sputtering process (adapted from [78] ).  

However, this technique has some shortcomings which relate to the quality and film 

properties, such as low deposition rate [57] . In  1970s, Chapin had developed a 

sputtering system to achieve large area high - rate deposition by inserting a strong 

magnet below the target in order to generate a magnetic field perpendicular to the 

electric field between the target and the substrate  [82] . This forced the electrons to 

move close  to  the target in circular path of the magnetic field lines. Therefore electron 

motion increases the probability that they will collide with neutral gaseous molecules to 

gener ate ions, hence increase the rate of ion bombardment of the target, and prevent 

ion bombardment occurring at the substrate surface [83] .  

However, when dc sputtering is used to deposit insulating materials such as silicon 

dioxide SiO 2 or yttrium oxide Y 2O3,  the glow discharge phenomenon cannot be 

sustained because of the build up of a surface charge of positive ions in front of the 
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target surface leading to the cessation  of the sputtering pr ocess. For this reason, 

magnetron  sputtering supplied by a radio frequency voltage (13.56  MHz) is used to 

prevent charge build up on the target [78] .    

2.7.1  RF magnetron sputtering  

A simple  RF magnetron sputtering system consists of three main parts; the ma in 

sputtering chamber with a substrate holder (anode) and sputtering electrode/ target 

assembly (cathode), diffusion and rotary pumps, and load lock chamber. For the work 

presented here, RF magnetron sputtering deposition was undertaken in the system 

descr ibed in detail in Chapter 3. In general, when undertaking RF magnetron 

sputtering, the substrate and the target are closely p laced, often about less than 10  cm  

[83] . The substrate is ideally inserted inside the chamber fr om a clean area via a load 

lock chamber equipped with a transfer arm used to load several substrates without 

openin g the chamber to the atmosphere.  The chamber is connected to a pumping 

system which can also pump down the load lock before the substrate is loaded to the 

main chamber. The substrate holder can be rotated during sputtering to achieve a 

uniform deposition  over a large area . Inert and/or reactive gases are passed through 

mass flow controllers (MFC) to allow a certain value of gas flow introduced to the 

chamber. The gases are usually O 2 / Ar + O 2 with ratio from 0 to 1 at pressure 10 -3 ï 

10 -2 Torr, with O2 acting  as the  gas, while Ar is used to enhance the sputtering process 

[83 , 84] . Shutters can be used to shield the substrate during pre -sputtering, or to block 

other electrodes in a multi electrode system. During the sputtering processing the 

target electrode (cathode) will become hot from the plasma mechanisms; hence, to 

avo id excessive  heating up of the cathode, the electrode assembly is supplied with 

cooling  water .  

Figure 2.1 4 shows the  plasma mechanisms during deposition, with the electric field 

applied  cross the area between target (cathode) and substrate (anode) . As the  argon 

gas is introduced to the vacuum chamber, argon atoms will get ionized creating a 
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plasma (glow discharg e) and  accelerated causing  (ion bombardment) collision s on to  the 

target surface resulting  in releasing target atoms and electrons. Ejected target a toms 

are scattered by argon atoms until they arrive and condense on the substrate surface 

forming a thin film layer at the substrate,  while generated electrons will collide with 

neutral argon atoms leading to increased ionization of argon atoms, with the m agnetic 

field restricting the movement of electrons near the target surface, t o keep them away 

from bombarding  the  film surface.  
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Figure  2.1 4 :  Illustration  of the phenomena taking place  during deposition by RF 

magnetron sputteri ng  adapted from [85] .  
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 Conclusions  2.8

High performance TFTs for full active matrix display (LCD or OLED) application s should 

demonstrate the following criteria: low threshold voltage (V th ), high electron mobility 

(ȉ), high current on/off ratio, processing at low temperature to become compatible with 

plastic substrates, good stability [86] , and ideally be transparent. In this study all the 

above important aspects must be consider ed for investigating ZnO and a - IGZO thin 

films, and ZnO, a - IGZO based TFTs. This includes microstructure characterisation of 

ZnO and a - IGZO to examine the defects, grain size, and crystal structure which 

influences the electron mobility and the surface uni formity of the film, which is 

important for channel interface considerations. This work was devoted to investigate 

the effect of laser processing on microstructure and electrical properties of two oxide 

semiconductor materials of ZnO and IGZO. The ZnO was deposited using two sputtering 

techniques HiTUS, and RF magnetron sputtering. HiTUS films were deposited at room 

temperature with different oxygen flow rates, RF magnetron sputtering films were 

deposited at various RF power, oxygen concentration and substr ate temperatures. 

IGZO films were also deposited by RF magnetron sputtering, using two targets with two 

stoichiometries (2:2:1) and (1:1:1) , at various conditions to investigate the optimal 

conditions in term s of conductivity and Hall mobility. IGZO -TFTs w ere fabricated and 

subjected to laser and thermal processing to study the effect annealing process on TFT 

performance.    
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Chapter  3  

                          Experimental Techniques  

3.1  Introduction  

The initial phase of the work was concerned with the de position of ZnO thin films by 

using two sputtering deposition techniques: High Target Utilisation Sputtering (HiTUS), 

and RF magnetron sputtering. A comparative study of post deposition processing was 

then investigated using three annealing techniques, exc imer laser annealing (ELA), 

rapid thermal anneal (RTA), and thermal anneal (TA). Laser processing of IGZO thin 

films deposited by RF magnetron sputtering was also investigated for optimization 

studies. Finally, photoluminescence (PL), X - ray diffraction (XR D), transmission electron 

microscopy (TEM), four point probe  (4PP), and Hall Effect as thin film characterisation 

techniques  have been utilised to investigate the microstructure and electrical properties 

of processed ZnO and IGZO thin films.  

 Thin film d eposition  3.2

The first phase of this work was undertaken in collaboration with Cambridge University. 

A series of initial trials involved a study of ZnO films and ZnO  TFT devices based on the 

bottom gate structure.  These initial films were deposited at Cambri dge University using 

the High Target Utilisation sputtering (HiTUS) method, which is a technique previously 

utilised by our group for luminescent materials and which offers high quality thin films 

deposited at low temperature [87] . To investigate the properties of ZnO grown at room 

temperature, the first stage of experimental work  was the optimisation  of the ZnO thin 

films layer by a comparative study between three annealing techniques: thermal anneal 

(TA), rapid therm al anneal (RTA), excimer laser anneal (ELA).  
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The second phase of this work involved ZnO thin films deposited on silicon, and silicon 

dioxide covered silicon ( SiO2/Si ) substrates, by RF magnetron sputtering at various 

substrate temperatures up to 400  °C. Fo llowing deposition at NTU, ZnO films were 

subjected to laser anneal ing  in order to study its  effect on structure and semiconducting 

properties.  

The third phase of this work was devoted to studying the electrical properties of IGZO 

thin films deposited by RF magnetron sputtering under  various condit ions. The optimal 

conditions of film deposition and laser anneal were determined after electrical 

characterisation of IGZO layers, and these conditions were used to fabricate test IGZO -

TFTs. 

There are various tec hniques employed to grow transparent conducting oxides thin 

films such as: molecular beam epitaxy [88] , chemical vapour deposition [89] , pulsed 

laser deposition [90] , atomic layer deposition [91] , and RF magnetron sputtering  [17] . 

Among these methods RF magnetron sputtering is the most commonly used technique, 

and has been used extensively during the last de cade, because of advantages such as 

low operating temperature, uniformity, and reasonable quality of film at low cost [92] . 

For the research presented here, two sputtering techniques were used ï High Target 

Utilisa tion Sputtering (HiTU S) and RF -magnetron sputtering, with HiTUS depositions 

being undertaken via collaboration with Cambridge University, and the RF -magnetron 

sputtering undertaken at NTU.  

3.2.1   High target utilisation sputtering HiTUS  

High target utilisation s puttering (HiTUS) is a technique devel oped by a UK technology 

company,  Plasma Quest Ltd. [93]  as an advanced RF sputtering technology, in which a 

high density plasma is created in a remote chamber, to allow high depos ition rates of ~ 

50 nm/min while maintaining excellent material properties [94] . Figure 3.1 shows a 

schematic diagram of the employed HiTUS system. The system consists of a side arm 

plasma launch system (PLS) connecte d to the main sputtering chamber. The PLS 
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contains a quartz tube surrounded by a copper antenna coil. 13.56  MHz RF power is 

supplied to the side arm to generate highly intense plasma (10 13  ions cm ī3) away from 

the substrate. Argon and oxygen are injected i nto the chamber separately using gas 

distribution rings, with the argon next to the target for sputtering (of metallic target )  

and oxygen in close proximity to the substrate for deposition of metal oxide thin films 

[94 ] . The electromagnets at the exit of the PLS enhance and steer the plasma onto the 

target resulting in a high density plasma over the full surface area of the target [87] .  

The HiTU S technique has been previously rep orted for the deposition of low 

temperature metal oxides for transparent conducting electrodes  [87, 95] , light emitting 

devices [96] , thin film transisto rs [94] , and electroluminescent devices [97] .  

For this work, several samples of ZnO films were deposited onto 100  mm silicon 

substrates by using reactive sputtering from a 99.9 9% purity metallic zinc target. 

Argon and oxygen were used as sputtering and reactive gases respectively , argon flow 

rate of 55 sccm, at different oxygen flow rates  of 28, 32, 35, 38, and 41 sccm. With RF 

launch power of 1000 W and target bias power was 80 0 W. T he films were deposited  to 

a thickness of 60  nm, and 200  nm, with no intentional substrate heating (maximum 

achievable temperature during sputtering about 70  °C). Samples were received from 

Cambridge University, following deposition by HiTUS in a sys tem as shown in Figure 

3.1.  
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Figure  3.1 :  Schematic diagram of the HiTUS system (adapted from [87] ) .  

3.2.2  RF magnetron sputtering  

All films deposited by RF magnetron sputtering were grown by th e autho r using the 

facilities at NTU. Initially, three ceramic targets (purity 99.99%) at 76.2  mm diameter 

(5 mm thick) of transparent semiconductor oxides materials of zinc oxide (ZnO) and 

indium gallium zinc oxide (IGZO) with two different stoichiometrie s (2:2:1) (1:1:1), 

were loaded in the sputtering system.  Figure 3.2 shows a schematic diagram of the RF 

magnetron sputtering system used in this w ork.  

 



  Chapter 3                                                Experimental Techniques                                                             

43  

 

O2

Interferometer

Load Lock

Rotary pump 

Shutter

Substrate

Target 

electrode

RF power

MFC

Heater 

Controller 

Matching Unit 

RF power  

13.56MHz

Loading arm 

Diffusion pump

Liquid nitrogen 

Cold trap

Baffle 

valve 

Cooling 

Water 

Ar

Knife valve  

 

Figure  3.2 :  Schematic diagram of RF magnetron sputtering system.  

Before sp uttering took place, the deposition chamber was baked at 500  °C for about 

one hour, in order to remove moisture that comes from the atmosphere following 

loading the targets. After the chamber had cooled down, its base pressure reduced to 

1.2 x 10 -7 mbar. T o start the deposition, a gas mixture of argon (sputtering) and 

oxygen ( reactive )  was  introduced to the chamber (at various oxygen concentrations) 
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controlled by mass flow controllers (MFC) . In order to strike plasma  the relative 

chamb er pressure was set to  about 25  mTorr, while the (13.56 MHz) RF power was set 

to 40  W. Once the plasma was generated and stabilized, the chamber pressure was 

reduced to the required deposition pressure by opening the baffle valve gradually. The 

RF power was also increased gradu ally in steps of 20  W, until the specific required 

values of growth pressure and power were reached, and then the substrate shutter was 

taken out after a 5 minute pre sputtering to clean the target surface. An interferometer 

was used to monitor the film th ickness during the deposition.  

The thickness of the deposited films was monitored during growth via an in -situ optical 

interferometer system at the bottom of the sputte ring system , while the laser beam 

goes through a window and approaches the substrate . A laser beam (Ȉ=625 nm) was  

directed to the sample being deposited (see Figure 3.3), with the incident beam 

reflected at the film surface (x 1), while a part of the incident beam is transmitted 

through the transparent film and is reflected at the substrate su rface (x 2). The 

additional optical path length results in a phase change compared to the reflected 

incident beam, and leads to interference between the two reflected beams which is 

related to the film thickness. The interference between reflected beams res ults in a 

varying intensity detected by a photodiode, and this intensity variation is monitored via 

(Picodog Data Acquisition) software and displayed as a series of constructive and 

destr uctive interference manifesting in a cyclical manner as the film thic kness 

increases.  
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Figure  3.3 : Thickness monitoring setup by interferometer.   

 

The constructive interference (intensity maximum) occurs when mȈ=2ndsinȅ  

 where: Ȉ: incident wavelength  

   m: is an integer  

   n: refractive index of the film  

   d: thickness of the film   

For thickness calibration prior to deposition on the actual substrate, deposition was 

carried out on a masked glass wafer in order to have a sharp step edge between the 

deposited film and the substrate. The films t hickness was then me asured by a stylus 

profilometer (Dektak), and compared to t he interferometer trace. Equivalent film 

thicknesses for one full cycle on the interferometer were found to be 1800  Å, and 1650  

Å for Z nO and IGZO films respectively. The refrac tive index calculated for both 

materials at laser incident angle of 70 ° was found to be  n =1.84  for ZnO, and n=2.01 for 

IGZO.    
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A series of depositions were carried out by RF magnetron sputtering as follows:  

1-  Samples of ZnO films of 60nm thickness, were d eposited onto 100  mm silicon 

(100) substrates at ambient temperatures (with no intentional substrate 

heating) by varying oxygen concentrations (5%  O2 in Ar -20%  O2 in Ar), and RF 

power (50, 100, 200, and 300  W) target diameter 76.2  nm with deposition 

pressu re set at 2  mTorr.  

2-  Samples of ZnO films (60  nm thick) were deposited onto silicon (100) 

substrates, and (111) silicon dioxide coated silicon ( SiO2/Si ) substrates across a 

range of  substrate temperatures (RT, 100  °C, 200  °C, 300  °C, and 400  °C), 

with oxyge n concentrations of 20% O 2 in Ar, RF power 50  W, and deposition 

pressure of 2  mTorr.  

3-  Samples of IGZO thin films of 30  nm and 50  nm thickness  were deposited by RF 

magnetron sputtering from In 2O3:Ga 2O3:ZnO targets with two different 

stoichiometries  ratios o f (2:2:1), and  (1:1:1) onto (111) silicon dioxide coated 

silicon substrates. Deposition was performed at ambient temperature (with no 

intentional substrate heating) across a range of sputtering conditions by varying 

oxygen concentrations (2%  O2 in Ar, 5%  O2 in Ar, and 10% O2 in Ar), and RF 

power (50  W, 100  W) with target diameter 76.2 nm at deposition pressure 2  

mTorr to optimise the films for use in TFT device testing.  

 Excimer laser annealing (ELA)  3.3

The laser annealing process is a highly localised heat tre atment technique to modify 

and improve the properties of transparent conducting thin films.  All of ZnO films, IGZO 

films, and IGZO channel layers for TFTs that were deposited by both HiTUS and RF 

magnetron sputtering with different growth conditions, were  subjected to laser 

treatment using a KrF excimer laser at NTU. Various fluences (energy density in units of 

Joules per square centimetre ï J/cm 2) were applied via single or multiple pulses to 

investigate the optimal conditions.   
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Laser processing was perfo rmed using a Lambda Physic LPX 305i excimer laser with an 

operating wavelength 248  nm (KrF), at 20  ns pulse width. The pulse frequency varied 

from 1 to 25 Hz, while a discharge voltage ranging from 14 to 24  kV was used to 

provide course adjustment of the e nergy density. The ZnO and IGZO thin films were 

diced onto 11  mm x 11  mm pieces, and processed using a homogenised laser beam 

spot with an area of 10  mm x 10  mm. Various  fluences were used in the range of 0  

mJ/cm 2 to 340  mJ/ cm 2 (±2%),  using single pulse, a nd m ultiple pulse  irradiation with 

fine adj ustment of fluence provided by a variable attenuator.  

Figure 3.4 shows a schematic diagram of the laser beam plan view setup. Initially, the 

raw beam is directed to a variable attenuator to control the energy den sity of the beam 

by tilt ing the optics , and a UV lens is used to reduce the spot size in order to increas e 

the energy density. The main principle of the beam homogenizer is to divide the laser 

beam into small sections (beamlets), and recombine them by over  lapping in order to 

produce a highly uniform energy profile over a predefined cross section size at the 

mask location. This is achieved using two lens arrays and a condenser lens [98] . A 

mask stage is used to patter n the beam spot to particular features, then the projection 

lens is used to image the mask features onto the work piece. The distance from 

projection lens to the sample cell was varied to control the laser sp ot size at the sample 

position. Sample positioni ng wa s achieved utilising a computer controlled x -yïz 

translation stage.  
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Figure  3.4 :  Schematic diagram of KrF excimer laser setup.  

For comparison rapid thermal annealing (RTA) was conducted using Annealsys rapid 

thermal processor/annealer (model AS -One) at University of Nottingham. Annealing 

was carried out in an environment of oxygen or nitrogen were injected into annealing 

chamber with flow rate of 50 sccm at atmospheric pressure, Various temperatures of 

(600, 740, 880, and 1000 °C) and dwell times at 1 000 °C (1 -16 s) were used, the 

temperature ramp rate was 20 °C/s. Thermal annealing was carried out as well at 

temperatures of 300, 500, 600, 700, 840, and 880 °C  with dwell time of 1 hour, and 

the ramp rate average was 25 °C/min.  

 IGZO - TFT fabrication on  silicon  3.4

Figure 3.5: shows a cross section of the type of top gate , bottom contacts IGZO -TFT 

device fabricated on SiO2/ Si substrates [through the collaboration with Cambridge 

University] as per the following process:  
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(i)  Chromium (Cr) and gold (Au) are depos ited by evaporation to form the source 

and drain electrode contacts at 5  nm and 75  nm respectively and patterned by 

photolithography and lift off.  

(ii)  The IGZO active layer is deposited by RF magnetron sputtering with no 

intentional heating of the substrate, from an IGZO ceramic source target with 

In 2O3:Ga 2O3:ZnO stoichiometry  ratio of (1:1:1) (99.9% purity) at RF power of 

50W with target diameter 76.2  nm (i.e. power energy density of  1.1   W/cm 2), 

oxygen concentration 2%  O2 in Ar , at  2  mTorr working pr essure , and thickness 

30  nm, or 50  nm .  

(iii)   The devices were divided into two sets, one set was laser annealed before IGZO 

patterning, while the second set was laser annealed after IGZO patterning (in 

both cases, the samples were laser annealed as described in Section 3.3. prior 

to the gate dielectric deposition. Comparison devices were fabricated where the 

wafers underwent thermal anneal at low temperature ( 150  °C in air for 1 hour) 

As opposed to laser treatment.  

(iv)   The IGZO layer was patterned by photolithography and wet etching as 

illustrated in Figure 3.5, with channel width (W) and length (L) at 1000  ȉm and 

5 ȉm respectively.  

(v)  Alumina (Al 2O3) was deposited as the gate dielectric by atomic layer deposition 

(ALD) at 120  °C, and patterned by photolithography and li ft off.  

(vi)   Finally, a bilayer gate electrode (Cr/Au, 5/75  nm) was deposited by 

evaporation. A cleaning procedure was conducted before each deposition, as 

follows:  

¶ Sample placed inside spinner  

¶ Covered with acetone  

¶ Left for 10 seconds  

¶ Flushed with IPA  

¶ Spi n at 100 rpm for 2 min  

¶ Baked at 120  °C for 3 min by hot plate.  
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Figure  3.5 :  The cross section of IGZO ïTFT showing the con cept of pattering pre and 

post laser anneal for the fabrication of TFTs devices.  

  Thin film characterisatio n and analytical techniques   3.5

3.5.1   Photoluminescence (PL)  

Figure 3.6 describes the mechanism of Photoluminescence. When UV light, with 

sufficient energy ( Ὤ ὺ  ὉὫ) falls on a sample of thin film semiconductor material, the 

photons will be absorbed, and the ex cess energy enables the electrons to rise from the 

top of valence band (V B) u p to  the conduction band (C B)  a process known as 

ñelectronic excitationò. Then, the electrons will lose part of the gained energy during the 

jump to cross the band gap (Eg) to th e lowest energy in the (C B) [99, 100] . Eventually, 

the electron  returns to the valence band (V B) [101] , and the resultant photon emission 

is called Photolu minescence (PL). This emission of light (PL) from a luminescent 

material originates from a combination of two phenomena: fluorescence and 

phosphor escence.  
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Figure  3.6 :  Principle of photoluminescence transitions [100] .  

 

For this work, photoluminescent measurements were performed in a dark room ( to 

improve signal to noise ratio )  at room temperature and were  enlisted in order to 

identify the quality of the ZnO films, since point defects can be detected from certain 

types o f PL emission. A He:Cd UV continuous wave laser (with wavelength 325  nm) was 

used as the excitation source. Figure 3 .7 shows a simple schematic of the PL setup.  

He:Cd Laser 

Ocean Optics 

Spectrometer 

Optical Fibre 

UV filter

  

Figure  3.7 :  Schematic diagram of PL setup.  
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Figure 3.8 shows typi cal  PL emissions from ZnO films, illu strating the two extremes of 

PL exhibited. Ideally, a good quality ZnO thin film will have a high intensity UV 

emission, which is due to Near Band Edge emission (NBE), i.e. emits photons of energy  

close to the band gap,  and is an indicator of a good crystalline structure, free of 

defects. The second case , illustrated in Figure 3.8 shows a broad band visible emission, 

which is due to photon s of lower energy than the band gap  that are associated with 

defects. This is know n as Deep Level Emission (DLE), and ideally would be supressed.  

 

Figure  3.8 :  PL spectra of ZnO showing peaks of NBE and DLE emissions.  

Figure 3.9 illustrates the supra band gap excitation of NBE and DLE PL emission , 

calculated the energy levels of intrin sic point defects in ZnO films  such as, zinc vacancy 

(V zn) , oxygen vacancy (V o), zinc interstitial (Zn i), oxygen interstitial (O i), and antisite 

(O zn)  [102] .    
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Figure  3.9 :  The supra  band g ap transitions of ZnO calculated defects levels,  adapted 

from  [102] .  

3.5.2   Transmission e lectron m icroscopy (TEM)  

Transmission electron microscopy (TEM) is an excellent tool for thin film microstructure 

characterisation [103] . The main concept of transmission electron microscopy is the use 

of a beam of electrons to generate images by transmission (and scattering) through a 

thin section of the sample ï analogous to transmission optical  mic roscopy. Electrons are 

emitted from  an electron gun (highly energetic electron gun) by thermionic emission to 

form an electron beam that will interact with  the sample.  

The electron beam is focused on the specimen by a condenser lens system which 

permi ts variation of the illumination aperture and the area of the specimen illuminated 

[104] . After the electrons pass through the sample they are focused by an objective 

lens into a magnified image [105] . Finally, the image can be further magnified by a 

projector lens on a fluorescent screen, and the image is recorded by a CCD camera 

[104]  as shown in Figure 3.10. Three types of images can be id entified by TEM system: 

bright field image to determine the film thickness created with transmitted electrons, 

dark field image to identify the nature of grain size of the film formed by the diffracted 

beam, and high resolution image  [106] . 
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Figure  3.10 :  Schematic diagram of TEM [105] .  

ZnO films were sent for TEM analysis to Glebe Scientific, Ireland, where cross -sectional 

view micrographs were obtained to evaluate grain size and microstructure of the ZnO 

samples, before and after the post deposition treatment investigated in this work.  

3.5.3   X-  r ay d iffraction (XRD)  

X-ray diffraction is a very sensitive structural an alysis tool, for examining the nature of 

crystal structure an d its  orientation. X - rays are high -energy electromagnetic radiation 

waves with wavelengths in the range of 0.01 -100  Å [107] , corresponding to photons 

with energies ranging from about 200  eV to 1  MeV [108] . When a monochromatic X - ray 

beam hits a sample, in addition to absorption, it generates scattered X - rays with the 

same wavelength as the incident beam [107] . The scattered X - rays from a samp le are 

not evenly distributed in space, but are a function of the electron distribution in the 

sample. Figure 3.11 shows the schema tic diagram of a X - ray diffractometer .  
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Figure  3.11 :  Schematic diagram of X - ray diffraction adapt ed from [109] . 

The principle of x - ray diffraction is based on Bragg diffraction, the theory being 

developed in 1913, which describes a powerful relationship between the wavelength of 

the radiation, the inter planar  spacing in the specimen (d), and the angle of diffraction 

beam [110] .  
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Figure  3.12 :  Illustration of the diffraction of X - ray in crystal (adapted from [109] ).  

 

Figure 3.12 illustrates a section of crystal, its atoms arranged on a set of parallel planes 

separated by a distance d, the incident X -ray beam with wavelength (Ȉ) on crystal at 

angle ȅ, called Bragg angle [109] . Constructive interference occurs only between the 

scattering waves when the distance PN + NQ is equal to an integer No. of wavelengths;  

                         PN + NQ = mȈ                                                                   (3.1)  

                     mȈ =  dsin ȅ                                                                      (3.2)  

Since PN=NQ , 2NP=m Ȉ  



  Chapter 3                                                Experimental Techniques                                                             

57  

 

                            NP=dsin  ȅ                                                                                                           (3. 3)                                           

                            2NP=2dsin  ȅ                                                                         (3. 4)  

                            mȈ=2dsin  ȅ                                                                                                        (3. 5)  

where: Ȉ: is the wavelength of the incident x-ray beam  

   ȅ: Braggôs angle  

            d: the distance between adjacent crystallographic planes  in specimen.  

   m: is an integer.  

The Scherrer formula was used in this work to estimate crystal domain size of the 

materials:  

                                   D=                                                                       (3 .6)  

where, D: Crystallite size of materials  

  K: constant   

 Ȉ: X-ray wavelength  

  B: full  width at half maximum (FWHM) of the peak being investigated  

  ȅ: Bragg diffraction angle  

For this work, X -  ray diffraction measurements were performed for ZnO, an d IGZO films 

on silicon substrates using a Phillips PANalytical X -Pert PRO system operated in Bragg -

Brentano configuration with a monochromated Cu -Kd1 radiation source (Ȉ =1.54056 Å) 

- to identify the crystalline changes induced by excimer laser annealing ( ELA), and 

thermal annealing. A bracket flat stage was used to hold the films, and the scanning 

parameters were controlled via X -Pert Data Collector software.  
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3.5.4  X- ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is known as Elec tron Spectroscopy for 

Chemical Analysis (ESCA). XPS is a surface analytical techniques in which identifying 

the elemental and chemical species information arising from the top surface of the 

sample. XPS is a photoelectron effect was observed in 1887 by Her tz [106] . The basic 

principle of XPS is when a monochromatic X - ray emitted from X - ray source and directed 

to the sample placed in high vacuum environment to achieve the analysis without 

interference from gas p hase collisions, as the photons hit the sample cause direct 

transfer of energy from photon to core ïlevel electron and  photoelectrons are ejected 

from irradiated atoms [111] . The energy of ejected electron measu red by a 

spectrometer, in which related to the binding energy of atom from which electron is  

ejected.  The basic of this process can be stated as  

                       BE=Ὤ ὺïKEïű                                                                            (3. 7)  

where, BE is the binding energy of the electron in the atom, Ὤ ὺ is the photon energy of 

X- ray source, KE is the kinetic energ y of the emitted electron, and ű is the 

spectrometer work function.  

For this research work XPS measurements were carrie d o ut at University of 

Nottingham, to investigate the stoichiometry of as-deposited and the rmally annealed 

HiTUS ZnO films deposited at various oxygen flow rates.  

3.5.5  Four point probe (4PP) measurements  

A four point probe measurements system was used in orde r to determine the sheet 

resis tance (and resistivity) of the thin film [112] . The main concept o f the in - line four 

point probe is having four equally spaced probes placed on the semicond uctor film 

(sample unde r test) and apply ing  a current through the outer two probes in order to 

meas ure a potential drop (voltage) between the two inner probes as shown in Figure 

3.13. In a four point probe measurement, the impact of resistance in the voltage 
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measuring probes is negligible because the use of a high  input impedance voltmeter 

leads to low current flow through voltage line [106] . 

(a) (b) 
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2

r

I

 

Figure  3.13 :  Schematic diagram of (a)  one -point probe, (b) four  point probe system.  

Figure 3.13(a) start to derive the voltage at single probe . The electric filed ‐ is related 

to the current density J, voltage V, and the resistivity  ”.  

  ‐ ὐ”                                                      (3. 8)  

  ὐ                                                       (3. 9)  

The voltage at point P with distance r from the probe given as :  

  
 
                                                       (3. 10)  

Multiply  both sides  by dr  

  Ὠὠ   Ὠὶ                                                              (3. 11)  

By taking the integration for both sides  
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     ᷿    ᷿                                                            (3. 12)  

    ὠ    ᷿ ὶ  Ὠὶ                                                              (3. 13)   

    ὠ     π  
Ὅ”

ς“ὶ 
                                                        (3. 14)  

 

As depicted in Fig ure 3.13 (b) , four point probe placed on a semi - infinite film the cross 

voltage measured between two inner probes ñprobes 2 and 3ò, so the voltage at probe 

2 (V2) and probe 3 (V3) with S1, S2, and S3 the distance between the probes given as:  

                         6ς    
  
 

  
                                                         (3. 15 )  

                   6σ                                                               (3. 16)  

The total voltage between probe 2  and 3 V= V2 ï V3 given as:  

                         6
 
 
 

                                           (3. 17)  

Then the resistivity  ́is given by  

                                       ”
 

 

*                                                         (3. 18)  

When the probe spacing S1=S2=S3 =S   

                          ”  6
Ὅ
 ς“
ρȾὛ

 6
Ὅ
 ς“ί                                                               (3. 19)  

For infinite thin film equation (3. 19) becomes  

                         ”                                                                                 (3. 20 )  

Sheet resistance R sh = /́t , where t: is the film thickness  
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     Rsh =  τȢυσς    (Ohm/sq )                                                  (3. 21)       

3.5.6  Hall Effect measurements  

A Hall Effect  system is the most common tool used to determine the behaviour of 

carrier transport in semiconductor thin fi lms and is based on the effect discovered in 

1879 by Hall [113] . As depicted in Figure 3.14, when a magnetic field (B) is applied 

perpendicular to a rectangular (specimen) conductor carrying current (I), an electri c 

field (E) is induced perpendicular to both current (I), and magnetic field. In the case of 

an n - type semiconductor, electrons will be deflected towards the front surface of the 

sample making it negatively charged with respect to the back surface. In the steady 

state the magnetic and e lectrostatic force will balance , and the voltmeter will measure 

a `Hall voltageô indicating the negative sign of the electrons [106, 114] . 

 

Figure  3.14 :  Schematic diagram of the Hall Effect concept.  

Figure 3.15 illustra tes experimental diagram setup, w ith a square sample placed in a 

Van de Pauw configuration, the current passes through two opposing electrodes while 

magnetic field is applied perpendicular  to the sample surface. Assuming the carriers 
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only flow along the x -direction, the electric field (E y) will balance the r esultant 

electrostatic forces.  

Sample V

 

Figure  3.15 :  Layout of experimental setup diagram . 

In this work room tempe rature Hall Effect were measured by Van de Pauw system at 

PragmaIC Printing Ltd at  Cambridge University.  

 Conclusion  3.6

In summary, this chapter has provided a general description of the experimental 

equipment and techniques employed in this project. This in cludes : ZnO, and IGZO  thin 

film deposition (by HiTUS, and RF -magnetron sputtering);  post deposition laser 

processing by excimer laser; and thin film microstructure characterisation techniques 

such as photoluminescence (PL), X - ray diffraction (XRD), transmi ssion electron 

microscopy (TEM) , and X- ray photoelectron spectroscopy (XPS) . The electrical 

properties of films were examined by Hall Effect, and by four point probe.  
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Chapter  4  

                                  ZnO Thin Films by HiTUS  

 Introduction  4.1

This chapter presents the results from a microstructure characterisation of the ZnO thin 

films deposited at room temperature by the HiTUS method followed by post deposition 

annealing studies which were undertaken by the author using thermal annealing (TA),  

rapid thermal annealing (RTA), and laser annealing (LA). Five 60  nm thick HiTUS ZnO 

samples deposited on Si at various oxygen flow rates: 41, 38, 35, 32 and 28  sccm. 

Section  4. 2 present s room temperature photoluminescence characterisation results for 

the thermally annealed, rapid thermal anneal, excimer laser annealed films 

respectively. Section 4. 3 presents the corresponding cross sectional of TEM images of 

the films, and section 4. 4 presents XRD structure patterns of the films following the 

three anneali ng methods investigated. Finally, s ection 4. 5 summaries the finding 

related to HiTUS grown ZnO.     

 Photoluminescence characterisation  4.2

Photoluminescence (PL) spectrometry is a powerful tool for characterizing the optical 

quality of semiconductor materials  such as the metal oxide thin films investigated here. 

The PL intensity is related directly to the defect densities in materials [115] , and so is a 

useful indicator of film quality. Specifically for the films studied her e, it is well known 

that the PL characteristics of ZnO are generally influenced by the deposition method 

and preparation conditions [116] , and are representative of film quality [67 ] . This work 

is focused on two different deposition techniques: HiTUS and RF magnetron sputtering, 

hence comparison of the resultant film quality via these two techniques is of interest. In 

particular, the PL properties of ZnO films in the UV and visible part of the spectrum are 

known to be closely related to microstructure [117 , 118] . In un doped ZnO (intrinsic) 
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films the UV ñNear Band emissionò(NBE) at around 380nm (3.2 eV) is attributed to 

excitonic recombination, and the broad visible peak known as ñDeep Level 

Emissionò(DLE) which ranges from 450 nm to 750  nm (2.7  eV to 1.65  eV) is correlated 

directly with the intrinsic defects and defect complexes in the materials [84, 115, 119] . 

It has been reported that an improvement of NBE intensity is clearly observed after 

thermal annealing with increase annealing temperatures [19, 115, 116] . Hence, the 

intensity ratio of NBE over DLE is usually taken as an indication of the degree of 

crystallinity improvement [120] .  

For the work presented in this chapter,  the main objective is to investigate the 

deposition and to perform a comparative study of the effect of post processing 

techniques on ZnO thin films thermal annealing TA, rapid thermal annealing RTA, and 

laser annealing LA. Hence a study of the resultant film properties has been undertaken 

using PL spectrometry, where a particular interest is directed at how the NBE and DLE 

are affected.  

4.2.1  Photoluminescence of thermally annealed HiTUS ZnO films  

Figure 4.1 illustrates the room temperature photoluminescence sp ectra of the 41  sccm 

ZnO thin films, following an annealing process in a furnace at temperatures up to 700  

°C and at various dwell times up to 2 hours. The PL spectra shows a strong broad 

visible emission peak, associated with deep level emission (DLE), consisting of 

orange/red emissions which has been shown to be attributed to radiative transitions 

from defect sites associated with excess oxygen  [121] . As shown in Figure 4.2 the DLE 

PL increases significantly wi th increasing temperature up to 840  °C, whereas there is 

negligible appearance of ultra -violet near band edge emission (NBE), even at high 

temperatures. In this case, the dwell time is kept constant at 1 hour and the 

temperature reaches 880  °C. The 840  °C were clearly producing the highest DLE 

emission, however processing at longer pe riods results in film ablation, since 

temperature at 700  °C was investigated by means of dwell time (Figure 4.1). It is 
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shown that the DLE emission increases as the dwell time increases to 80 minutes, but 

further annealing results in  a DLE reduction .  

 

Figure 4.1:  PL spectra of thermally annealed ZnO (41  sccm) at 700  °C in air, 

illustrates the effect of annealing duration at 700  °C.  
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Figure  4.2 :  PL spectra of thermally annea led ZnO (41  sccm sample) at temperatures 

up to 880  °C in air, showing the effect of increasing the temperature for 1 hour.  

XPS measurements of ZnO samples deposited at various oxygen flow rates illustrated 

an  improvement of film Zn:O stoichiometry as the o xygen flow rates increased as 

shown  in Table 4.1. Also thermally annealed samples (41  sccm) at various 

temperatures were examined via XPS indicating as the annealing temperature increases 

led to decrease of Zn:O ratio as shown in Table 4.2.  (i.e. the film surface become s 

increasingly oxygen rich as the annealing temperature increased above 700  °C).  

Oxygen flow 

rate (sccm)  

28  32  35  38  41  

 

Zn:O ratio  

 

 

1.36 ±0.13  

 

1.23± 0.04  

 

1.20 ± 0.02  

 

1.18 ± 0.06  

 

0.94 ± 0.05  

 

Table  4 .1 :  XPS showing Zn:O ratio for films deposit ed at various oxygen flow rates.  
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Annealing  

condition  

As-grown   300  C̄  500  C̄  700  C̄  840   ̄C  880  C̄ 

 

Zn:O     

ratio  

 

 

0.94 ± 0.05  

 

0.99± 0.03  

 

0.99 ± 0.05  

 

0.87 ± 0.16  

 

0.84 ±0.05  

 

0.79 ±0.07  

 

Table  4.2 :  XPS showing Zn:O ratio for films as a function of annea ling temperatures .  

To identify the effect of annealing time on the evolution of the PL spectra, annealing for 

various times was conducted. For annealing at a temperature lower than 700  °C, the PL 

did not improve significantly beyond an annealing time of 15  min. However, annealing 

at higher temperature (840  °C) led to a dramatic change in PL spectra. Increasing dwell 

tim e caused a shift in the dominant  DLE from an orange to a green emission, and 

further dwell with time increases caused a gradual reduction of  green PL most probably 

due to loss of film materials.  

Regarding a progressive loss of film material evidenced at high annealing temperature, 

thicker  samples of ZnO films (200  nm ï 41 sccm) were also studied in order to 

investigate the development of PL em ission at the high temperature (840  °C) as a 

function of annealing times. The samples were introduced to  the furnace after the 

temperature had reached 840  °C and were taken out promptly at  the end of each 

annealing period. Figure 4.3 illustrates the develo pment of PL emiss ion as a function of 

dwell time . A broad visible orange/red peak (2.10 eV and 1.85 eV) appeared aft er the 

first 30  s of annealing, and as the dwell time increased beyond 2 min its intensity 

started to decrease. At longer annealing times a strong green/yellow emission peak at 

about 530  nm ( 2.34 eV) developed from 11 min. Then the orange/red peak is 

significantly reduced after about 16 min, while the green/yellow emission reaches the 

highest peak intensity at 22 min. After 43 min the green/ye llow emission ultimately is 

reduced in intensity due to excessive loss of material.  It has been reported that the 

orange/red DLE emission is usually associated with radiative transitions related to 

excess of oxygen [122]  -  potentially interstitial (O i) , i.e. the increase of orange/red 

emission with annealing temperature could be attributed to the removal of non -
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radiative defects during annealing and enhancing radiative transition related to excess 

oxygen defects . However , the subsequent decrease of orange/red emission  with shift to 

strong green/yellow DLE with increasing dwell time could be attributed to a change of 

dominant defects from oxygen interstitial (O i) defects to zinc vacancy ( Vzn) defects, as 

Vzn are forms  at l ower energy  [123] . Hence, a clear effect of annealing temperature was 

observed above 700  °C with negligible appearance of NBE.    

 

Figure  4.3 :  PL of thermal anneal in air of ZnO 41  sccm at 840  °C and various dw ell 

periods.  

4.2.2  Photoluminescence of r apidly thermal annealed ZnO films  

Rapid thermal annealing (RTA) has been carried out on ZnO films grown at oxygen flow 

rates of 38 sccm, using a range of annealing environments: nitrogen, and oxygen, at 

various temperatur es from 600 to 1000  °C. At dwell times of 1 s, the NBE appears at 

temperatures >800  °C but signifi cant loss of material was observed at final 

temperatures > 800  °C. Figure 4.4 presents the PL spectra of ZnO film s annealed in 
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nitrogen ambient. There is an e volution of an orange/red peak emission as the 

temperature is increased. When the temperature was further increased to the highest 

value of 1000  °C, a transition of the PL to a broad visible emission occurred which is a 

combination of both green and orange /red emissions. In addition, a weak NBE peak 

appears at temperatures higher than 800  °C, but with significant loss of material.  

 

Figure 4.4 :  PL evolution of 38  sccm samples under rapid thermal annealing (RTA) with 

Dt=1  s at various temperatures in nitrog en.  

Annealing at 1000  °C with various dwell times was conducted to investigate the 

behaviour of the NBE emission as shown in Figure 4.5. When the dwell time increased 

from 1  s to 6  s the NBE intensity increa sed significantly, and reached the maximum at 

6 s. A further increase of dwell time up to 16  s resulted in reduction of NBE intensity 

because the film has lost most of its materials . Hence, from the PL characteristics 

presented, the NBE emission has a clear dependence on the final temperature and 
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dwell p eriod. However, the NBE emission has a much stronger dependence on final 

temperature than dwell time.  

 

Figure 4.5 :  PL of rapid thermal anneal (RTA) in nitrogen (38  sccm sample), at 1000  °C 

versus dwell time.  

Figure 4.6 shows the PL spectra of ZnO samples  from the same wafer (38 sccm) that 

were annealed using a similar process (RTA) but in oxygen environment . Predominantly 

there was an evolution of an orange/red peak. The intensity decreased as the annealing 

temperature increased up to higher than >800  °C because of significant loss of material 

at RTA temperature of >800  °C. A small increase in NBE was also observed at 1000  °C. 

The evolution of only the orange/red peak would be consistent with the emission being 

attributed to defects related to excess oxyge n, while the evolution of the green/yellow 

peak for RTA in nitrogen ambient is most likely to be a result of change in Zn:O ratio of 

the films and the balance of resultant intrinsic defects.   
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Figure 4.6 :  PL spectra of 38 sccm films under RTA in oxygen at  Dt=1  s.  

Further investigation has been carried out to study the influence of annealing for 

samples deposited at various oxygen concentrations (41 , 35, and  28  sccm) , for this 

purpose rapid thermal annealing in oxygen and nitrogen ambient at 880  °C for a dw ell 

time of 1  s was performed. PL spectra depicted i n Figure 4.7 show that a green/ yellow 

emission is observed for all samples annealed in nitrogen, and also that the intensity 

has a clear dependence on the initial film stoichiometry: as the oxygen flow ra te during 

deposition decreased, the intensity of green/yellow decreased.  

No appearance o f green/yellow emission occurring  for samples annealed in the oxygen 

ambient, which could be attributed to an increased oxygen adsorption that occurs at 

the grain boun daries in polycrystalline ZnO films [124] , which could combine with the 

ZnO matrix as oxygen interstitials and antisites  with reduction of oxygen vacancies.  In 

addition, the results show a negligible appearance of  the NBE peak for films processed 
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in oxygen, indicates an increase of defects acting as non - radiative recombination 

centres.  

 

Figure 4.7:  PL spectra of RTA samples at 880  °C with dwell time 1  s in oxygen and 

nitrogen ambient, comparing samples deposited at various O 2 flow rates. The PL 

spectra of all the as -deposited films did not show any significant PL (they have been 

omitted from the graph for clarity).   

4.2.3  Photoluminescence of laser annealed HiTUS ZnO films  

Figure 4.8 shows the PL spectra of as grown fi lms and laser annealed HiTUS ZnO 41 

sccm, 60  nm films, as a function of applied laser irradiation dose at one pulse. As the 

laser fluence increases to medium values, a broad visible peak (440 -800  nm) appears 

and increases with fluence up to 220  mJ/cm 2. Thi s peak is related to the deep level 

emission (DLE). Further increase of laser fluences result in the DLE decreasing  and at 

244  mJ/cm 2 a sharp UV emission (the Near Band Emission) starts to appear. This is 

indicates that the crystal quality of the film has been improved ï since a strong NBE is 
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only emitted by highly ordered films [115] . At higher fluences the NBE intensity reaches 

the maximum at 295  mJ/cm 2 and exhibits only a very weak DLE peak. When the laser 

fluence is f urther increased, the UV peak is eliminated ï probably due to film damage.

 

Figure  4.8 :  Photoluminescence spectra from 41  sccm samples annealed at various 

fluences with a single pulse.  (The small peaks at ~ 760 nm are the second harmonic of 

UV peaks at ~ 3 81 nm) .  

The evolution of the two significant emission peaks observed can be classified into five 

process regimes which are strongly dependent upon laser fluences applied, as 

illustrated in Figure 4.9. (1) The as -deposited sample shows negligible NBE emissi on, 

and very weak DLE. This is most lik ely related to non - radiative recombination centres, 

that are expected to exist in the vicinity grain boundaries, with the absorbed energy 

released as heat instead of light [125] ; (2 ) for samples laser annealed at low fluences 

(up to 220  mJ/cm 2) the results show an increase in DLE intensity with a w eak evolution 

of the NBE peak. I n this case, the density of non - radiative centres at the grain 

boundaries can be considered to have been r educed, along with some crystallinty 
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improvements observed; (3) at fluences in the range of 220 -244  mJ/cm 2 the DLE starts 

decreasing and at 244  mJ/cm 2 the NBE becomes more dominant at ɚ=381  nm, 

indicating a reduction in point defects; (4) at higher fluences investigated up to 295  

mJ/cm 2  the NBE intensity increases sharply and there is only a very weak DLE present, 

associated with improved ZnO film crystallinity [120] ; (5) at a very high energy density 

of 315 mJ/cm 2 there is a dramatic decrease of the NBE peak is observed, associated 

with observed mater ial loss from the film surface.  

 

Figure  4.9 :  Normalized PL peak of NBE and DLE intensity various las er energy 

densities.  

Laser annealing of ZnO films grown without intentional substrate heating at various 

oxygen flow rates (41, 38, 35, 32 and 28 sccm) was conducted to investigate the origin 

of the two significant PL peak s of DLE and the NBE emissions. Figure 4.10 shows the PL 

spectra of samples laser annealed at a medium fluence of 220  mJ/cm 2 at single pulse, 

demonstrating a dramatic drop in the broad visible peak emission occurring consistently 

with a lower oxygen flow rate. Simultaneously, the near band  edge emission appears 

stronger for lower oxygen flow rates, indicating that the magnitude of DLE is related to 
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higher initial oxygen concentrations, which can be also confirmed by laser annealing of 

Zn - rich film (28  sccm) at various fluences with single p ulse as shown in Figure 4.11, 

i.e. no appearance of DLE consistent with lack of excess oxygen related defects, with 

strong evolution of NBE.  

 

Figure  4.10 :  PL emission of samples deposited at oxygen flow rates of 41, 38, 35, 32, 

and 28 sccm and laser annea led at 220  mJ/cm 2 with a single pulse.  
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Figure  4.11 :  PL spectra of a Zn - rich sample (28  sccm) showing a clear evolution of 

NBE and no appearance of DLE.  

The developments of PL spectra as a function of multiple laser pulses at various 

fluences were studied  for ZnO grown at 41  sccm of oxygen. (1): at low fluences (<170  

mJ/cm 2) no PL was observed up to 100 pulses,  (2): at medium fluences (<260 mJ/cm 2) 

an increase of NBE intensity is observed as the number of pulses was increased up to 

an optimum number of pul ses, which is r elated to the fluence applied. As shown in 

Figure 4.12, the PL of multiple pulses of laser energy density 235  mJ/cm 2, create a 

clear evolution of NBE as the number of pulses increases up to 37 pulses, 

demonstrating that laser annealing cause s a reduction of defects as a function of total 

delivered pulses, with additional pulses resulting to a subsequent decrease of NBE 

intensity. (3): at high fluences, as the number of pulses is increased, the NBE emission 

decreased. This behaviour was observ ed as of the second pulse. An example of multiple 

pulses of high fluence was conducted on energy density of 295  mJ/cm 2 is shown in 

Figure 4.13. The intensity of NBE peak observed at high fluence of 295  mJ/cm 2 with a 
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single pulse relatively higher than that  achieved via medium fluence s of 235  mJ/cm 2 at 

37 pulses . 

 

Figure  4.12 :  PL spectra from the 41 sccm sample laser annealed at a medium fluence, 

(235  mJ/cm 2) but with multiple pulses.  
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Figure  4.13 :  PL spectra from the 41 sccm sample showing the effect of multiple pulse s 

LA at a high fluence of 295  mJ/cm 2.  

 Transmission electron m icroscopy (TEM) study  4.3

Cross sectional transmission electron microscopy (TEM) was performed to determine 

the form of any grain size changes caused by laser irradiation treatments, an d to 

identify any other significant features. The study was focused on HiTUS ZnO film grown 

at 41  sccm of O 2 (60  nm), as -deposited film, and laser annealed film at fluences of 220  

mJ/cm 2 and 295  mJ/cm 2 (where the highest intensity of DLE and NBE were obser ved 

respectively in the PL spectra), and a sample that had been thermally annealed at 880  

°C. TEM characterisation was performe d by Glebe Scientific, Ireland.  

4.3.1  Transmission e lectron m icroscopy (TEM) of laser annealed HiTUS 

ZnO 41 sccm films  

Figure 4.14 sho ws the cross -sectional TEM images for the as -deposited ZnO film. Figure 

4.14 (a), is a dark field image showing the polycrystalline nature of the film with 
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columnar shaped grain growth having mid -height grain width variation from 10  nm to 

15  nm. Figure 4.1 4 (b) illustrates the expected presence of a thin layer of amorphous 

oxide at upper surface of Si. Figure 4.14 (c), shows that the film contains a high defect 

and fault content, while (d) in the defocused image; low density grain boundary 

channels are obse rved.  

 

Figure  4.14 :  TEM images for as -deposited ZnO (41 sccm) film (a): dark field shows 

the grain size, (b) bright field,(c) dark field shows defects content, and (d) defocused 

image shows the density of grain boundary.  

Cross sectional TEM images for Zn O annealed at laser fluence of 220  mJ/cm 2 with a 

single pulse, which produced the highest DLE PL , are shown in Figure 4.15. Strong c -
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axis preferred growth is observed (via electron diffraction ï which is consistent with the 

XRD results shown in section 4. 4). In Figure 4.15 (a), the dark field image shows the 

disrupted nature of ZnO grains and the typical grain diameters vary from 10 to 40 nm, 

with a few grains extending through the full thickness of the layer. In Figure 4.15 (b), 

the defocused image shows a n absence of the type of grain boundary channels 

compared to the as depo sited film (see Figure 4.14(d)). Figure 4.15 (c), shows the 

defect content re maining high but a less evident  presence of faults.  

 

Figure  4.15 :  TEM images of ZnO film (41  sccm) laser t reated at 220  mJ/cm 2 single 

pulse (a) dark field image, (b) defocused image, and (c) magnified dark field image.  

Shown in Figure 4.16 are cross sectional TEM images of the ZnO film (41  sccm) laser 

annealed at 295  mJ/cm 2, which demonstrate the coarse graine d morphology of the 

layer. Here the mid -height widths of the columnar grians size are typically 15 to 25  nm 

(as oppossed to the as -deposited film of 10 to 15  nm), which gives an indication that 

the grain size is enlarged, and the film has a significantly l ower defect content than the 

as-deposited ZnO film shown in Figure 4.16 (a) and (b) from different area from the 
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same sample. It is also observed and shown in Figure 4.16 (c) that the grain boundery 

channels are rather clearer than in the as -deposited film .  

 

Figure  4.16 :  TEM images of HiTUS ZnO film (41  sccm) laser annealed at 295  mJ/cm 2 

with a single pulse, (a) and (b) dark fields showing grain sizes enlarged, and lower 

defects, (c) showing the grain boundaries.  

4.3.2  Transmission e lectron m icroscopy (TEM) of laser annealed HiTUS 

ZnO films ( 41  sccm 200  nm )  

Figure 4.17 illustrates cross sectional TEM images of the 41 sccm ZnO, 200  nm thick 

sample deposited at room temperature and laser annealed at 295  mJ/cm 2 with a single 

pulse. This was considered appropriate i n order to identify the extent of the in -depth 

crystallisation due to finite absorption of laser energy. Figure 4.17 (a), shows a bi - layer 

microstructure coarse grain at region A, whereas a finer grained material exists at 

region marked B, and a delaminate d zone marked as region C. In Figure 4.17 (b), the 

marked areas indicate improvements of grain boundary channels. In figure 4.17 (c) the 

dark field image shows the thickness of an upper crystalline layer and a lower more 
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amorphous layer, with thicknesses 1 35  nm and 70  nm respectively. The upper layer 

contains ZnO grains with typical width of 25 -40  nm by comparison to the 10 -15  nm 

grains contained in the lower layer.  

 

Figure  4.17 :  TEM images of a 200  nm HiTUS ZnO (41  sccm), processed at 295  mJ/cm 2 

with a si ngle pulse, (a) bright field image shows bi - layer microstructure (b) grain 

boundaries channel and (c) shows the in -depth effect of high fluence with crystallisation 

reaching 135  nm below the surface of a 200  nm film . ñThe rising in Figure 4.17 (c) is 

relat ed to the capping layer not to the filmò.  
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4.3.3  Transmission e lectron m icroscopy (TEM) of HiTUS ZnO films (41  

sccm) thermally annealed at 880  ° C for 1 hour  

Figure 4.18, shows TEM images of HiTUS ZnO film (41  sccm) thermally annealed at 880  

°C for 1hour in air ( for which the corresponding PL shows only DLE and very small 

NBE). In Figure 4.18 (a), the defocused image shows a thin layer of amorphous oxide 

at the interface of Si with ZnO (expected) and a ZnO thickness from about 52  nm to 65  

nm, thermal anneal has al so effect ed the surface rough comparable to the as -deposited 

sample. In figure 4.18 (b), the dark field image shows the coarse grain in the upper 

part of the ZnO film and the heavily faulted finer grain in the lower part of the film 

marked as A. The ZnO gr ains typically vary in width from 25 -50  nm. Figure 4.18 (c), a 

higher magnification bright field image shows characteristic fault formation in the 

coarse grained ZnO film.  
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Figure  4.18 :  TEM images of HiTUS ZnO film (41 sccm) thermally annealed at 880  C° 

for 1  hour, (a) defocused image shows thickness variation (b) dark field image the 

nature of grains (c) higher magnification bright field shows fault formation.  

 X-  ray diffraction characterisation  4.4

The crystalline characteristics of selected ZnO samples,  for the three annealing 

methods used, were investigated by XRD using the X -Pert Panalytical system operated 

in Bragg -  Brentano mode. The results indicate that the as -deposited films are under 

compressive stress with a polycrystalline structure. However, t he annealing processes 

resulted in a shift of the (002) peak to higher diffraction angles, consistent with a 

modification of the films stress as a function of annealing, leading to improved crystal 

structure, and causing modification of the films stress to  tensile. In all cases samples 

exhibited c -axis preferred orientation as represented by the (002) diffraction peak, and 

stress changed from compressive to tensile stress.  
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The XRD patterns of thermally annealed ZnO films for 1 hour are illustrated in Figure  

4.19. As the annealing temperature increases, the (002) peak is shifted to higher 

angles, and the diffraction peak becomes more intense up to the annealing temperature 

of 840  °C indicating an increase  of grain size. For samples which had experienced a 

fur ther increase of the annealing temperature to 880  °C a further shift in diffraction 

angle was observed but with no further improvement of grain size. In the rapid thermal 

annealed samples, similar stress transitions were observed as shown in Figure 4.20.   

Figure 4.21, shows the XRD patterns of the as -deposited and single pulse laser 

annealed ZnO films  at  various laser fluences. The as -grown film is under compressive 

stress, but as the laser fluence is increased the (002) peak is shifts to higher angles, 

indicating a modification of the film stress to tensile, as for TA and RTA. The (002) 

diffraction peaks becomes more intense and sharper as the laser fluence reaches 256  

mJ/cm 2 and 270  mJ/cm 2. A subsequent decrease of the (002) peak is observed as the 

laser fluence is increases to 295  mJ/cm 2, where the intensity is similar to that produced 

by a film processed at 277  mJ/cm 2, this decrease in the (002) peak may be related to 

loss of c -axis texturing. The reason for the 295  mJ/cm 2 and 277  mJ/cm 2 laser annealed 

samples to present similar XRD results, whereas in term of PL the 295  mJ/cm 2 presents 

highest NBE is still a matter under investigation. The FWHM of the as -deposited film is 

0.338°, and the processed at 295  mJ/cm 2 film 0.221°, which gives an indication that  

the grain size increases with LA. Thermal annealing at 840  °C and RTA at 880  °C 

produce sharper and more shifted XRD peaks than the laser annealed at 295  mJ/cm 2.  

For laser annealed samples the corresponding lattice constant as determined by (002) 

peak ran ge from c=5.234 Å (for as -deposited ) to c=5.158 Å (laser processed at 295 

mJ/cm 2) as the internal stress changes from compressive to tensile stress.   
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Figure  4.19 :  XRD diffraction patterns of thermally annealed ZnO (41  sccm) sample at 

various temperatures , for 1 hour in air .  

 

Figure  4.20 :  XRD diffraction patterns from the 38 sccm ZnO sample after RTA in 

nitrogen at various temperatures and dwell times.  
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Figure  4.21 :  XRD diffraction patterns from the 41 sccm ZnO sample after single pulse 

LA at various flu ences.  

 Discussion  4.5

ZnO films were deposited by the HiTUS (a high rate deposition technique) at low 

temperatures on silicon substrates, after which post deposition annealing using three 

different annealing methods ha ve  been studied. The microstructure of th e ZnO films 

was character ised by photoluminescence (PL), X- ray diffraction (XRD), and 

transmission electron microscopy (TEM). PL results of thermal and rapid thermal 

annealing exhibit a development of strong visible (DLE) orange/red emission related to 

def ects, and was further enhanced when processed in oxygen, hence confirming that 

excess oxygen dominated these defects.  

High temperature RTA resulted in a component of green/yellow emission with the 

resultant PL, centred at about 505  nm that is not seen foll owing a thermal anneal. The 

lowest  PL peak of DLE was observed fro m the films deposited at lower oxygen flow 

rates (i.e. more zinc ) giving  a clear indication of the potential domination of V zn defects 
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rather than V O, which would be consistent with the low er energy formation of V zn 

defects  [123] . RTA at even higher temperature demonstrates a significant development 

of the NBE peak (crystallinity related PL). This is potentially indicating a reduction of 

defects at grain boundaries. However, higher temperatures cause film degradation and 

material loss for both TA and RTA.  

Important results were demonstrated by laser annealing, where it was proven possible 

to modify the internal properties of the ZnO films with a grain re -growth, crystallinity 

improvement, and a dramatic reduction of point defect density (as indicated by the NBE 

to DLE ratio  [120]  ), and without any film degradation or material loss that occurs in 

high temperatur e thermal and rapid thermal annealing. Laser annealing is a highly 

localised technique with a controlled in -depth crystallisation and modification of the 

films was demonstrated by cross sectional TEM images (as shown in Figure 4.15 (c)). 

At the same time i t was clearly shown that LA offers an enlargement of grain size, with 

XRD analysis giving further confirmation evidence for crystal structure improvement 

with increasing laser fluence. This demonstrates that laser processing is a useful 

method to control t he in -depth modification of the thin film sample, gaining a benefit 

from isolating the processed region from the substrate, and hence being compatible of 

processing films on flexible substrates without any damage to the film or the substrate.     
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Ch apter  5  

                Zn O Thin Films by R F Magnetron Sputtering    

 Introduction  5.1

This chapter deals with results of microstructure characterisation of ZnO thin films 

deposited by RF magnetron sputtering and subsequently processed by excimer laser 

annea ling (ELA). The initial phase of this work was focused on characterisation of ZnO 

semiconductor layers grown under various conditions (RF power and oxygen 

concentration) followed by laser annealing to identify optimised conditions in term of 

the effect on the emitted PL spectra compared with the HiTUS ZnO films presented in 

Chapter 4. The next phase was concerned with a comparative  study of the effect of 

laser annealing on the properties of ZnO thin films grown by RF magnetron sputtering 

at room temperature  (RT), as well as at various substrate temperatures from 100  °C to 

400  °C. Section 5.2 presents room temperature photoluminescence spectra results for 

excimer laser annealed ZnO deposited at various RF powers. Sections 5.3 and 5.4 

present PL characterisati on of laser and thermal annealing of ZnO deposited at various 

substrate temperatures.  Section 5. 5 presents X - ray diffraction pattern of films 

subsequent to treatments using the laser and thermal annealing methods studied.  

Section 5. 6 presents cross section al transmission electron microscopy (TEM) images of 

selected ZnO films  

In recent years there have been reported studies dealing with the influence of laser 

annealing on the properties and microstructure of ZnO thin films deposited by RF 

magnetron sputterin g [126] , pulsed laser deposition  [127] , and other deposition 

techniques [128 , 129] . However, the work to date has not included a detailed study of 

the effect of laser anneal on PL properties of ZnO deposited at various substrate 

temperatures. In particular, the main objective of the work presented here is a 
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comparative study to investigate the influen ce of excimer laser anneal on the intrinsic 

PL characteristics of ZnO films grown at various substrate temperatures from RT to 

400  °C, and at various RF powers.    

 Laser anneal of films deposited at various RF power  5.2

Initially, two sets of ZnO films were de posited on silicon substrates at oxygen 

concentrations of 5% O 2 in Ar and 20% O 2 in Ar, at various RF powers of: 50, 100, 200, 

and 300  W respectively . The sputtering electrode  used are  a 3ò Torus by  Kurt Lesker , 

without intentional substrate heating and at  a deposition pressure of 2 mTorr. 

Subsequently, laser annealing was used to process all films at various conditions as 

explained in Chapter 3.  

The deposition rate of sputtered ZnO films is strongly dependent on deposition 

conditions. As shown in Figure 5. 1, the RF power affects the growth rate of ZnO films. 

As the RF power increases, the deposition rate increases significantly, which can be 

attributed to the increasing electric field between the cathode (target) and anode 

(substrate) resulting in the densi ty of sputter gas ions increasing, which in turn leads to 

enhanced sputtering of the target surface resulting in an increase in the number of 

sputtered species arriving at the substrate surface.  

Oxygen is typically mixed with the argon ambient during the d eposition to ensure films 

with better control stoichiometry [130] , and to influence the resultant electrical and 

optical properties of the films [47, 131, 132] . However, from results presented here, it 

can be seen that the oxygen percentage also affects the growth rate. As the  oxygen 

percentage is increased , the deposition rate decreases significantly across all RF powers 

tested. Sp uttering at high oxygen content leads to re -sputtering of the growing film on 

the substrate by bombardment of highly energetic oxygen ion s [55] . With increasing 

the oxygen content, the target surface will become more oxidized leading to high 

emission of secondary electrons (i.e. electrons produced from ejected target materials 
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when argon ion s hit the target) resulting in a decrease of growth rate [92] . Increasing 

oxygen co ntent at low RF power showed negligible influences on deposition rate.  

 

Figure  5.1 :  Deposition rate as a function of RF power for ZnO films deposited at 

oxygen concentrations of 20% O 2 in Ar, and 5% O 2 in Ar.  

Figure 5.2 shows the room temperature PL spect ra evolution of ZnO films deposited (to 

60  nm thickness) with 20% O 2 in Ar, RT, at RF power of 50  W, as a function of laser 

anneal ing  in air ambient with single pulses. No luminescence peak was observed for as 

deposited films and films irradiated at low fl uences (<244  mJ/cm 2), which is likely to  be 

due to the dominance of non - radiative recombination centres created by lattice and 

surface defects in sputtered ZnO films [133] . As the laser energy density of the lase r 

treatment is increased up to medium fuences (244 ï 256  mJ/cm 2), a deep level 

emission peak (DLE) ranging from 450  nm -750  nm starts developing as a function of 

fluence and reaches the highest intensity (correlating with a very weak appearance of 

an NBE pe ak at around 381  nm) at fluence of 256  mJ/cm 2.  
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Further increase in fluences (270 ï 295  mJ/cm 2) causes an increase in the NBE intensity 

with a gradual decrease in DLE intensity until  the DLE emission disappears at higher 

fluences. A r eduction in the DLE pe ak with increasing NBE peak is usually associated with 

an increase of the grain size [134, 135] . Similar PL spectra trend s were observed for 

films deposited at RF power of 100, 200, and 300  W bu t with a significant drop in NBE 

peak as the sputtering RF power increased, as a function of laser processing (PL spectra 

of these films are shown in appendix B).  

 

Figure  5.2 :  Evolution of PL spectra of laser annealed ZnO (50  W, 20% O 2 in Ar at RT) 

films  at various energy densities in air at single pulse, results in medium fluences 

showing development of DLE peak, while at high fluences results show a reduction of 

DLE peak with evolution of a strong NBE peak.  (The small peaks at ~ 760nm are the 

second har monic of the UV peaks at ~381nm).  

Figure 5.3 shows the development of the NBE and DLE peaks intensity at about 381  nm 

(NBE) and 450 to 750  nm (DLE) as a function of laser fluence. These data were 
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extracted from PL spectra of ZnO films shown in Figure 5.2. Note that the trends for 

both peaks remains unchanged and flat for laser fluences lower than 220  mJ/cm 2.   

 

Figure  5.3 :  The intensity development of DLE and NBE peaks as a function of laser 

energy densities for the same ZnO films shown in Figure 5.2  are p lotted for clarity.  

For comparison, the NBE and DLE peak intensity as a function of laser fluences for all 

the fil ms (grown at various RF powers) were extracted from the PL spectra and are 

presented in Figures 5.4 and 5.5  respectively. It can be clearly se en that as the RF 

power is increase d the intensity of NBE decreases  after laser treatment (note the two 

different vertical scales de noted with different colours). In addition, the intensity of 

visible light emission associated to defect centres DLE of lase r annealed ZnO film grown 

at 50  W is higher than films deposited at 100  W, 200  W, and 300  W (Figure 5.5). This 

effect is supressed after a laser anneal at high fluence of 295  mJ/cm 2 with stronger UV 

emission intensity, which is consistent with the PL of Hi TUS ZnO reported in Chapter 4. 

The intensity ratio of NBE over DLE can be classified as a degree of the film quality  
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[136]  hence from the PL spectra of laser processed ZnO films deposited at various RF 

powers.  I t  is inferred that the films grown at an RF power of 50  W demonstrate an NBE: 

DLE ratio that indicates better crystallinity and potentially a larger grain size.  

 

Figure  5.4 :  NBE intensity peak versus laser energy density of ZnO deposited at RT and 

with 20 % O 2 in Ar and various RF powers of 50, 100, 200, and 300  W, as a function of 

laser anneal.  

As shown by the results presented here, with increasing the RF power, the UV emission 

peak decreased drastically, which implies that the film quality deteriorated. This could 

be linked to crystallinity of lower quality, which can be attributed to three possible 

factors that influence the film structural order when sputtering at high RF power: (i) 

high energetic ion bombardment causing faster reaction and particles wi th high energy 

bombarding the film, and introduce defects [134, 137] . (ii) Linear increase of the 

deposition rate with increasing the RF power giving less time to newly arrived species 

to move to their  stable sites [138] . (iii) With increasing the RF power the relative 
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number of Zn to ZnO condensing on the substrate increased leading to forming an 

oxide at the substrate in which result in films with more crysta l structure disorder  than 

if arrived particles were already in oxide form [139] .  

 

Figure 5.5:  DLE intensity peak versus laser energy density of ZnO deposited at RT with 

20% O 2 in Ar and various RF powers (50, 100, 200,  and 300  W) as a function of laser 

anneal.  

Figure s 5.6  and 5.7 show  the evolution of NBE and DLE peaks respectively , extracted 

from PL spectr a of a second set of ZnO films grown at lower oxygen concentration of 

5% O 2 in Ar with various RF powers. Following  the post deposition laser anneal, the 

development of visible emission (450  nm -750  nm) DLE peak at medium fluences shows 

a similar trend to films grown at 20% O 2 in Ar, but with slightly lower intensity. The 

intensity of NBE increased gradually at high flu ences and was at the highest intensity 

for the film deposited at 100  W. However, in comparison with the set grown at 20% O 2 

in Ar, the strongest UV emission peak s were when the oxygen concentration was 20% 
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O2 in Ar, and RF power was 50  W. This is comparabl e with the HiTUS ZnO film reported 

in Chapter 4, which is similar to that reported by Hsieh et.al in which the optimal 

oxygen concentration on intensity of UV of 21% for ZnO grown at 500  °C without an 

annealing process [134] . 

 

Figure  5.6 :  Evolution of NBE intensity peak versus laser energy density of ZnO grown 

at 5% O 2 in Ar, RT, 2  mTorr at various RF powers (50, 100, 200, and 300  W) as a 

function of laser anneal.  
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Figure  5.7 :  Evolution of DLE intensity peak versus l aser energy density of ZnO grown 

at 5% O 2 in Ar, RT, 2  mTorr at various RF powers (50, 100, 200, and 300  W) as a 

function of laser anneal.  

 PL of thermal annealed ZnO films d eposited at various 5.3

substrate temperatures  

Figure 5. 8 shows the PL spectra of ZnO f ilms (50  W, 20% O 2 in Ar) deposited at 

temperatures from RT to 400  °C. For the as -deposited ZnO films (i.e. prior to 

annealing) at 100  °C and 200  °C there is a negligible appearance of UV NBE, and 

visible light DLE, similar to the PL of the as -deposited fi lm at room temperature 

(as sumed to be associated with non - radiative recombination centres). For the films 

grown at higher substrate temperatures of 300  °C and 400  °C a small DLE peak with a 

very weak NBE peak were observed, indicating a red uction in defect s acting as non -

radiative recombination centres as the growth temperature increased.  
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Figure  5.8 :  PL spectra of ZnO films deposited at various temperatures of RT, 100  ° C, 

200  ° C, 300  ° C, and 400  ° C. 

For comparison with the laser annealed results,  Figure 5.9 illustrates the PL 

characteristics measured at room temperature of ZnO films produced at various 

substrate temperatures (RT, 100  °C, 200  °C, 300  °C, and 400  °C), followed by thermal 

anneal ing  at 700  °C in air for a dwell time of 1 hour, (all films were introduced into the 

furnace after the temperature had reached 700  °C, and then were taken out 

immediately after an hour). The PL spectra show development of the DLE broad visible 

emission (450 -750  nm) related to defects, which increased significantly as th e film 

growth temperatures were increased up to 200  °C, with just a weak NBE. The effect of 

annealing on films deposited at 300  °C, and 400  °C lead to a prominent increase and 

shift of the DLE peak, with a simultaneous reduction of the NBE peak. A subseque nt 

increase of DLE peak with a shift to orange/red emission at (630  nm) is indicative of 

radiative transitions from defects associated with excess oxygen  [121] , potentially 

interstitial (O i) defects [140] .  
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Figure 5.9 :  PL spectra of thermal annealed (at 700  ° C, dwell time 1  hour) ZnO films 

grown at various temperatures. The inset shows the evolution of NBE peak at about 

381  nm.  

 PL of laser annealed ZnO films deposited at var ious 5.4

substrate temperatures  

The development of PL as a function of single pulse laser treatment was investigated 

for ZnO (50  W, 20% O 2 in Ar) films grown at various temperatures from RT to 400  °C. 

Figures 5. 10  and 5. 11 show the evolution of NBE and DLE pea ks respectively, extracted 

from PL spectra of ZnO films deposited at various temperatures. Following laser 

anneal ing  at various fluences, an evolution of the two main peaks were observed for all 

five  deposition temperatures, with the strong narrow UV emiss ion centred at 381  nm, 

and the broad visible emission DLE peak at 440 -750  nm. Interestingly, the effect of  the  

laser anneal at high fluences is that a significant reduction in intensity of the NBE peak 

is observed (Figure 5.8) as the film growth temperatu re is increased. Moreover, the 

DLE is not completely supressed for the samples deposited at higher temperature (as it 
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happens for lower deposition temperatures) . Hence, ZnO crystal quality deteriorated 

after laser annealing as the deposition temperatures w ere increased.  

 

Figure  5.10 :  NBE peak intensity of laser annealed ZnO films deposited at various 

substrate temperatures (RT, 100, 200, 300, and 400  °C). As the deposition 

temperature increased, the NBE peak decreased .  
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Figure  5.11:  DLE peak intensity of  laser annealed ZnO films deposited at various 

substrate temperatures (RT, 100, 200, 300, and 400  °C).  

 XRD characterisation of laser annealed ZnO films deposited 5.5

at various substrate temperatures  

Figure 5.1 2 shows the XRD patterns from as -grown and laser a nnealed ZnO films 

deposited without intentional substrate heating at RF power of 50  W. All samples 

exhibit a significant (002) diffraction peak, indicating that the preferred orientation is 

along the c -axis, perpendicular to the substrate plane. The XRD pa tterns reveal the 

strong effect of excimer laser annealing on the crystal microstructure of ZnO thin films 

grown at room temperature, as the laser fluence is increased. The effect is a prominent 

increase in the (002) peak height, a reduction in the peak wi dth and a shift of 2ȅ to 

higher angles which indicates a transition from compressive to tensile stress. The 

average crystallite domain sizes for all samples were estimated and are  listed in Table 
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5.1, by Scherrerôs formula: D = 0.9Ȉ/ B cos ȅ, where Ȉ, B, and ȅ are X-ray wavelength, 

full width at half maximum (FWHM) of (002) peak, and Bragg diffraction angle 

respectively. The average crystallite domain size  of the as -grown film of 19.16  nm 

increases to about 31.18  nm after laser anneal ing  at a fluence of 315  mJ/cm 2. The 

highest XRD peak intensity was achieved at this laser energy density which is 

consistent with the highest intensity of NBE peak observed from the PL spectra, and 

indicates that laser annealing is a powerful process to improve the crystal struc ture of 

ZnO thin films when deposited at low temperatures.  

 

Figure  5.12 :  XRD patterns of ZnO deposited at room temperature following to laser 

anneal versus laser energy density at single pulse.  
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Laser fluecne (mJ/cm 2)   0 220  244  270  277  295  315  

FWHM ( deg)  0.434  0.676  0.735  0.618  0.463  0.359  0.267  

2 theta (deg)  34.26  34.30  34.59  34.74  34.70  34.74  34.73  

Crystallite domain size (nm)  19.16  12.30  11.32  13.47  17.98  23.19  31.18  

 

Table  5.1 :  Data from XRD patterns of ZnO films deposited at room temperature ( RT) 

following laser anneal at various energy densities with single pulse irradiation.  

Figure 5.1 3 shows the XRD spectra of as -grown and laser annealed films deposited at a 

substrate temperature of 300  °C. All films exhibit the (002) diffraction peak. As th e 

laser energy density increases from 220 -315  mJ/cm 2 the effect is a decrease in the 

(002) peak intensity, with a broadening of the peak and a concomitant shift to higher 

diffraction angles. As the fluence is increased up to 335  mJ/cm 2, the effect is a 

pro minent shift to higher angles with a significant decrease in peak  height , and  increase 

the peak broadening. Using Scherrerôs formula, the average crystallite domain size is 

evaluated and presented in Table 5.2. It can be seen that the grain domain size 

dec reased as the laser f luence increased up to 340  mJ/cm 2, indicating that the laser 

process deteriorates the microstructure of ZnO deposited at 300  °C.  

Laser f luence (mJ/cm 2)   0 220  238  295  315  335  340  

FWHM (deg)  0.234  0.271  0.342  0.376  0.356  0.363  0.363  

2 theta (deg)  34.66  34.72  34.71  34.77  34.75  34.79  34.78  

Crystallite domain size (nm)  35.58  30.72  24.30  22.14  23.39  22.94  22.94  

 

Table  5.2 :  Data from XRD patterns of ZnO films deposited at 300  °C following laser 

anneal at various energy density at single p ulse.  
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Figure  5.13 :  XRD patterns  of ZnO films deposited at 300  °C following by laser anneal 

at various fluences.  

XRD patterns  of ZnO films deposited at various substrate temperatures followed by 

thermal anneal ing  in a furnace at 700  °C for 1 hour are show n in Figure 5.1 4. For the 

films deposited at various temperatures as the growth temperature increased, a shift in 

2ȅ to higher angles occurs, with increasing crystallite domain size (see Table 5.3). 

Subsequent to the thermal anneal at 700  °C, the peak intensity increased rapidly as a 

fun ction of the growth temperature up to 300  ÁC, with a slight shift in 2ȅ angle, and an 

increase the grain domain  size. Further increase in  growth temperature up to 400  °C 

results in a significant drop in XRD peak intensity. For comparison, the average grain  

size of thermal and laser annealed ZnO deposited at various substrate temperatures  

are  listed in Table 5.3. The average domain  size as a function of laser processing for 

films deposited at RT, and 100  °C increased significantly, while decreased dramatical ly 

for films grown at 200  °C, 300  °C, and 400  °C.  
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Figure  5.14:  XRD patterns (thermal annealed at 700  °C for an hour) of ZnO films 

deposited at various substrate temperatures , showing that  the films reach 

thermodynamic equilibrium after TA . The inset sho ws XRD patterns of films grown at 

RT, and 100  °C.  

 

 

 

 

 

 

 
























































































































