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Chapter 6 

Results and discussions 

6.1 Defects in ZnO 

Introduction 

ZnO occurs naturally as an n-type semiconductor. This n-type conductivity is attributed to 

native defects and impurities introduced into the material during growth. During material 

growth, impurities introduce energy states in the forbidden region within the bandgap of the 

semiconductor. Depending on their location within the ZnO bandgap, these impurities can be 

classified as either shallow levels or deep level defects. Characterization of these defects can 

be performed using several techniques. In this thesis, the Hall effect and DLTS techniques 

were used to characterize defects. This section gives an outline of the defects observed in as-

received bulk single crystal ZnO using DLTS.   

Results and discussions 

The DLTS spectrum obtained from the as-received ZnO samples using conventional DLTS is 

shown in Figure 6.1.1.  
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Figure 6.1.1: DLTS spectrum obtained from the as-received melt grown single crystal ZnO 

obtained from Cermet. The spectrum was obtained at a quiescent reverse bias of 1.0 V, filling 

pulse width of 10 ms, pulse height, Vp = 0.3 V and rate window of 100 s
-1

. 

 

To facilitate the use of DLTS, Pd Schottky contacts were resistively deposited on ZnO as it 

has been observed that this technique does not introduce defects in ZnO [1]. Defects labelled 

E1 and E3 have been observed in material grown using different techniques. This clearly 

indicates that these defects are common to ZnO regardless of the growth, processing and 

contact fabrication techniques [2, 3, 4, 5]. However, the E2 defect has not been reported by 

many as it has not been observed in some other ZnO materials. Hence this defect might be 

growth technique related. The Arrhenius plots to determine the estimated activation 

enthalpies of the E1, E2 and E3 deep level defects are shown in Figure 6.1.2.  
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Figure 6.1.2: Arrhenius plots for the as–received melt grown bulk single crystal ZnO. 

From the DLTS spectrum of Figure 6.1.1, the E1 peak is asymmetric. This could be due to 

the fact that it is observed very close to the freeze out region. The C-T scan showing the 

freeze out region of ZnO is shown in Figure 6.1.3.  

 

Figure 6.1.3: Capacitance-temperature scan for the as–received melt grown bulk single 

crystal ZnO. This scan was recorded at a constant reverse bias voltage of 1.0 V, scanning up 

in temperature. 

The freeze out region of ZnO starts occurring at a temperature of about 50 K. The location of 

the E1 peak near the freeze out region can also influence the accurate determination of its 
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activation enthalpy. Due to this effect, values ranging from 0.11 – 0.12 eV have been 

reported for the activation enthalpy of the E1 peak. 

Values of estimated activation enthalpies, apparent capture cross-sections and possible 

identities of these defects are shown in Table 6.1.1. Material growth techniques are also 

included. 

Table 6.1.1. Values of estimated activation enthalpy, apparent capture cross-section and 

possible identities of the deep level defects observed in ZnO. 

Defect 

label 

Material Growth 

technique
*
 

Activation 

enthalpy (eV) 

Apparent capture 

cross section (cm
2
) 

Identity Ref 

E1 

*
PLD 0.10 ? ? [2] 

*
MG 0.111 5.2×10

-12
 Oi? [3] 

*
SCVT 0.12 ? ? [4] 

MG 0.12 ? ? [4] 

Vapour phase 0.12 2.7×10
-13

 ? [5] 

E2 
MG 0.110 1.23×10

-16
 ? [1] 

SCVT 0.10 1×10
-17

 ? [4] 

E3 

PLD 0.31 5×10
-16

 ? [6] 

Hydrothermal 0.30 2.0×10
-15

 O2 deficiency [7] 

Hydrothermal 0.29 2.6×10
-14

 VO [8] 

SCVT 0.29 1.0×10
-15

 VO? [4] 

MG 0.30 2.7×10
-14

 

Transition 

metal ion 

related? 

[1] 

MG 0.29 1.0×10
-15

 VO? [4] 

Vapour phase 0.29 5.8×10
-16

 ? [5] 

PLD 0.30 ? ? [2] 

SCVT 0.30 ? ? [9] 

PLD 0.30 2.6×10
-16

 

Transition 

metal ion 

related 

[10] 

*PLD refers to Pulsed Laser Deposition,  

*
MG refers to Melt growth,  

*
SCVT refers to Seeded Chemical Vapour Transport 
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The E1 deep level shows strong electric field dependence which results in electric field 

enhanced emission effects as shown in Figure 6.1.4. Such an effect has also been reported by 

[11, 12]. 

 

Figure 6.1.4: DLTS spectra showing the electric field dependence of the E1 defect at a rate 

window frequency of 100Hz, reverse bias voltage of 2.0 V, and filling pulse width of 2.0 ms. 

 

Based on the summary presented in Table 6.1.1, it can be clearly observed that the identities 

of the native defects in ZnO are not clear yet. However the only valid conclusion is that ZnO 

contains the E1 and E3 defects independent of the technique used for material growth.  

Of particular interest from this study is the behaviour of the E3 defect. The capacitance 

transients are observed to be non-exponential and also the DLTS peak height shows a 

significant dependence on rate window frequency. Using shorter filling pulse widths, the 

peak height increases with increase in rate window. Using large filling pulse widths, the 

DLTS peak height for all rate window frequencies is the same. This behaviour has been 

attributed to the temperature dependence of the capture cross-section due to a capture barrier 

which electrons from a trap level have to overcome to be re-emitted back to the conduction 

band. A detailed analysis of the behaviour of E3 is given in the attached publication.  
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Publication 1: On the temperature dependence of the electron capture 

cross-section of the E3 deep level observed in single crystal ZnO 
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Summary 

As-grown melt grown single crystal ZnO samples contain three prominent deep level defects, 

E1, E2 and E3. The E1 and E3 deep levels are observed in material grown using different 

techniques. This indicates that these defects are common in ZnO. However, the identity of 

these particular defects is not known yet. The E2 defect has been observed to be dependent 

on material growth technique as it has not been observed in all the other materials grown 

using other techniques except in SCVT and melt grown samples used in this study. From the 

temperature dependence of the capture cross-section of the E3 peak, a capture barrier energy 

could not be calculated using the approach by Henry and Lang [13]. This is due to the fact 

that the capture process of the E3 could not be described by a single exponential filling of a 

defect state as would be the case for a simple capture barrier of an isolated point defect. 
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6.2 Electron-beam induced defects 

Introduction 

Fabrication of stable rectifying contacts on ZnO has been a problem since the early discovery 

of the material. Of late reports on highly stable and rectifying contacts on ZnO have been 

published after hydrogen peroxide treatment [1,2,3,4]. Of concern is the quality of the 

contacts in terms of barrier height, reverse current, degree of rectification and dominant 

current transport mechanisms. Some reports have indicated the dependence of contact quality 

on metal work functions where the focus has been on measured barrier heights. Theoretically, 

metals with high work functions are expected to produce contacts with high barrier heights. 

However, reports on metal/ZnO contacts have indicated the independence of barrier heights 

on metal work functions with most reported barrier heights ranging between 0.60 – 0.80 eV 

[5,6]. This has been explained as an effect caused by an oxygen vacancy that is situated at an 

energy level of 0.70 eV below the minimum of the conduction band that pins the ZnO Fermi 

level and the free energy of metal oxide formation [7].  

Other reports have indicated the dependence of contact quality on the deposition technique 

where focus has been shifted to the defects introduced in the material during contact 

fabrication. Defects introduced during contact fabrication lead to poor rectification of 

devices, e.g. reduction in free carrier concentration and high leakage currents. Also of 

importance is the thermal stability of the contacts. It is expected that metals with high melting 

points and less reactive should form thermally stable contacts on ZnO. With the potential of 

fabricating devices that can be used in space applications and the ultraviolet region, i.e. in 

high temperature and high radiant conditions, thermally stable devices are required.  

Reports on the use of Pt and Ir to fabricate thermally stable and highly inert devices have 

been published [7, 8]. Since Pt and Ir have high melting points, the most likely contact 

fabrication techniques to be used are the e-beam and sputter deposition, just to mention a few. 

Auret et al. [9] have investigated the effect of e-beam deposition on GaN samples using Ru. 

Their report indicates the introduction of defects that affect the IV characteristics of the 

devices. Mtangi et al. [10] have reported the introduction of defects in ZnO after e-beam 

deposition of Pd contacts. In this section, a discussion of the defects introduced in ZnO by e-

beam deposition is outlined. 
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Results and discussions 

 

Figure 6.2.1: A semi-logarithmic IV characteristics of e-beam deposited Schottky contacts 

measured at 298 K. The dark triangles represent Pd contacts, red circles represent the Ir 

contacts and the blue squares represent Pt contacts. 

Figure 6.2.1 shows the semi-logarithmic IV plot for the e-beam deposited metal/ZnO contacts 

obtained at room temperature. Pt contacts reveal a very low reverse current at 1.0 V 

compared to Pd and Ir contacts. The Pt and Ir contacts reveal the dominance of pure 

thermionic emission in the voltage range examined while the Pd contacts indicate some 

generation recombination effects at low voltages, < 0.30 V. The IV characteristics have been 

analysed by fitting a pure thermionic model to the linear region of the curves. For Pd contacts 

we have fitted the model to the intermediate region, i.e. 0.30 V < V < 0.50 V. The upper part 

of the curves shows the dominance of series resistance. Results obtained from fitting a 

thermionic emission model to the data are shown in Table 6.2.1. 

Table 6.2.1: Values of Schottky barrier height, SBH, ideality factor, series resistance Rs and 

current at -1.0 V for the e-beam deposited contacts. 

Metal SBH (eV) Ideality factor Rs (Ω) I (at -1V) (A) 

Pd 0.624±0.005 1.66 ± 0.02 110 5.68 × 10
-7

 

Ir 0.567±0.003 1.28 ± 0.02 70 ± 6 9.09 × 10
-7

 

Pt 0.710±0.005 1.43 ± 0.04 130 ± 10 1.29 × 10
-9
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Pt Schottky contacts indicate a high barrier height compared to Ir and Pd and this justifies the 

low reverse current measured at 1.0 V while the Ir contacts have a low barrier height, hence 

the high reverse current measured at 1.0 V. The variation in series resistance can be attributed 

to the electrical conductivity of the metals. Ir has the highest electrical conductivity of 21.3 x 

10
6
 S/m, while Pt has the lowest of 9.43 x 10

6
 S/m [11], thus the series resistance for the Ir 

contacts is lower compared to Pd and Pt. Ir contacts also reveal a low ideality factor 

compared to the Pd and Pt contacts. 

 

Figure 6.2.2: DLTS spectra for e-beam deposited samples measured at a quiescent reverse 

bias of -1.0 V, a filling pulse height, Vp = 0.30 V, filling pulse width of 10 ms and rate 

window of 100 s
-1

 in the 30 – 350 K temperature range. The dark line represents Pd contacts, 

red line represents Ir contacts and blue dashed line represents Pt contacts 

 

Figure 6.2.2 shows the DLTS spectra obtained for the e-beam deposited contacts. All the 

samples reveal the presence of three prominent peaks as has also been observed and reported 

by [10,12]. The fourth peak in all samples is the e-beam induced defect [10]. However the 

peaks are broad indicating that they may consist of two or more energy levels which are 

closely spaced or defects with a continuous energy distribution as has been observed by Auret 

et al. [13] in GaAs. Figure 6.2.3 shows the Arrhenius plots obtained from the DLTS peaks.  
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Figure 6.2.3: Arrhenius plots for the e-beam deposited Schottky contacts. Dark symbols 

represent Pd contacts, red symbols represent Ir contacts and blue symbols represent Pt 

contacts. 

The energy levels obtained from the Arrhenius plots together with the estimated capture cross 

sections are shown in Table. 6.2.2. 

Table 6.2.2: Values of energy levels and capture cross section for the e-beam deposited 

contacts. Energy levels are measured below the minimum of the conduction band. 

Metal E1 

(eV) 

Capture 

cross 

section 

×10-12 (cm2) 

E2 

(eV) 

Capture 

cross 

section 
×10-17 (cm2) 

E3 

(eV) 

Capture 

cross 

section 
×10-15 (cm2) 

E4 

(eV) 

Capture 

cross 

section 
(cm2) 

Pd 0.12 3.73 0.10 3.10 0.30 7.20 0.60 1.43×10-12  

Ir 0.12 6.88 0.10 3.27 0.30 8.62 0.48 5.02×10-14 

Pt 0.12 5.20 0.10 8.69 0.30 9.48 0.69 1.37×10-12  

 

Defects labelled E1, E2 and E3 can be said to be native to ZnO as they have been observed in 

ZnO grown by different techniques as has been discussed in the previous section. 

 The E4 defect that has been introduced during e-beam deposition can be attributed to stray 

electrons that originate at the filament and are not focused onto the metal since the filament is 

not a true point source of electrons [9] and also some other negatively charged ionized gas 

particles. The average energy level for the E4 defect differs significantly from metal to metal. 

The observed differences might be due to the differences in the chemical nature and energy 

of the ionized particles that are causing the damage or possibly E4 consists of defects with a 
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continuous energy distribution. Since the metals used have different melting points, the 

current used to produce the electron beam so as to melt the metals also varies and thus the 

particles ionized together with their speeds towards the sample during the deposition process 

can also vary. 

The extent of the damage caused by the ionized particles, has been further investigated by 

performing a depth profile of the E4 peak. Figure 6.2.4 shows the results obtained from the 

three samples.  

 

Figure 6.2.4a: E4 trap concentration versus depth for the Ir Schottky contacts measured at a 

constant reverse bias of 1.0 V with increasing filling pulse height in steps of 0.05 V 

 

Figure 6.2.4b: E4 trap concentration versus depth for the Pt and Pd Schottky contacts 

measured at a constant reverse bias of 1.0 V with increasing filling pulse height in steps of 

0.05 V 
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The concentration of the E4 defect decreases as we go deeper into the bulk of the 

semiconductor for all the three metals used. The particles that cause damage during Pd 

deposition can penetrate a depth shallower than those during Pt and Ir deposition. Since high 

melting point metals require high current beams compared to those with low melting points, 

we have higher chances of ionizing more impurities from the metal itself and also those 

present in the system closer to the filament during deposition. Another possibility is, some 

ionized metal atoms can gain enough energy during collisions with other particles to cause 

damage to the ZnO surface [9]. Thus the concentration of the E4 for Ir is higher compared to 

Pd and Pt. This depth profile was performed at a constant reverse bias of 1.0 V and increasing 

the pulse height in steps of 0.05 V.  

A region of up to 64 nm below the interface has been probed for Ir contacts. The 

concentration has been observed to decrease from 3.6 x 10
15

 cm
-3

 at a depth of 52 nm to 

1.8 x 10
15

 cm
-3

 at 64 nm. Using the same measurement conditions, we have managed to probe 

a region up to 72 nm below the interface for Pt contacts. The concentration has been observed 

to decrease from 1.9 x 10
15 

cm
-3

 at 62 nm to 1.3 x 10
15 

cm
-3

 at 72 nm. For Pd, a depth of 46 

nm below the interface has successfully been examined. The concentration has decreased 

from 1.9 x 10
15

 cm
-3

 at 29 nm to 1.1 x 10
15 

cm
-3

 at 46 nm. A similar trend of a decrease in 

defect concentration with increase in depth has also been observed by [9]. 

   

A detailed summary of the e-beam induced defects in ZnO is presented in the article obtained 

from the link below. 

Publication 2: A comparative study of the electrical properties of Pd/ZnO 

Schottky contacts fabricated using electron beam deposition and resistive 

evaporation techniques 

http://dx.doi.org/10.1063/1.3658027 

 

 
 
 

http://link.aip.org/link/doi/10.1063/1.3658027


86 
 

Summary 

Stable rectifying Schottky contacts have been successfully fabricated on ZnO using the 

electron-beam deposition technique. However, this contact fabrication technique introduces 

defects on the surface of the material that affect device operation as they contribute to high 

reverse currents. These deep level defects have successfully been characterized using DLTS. 

From the defect depth profiling, it has been observed that e-beam deposition introduces 

defects with high concentrations closer to the surface of the semiconductor. The cause of the 

E4 defect has been explained as possibly due to ionized impurities from the metals, stray 

electrons from the filament itself that are not focused towards the metal. These electrons can 

collide with ionized impurities transferring their energy resulting in impurities impinging 

onto the sample and also other materials within the system closer to the filament. 
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6.3 Annealing studies of ZnO using Hall Effect, IV and DLTS 

Introduction 

Annealing of semiconductor crystals is an important aspect to consider during material 

processing for device fabrication and characterization. This is due to the fact that it can help 

recover, activate dopant impurities and in some cases remove defects in crystals that are 

native or that would have been intentionally introduced. Due to the above-mentioned effects, 

annealing of crystals results in the modification of the electrical and optical properties of the 

material and hence fabricated devices. In the case of defects that are already within the 

material, a study of the annealing kinetics of specific defects can give valuable information 

on how to improve the efficiency of devices if the optimal conditions have been identified. In 

ZnO, an effort to identify the nature and origins of the intrinsic defects has been made. Of all 

the experimental techniques used, none have managed to give the identity of these defects as 

they have failed to alter the properties of these intrinsic defects. These processes include 

among others, ion implantation and particle irradiation. Instead, these techniques tend to 

introduce other electrically active states within the bandgap of the semiconductor. An 

understanding of the nature of these defects and the origins of the n-type conductivity of the 

material is essential. This will help in the realization of p-type ZnO since one will have 

control over the native defects and hence the conductivity of ZnO. Currently, the realization 

of p-type material is still a challenge since native defects are believed to have self-

compensation behaviours. Since the techniques that have been employed have failed to give 

information to identify the nature of defects in ZnO, one would need to assume that annealing 

of crystals might give an insight into their identification. However, not much is known about 

the annealing behaviour of ZnO. In this section, annealing of bulk, melt grown single crystal 

ZnO samples is studied using the Hall effect, current-voltage and DLTS measurements.    
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6.3.1 Hall effect studies 

Introduction 

This technique was employed to characterize the shallow level defects introduced in the 

material through annealing. This is because the Hall effect technique is a surface sensitive 

technique. Detailed information pertaining to the study of shallow level defects in ZnO with 

annealing is obtained from the publication in the link below. 

Publication 3: Annealing and surface conduction on hydrogen peroxide 

treated bulk melt-grown, single crystal ZnO  

http://dx.doi.org/10.1016/j.physb.2011.09.101 

This publication outlines the experimental procedure used and the results that were obtained 

together with the conclusions that were drawn from the study. 

  

 
 
 

http://dx.doi.org/10.1016/j.physb.2011.09.101
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6.3.2 IV measurements 

Introduction 

It has been mentioned that annealing affects the electrical properties of devices, such an 

effect is demonstrated in this section. The results and conclusions drawn from the study are 

given in the publication obtained from the link below.  

Publication 4: Thermal annealing behaviour of Pd Schottky contacts on 

melt-grown single crystal ZnO studied by IV and CV measurements 

http://dx.doi.org/10.1016/j.mseb.2011.10.003 

Summary 

Annealing of metal/ZnO structures has proved to have an adverse effect on the electrical 

characteristics of devices. The devices have shown an increase in reverse leakage current 

with increase in annealing temperature. Annealing the devices at temperatures beyond 550°C 

results in them losing all their rectification behaviours. An increase in the net doping 

concentration with increase in annealing temperature has also been observed. The current 

transport mechanism across the metal/semiconductor interface has been modified from pure 

thermionic emission to thermionic field emission.     

 

  

 
 
 

http://dx.doi.org/10.1016/j.mseb.2011.10.003
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6.3.3 DLTS Studies 

Introduction 

It has been observed that the Schottky contacts on ZnO lose their rectification behaviour after 

annealing at high temperatures. At the same time, it has also been mentioned that the 

depletion layer of the metal/semiconductor interface is modified by annealing. This is a 

limitation for the determination and characterization of defects in ZnO at high temperatures. 

In this section, a study on the annealing induced deep level defects in ZnO is performed by 

annealing the as-received material before contact fabrication. This method allows for the 

determination of deep level defects even at high annealing temperatures. The Schottky 

contacts were fabricated after the annealing of the material. This section gives information of 

deep level defects introduced after annealing the samples in different ambient conditions and 

temperatures. The results of this study will give an idea of what these defects might relate to 

by considering those that anneal in or out under the different ambient conditions.  

Results and discussions 

6.3.3.1 Vacuum annealing 

 

Figure 6.3.3.1.1: Semi-logarithmic IV characteristic of Pd Schottky contacts deposited on 

vacuum annealed ZnO. The characteristics were recorded at 298 K in the dark.VA4, VA5 and 

VA7 indicate the annealing temperature of 400°C, 500°C and 700°C, respectively. 
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Figure 6.3.3.1.1 shows the semi-logarithmic IV characteristics of Pd Schottky contacts 

deposited on vacuum annealed ZnO samples. It can be clearly observed that annealing 

modifies the electrical characteristics of the contacts. Parameters extracted from these IV 

characteristics by fitting the linear region of the forward IV curves are presented in Table 

6.3.3.1.1. 

Table 6.3.3.1.1: Average values of Schottky barrier height, SBH, ideality factor, series 

resistance Rs, and the free carrier concentration from CV depth profile, for the un-annealed 

and vacuum annealed ZnO samples. 

Annealing 

Temperature(°C) 

SBH (eV) 

IV 

Ideality 

factor 
Rs (Ω) 

SBH (eV) 

CV 

NdCV 

10
17

cm
-3

 

------- 0.721±0.002 1.43 ± 0.01 190 1.16±0.02 2.63±0.03 

400 0.58±0.02 1.9 ± 0.3 112±20 1.13±0.02 1.82±0.05 

500 0.74±0.05 1.6 ± 0.1 137±30 1.04±0.02 1.48±0.03 

700 0.70±0.05 1.3± 0.1 137±20 1.13±0.02 1.94±0.02 

 

Samples annealed at 400°C show a decrease in the average IV barrier height compared to the 

un-annealed samples. However the barrier height increases after annealing samples at 700°C. 

For all the annealing temperatures, the average series resistance decreases as compared to the 

un-annealed sample. This might be due to surface conduction effects in which carriers find an 

easier path for current flow resulting in low resistance being measured on the samples. The 

average CV barrier height has been observed to be larger than the IV barrier height. This 

trend has been observed in many metal/semiconductor contacts and has been explained as 

due to the influence of thermionic field emission on the charge transport through the interface 

[1], the existence of an interfacial layer or interface states [2, 3] and also edge leakage 

currents[4]. From the CV depth profiles, it has been observed that the net doping 

concentration for all annealing temperatures is less than that of the un-annealed samples.    
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Figure 6.3.3.1.2: DLTS spectra obtained from Pd Schottky contacts deposited on vacuum 

annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, filling pulse 

of 0.30 V, filling pulse width of 2 ms and rate window of 100s
-1

 in the temperature range 30 –

 350 K. VA4, VA5 and VA7 indicate the annealing temperature of 400°C, 500°C and 700°C, 

respectively. The insert shows the E2 peak. 

 

Figure 6.3.3.1.2 shows the DLTS spectra obtained from the vacuum annealed samples. These 

spectra were recorded at a rate window of 100 s
-1

. The annealed samples show three peaks 

which have been observed in the un-annealed samples. This shows that vacuum annealing 

does not introduce new defects in bulk-melt grown single crystal ZnO. At the same time, it 

must be stated that vacuum annealing does not remove deep level defects within the 

investigated temperature range.  

Arrhenius plots shown in Figure 6.3.3.1.3 have been used to extract the defect signatures, i.e. 

the estimated activation enthalpy and apparent capture cross-section. These values are 

presented in Table 6.3.3.1.2. The activation enthalpy of the E1 peak has been estimated to be 

between 94 – 120 meV. This large variation in the activation enthalpy is due to the difficulty 

in an accurate determination of the value as this defect has a very strong electric field 

dependence and is also observed very close to the freeze-out region of ZnO indicated in the 

capacitance temperature scan of Figure 6.3.3.1.4. This defect has been suggested to be Zn 

vacancy or Oi related [5]. The same explanation can be given for the values of the apparent 

capture cross-section. The E2 peak has an activation enthalpy that varies from 99 – 103 meV 

and an apparent capture cross-section of (0.5 – 1) ×10
-16 

cm
2
. Its identity is not known yet. 
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The E3 peak has an activation enthalpy of 291 – 304 meV and a capture cross-section that 

varies from (0.5 – 3) ×10
-14 

cm
2
. Its identity is still not clear as illustrated in Table 6.1.1. The 

E3 peak shows a capture cross-section that is temperature dependent as observed from an 

increase in the DLTS peak height with increase in rate window frequency. 

 

Figure 6.3.3.1.3: Arrhenius plots obtained from Pd Schottky contacts deposited on vacuum 

annealed ZnO. Red symbols represent samples annealed at 400°C, black symbols are for 

500°C annealed samples and green symbols are for the 700°C annealed samples. 

 

Table 6.3.3.1.2: Values of activation enthalpy and capture cross section for the Pd Schottky 

contacts deposited on un-annealed and vacuum annealed ZnO. The activation enthalpy is 

measured relative to the minimum of the conduction band. 

Annealing 

temperature 

(°C) 

E1 

(meV) 

Capture cross 

section (cm2) 

E2 

(meV) 

Capture cross 

section 
(cm2) 

E3 

(meV) 

Capture cross 

section 
(cm2) 

No anneal 120 ± 20 5×10-12 100 ± 20 1×10-16 300 ± 20 3×10-14 

400 94 ± 10 9×10-14 99 ± 10 5×10-17 291 ± 10 5×10-15 

500 108 ± 10 9×10-13 103± 20 9×10-17 304 ± 20 1×10-14 

700 97 ± 10 1×10-13 99 ± 10 5×10-17 301 ± 10 1×10-14 
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Figure 6.3.3.1.4: Capacitance-temperature scan obtained from Pd Schottky contacts 

deposited on vacuum annealed ZnO. The spectra were recorded at a quiescent reverse bias of 

-2.0 V in the temperature range 30 – 350 K. VA4, VA5 and VA7 indicate the annealing 

temperature of 400°C, 500°C and 700°C, respectively. 

 

Figure 6.3.3.1.4 shows the variation of capacitance with temperature for the vacuum annealed 

ZnO samples. From these scans, it can be concluded that the freeze-out for ZnO begins 

around 50 K, where the capacitance drops sharply with a decrease in temperature.  
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6.3.3.2 Oxygen annealing 

 

Figure 6.3.3.2.1: Semi-logarithmic IV characteristic of Pd Schottky contacts deposited on 

oxygen annealed ZnO. The characteristics were recorded at 298 K in the dark.OA4, OA5, 

OA6 and OA7 indicate the annealing temperature of 400°C, 500°C, 600°C and 700°C, 

respectively. 

 

The semi-logarithmic IV characteristics for the oxygen annealed ZnO samples indicate a 

strong dependence on annealing temperature. For the 400°C and 500°C, the characteristics 

are almost the same to within experimental error. The 700°C annealed samples indicate the 

lowest leakage current. The leakage current seems to improve with increase in annealing 

temperature. However, these contacts show a very high series resistance that increases with 

an increase in annealing temperature. This could be a result of an insulative layer caused by 

oxygen adsorption during sample annealing. Table 6.3.3.2.1 shows the contact parameters 

that were obtained from the IV and CV characteristics of the oxygen annealed ZnO samples. 

As has also been observed with vacuum annealing, the CV barrier height is larger than the 

average IV barrier height for all annealing temperatures. The net doping concentrations for 

the annealed samples are also lower compared to that of the as-received samples. 
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Table 6.3.3.2.1: Average values of Schottky barrier height, SBH, ideality factor, series 

resistance Rs, and the free carrier concentration from CV depth profile, for the un-annealed 

and oxygen annealed ZnO samples. 

Annealing 

Temperature(°C) 

SBH (eV) 

IV 

Ideality 

factor 
Rs (Ω) 

SBH (eV) 

CV 

NdCV 

10
17

cm
-3

 

------- 0.721±0.002 1.43 ± 0.01 190 1.16±0.02 2.63±0.03 

400 0.68±0.01 1.44 ± 0.07 143±3 1.09±0.06 1.13±0.04 

500 0.65±0.02 1.7 ± 0.2 151±5 0.98±0.04 1.25±0.01 

600 0.73±0.02 1.47± 0.06 222±20 1.02±0.03 1.64±0.03 

700 0.84±0.02 1.46± 0.06 466±80 1.02±0.02 1.74±0.03 

 

Figure 6.3.3.2.2 shows the DLTS spectra obtained from the oxygen annealed samples. 

Samples annealed at 400°C, 500°C, 600°C and 700°C indicate the presence of three 

prominent peaks, similar to those observed in the as-received sample. From the insert shown 

in the DLTS spectra of Figure 6.3.3.2.3, the 400°C annealed sample shows an extra peak, E4. 

 

Figure 6.3.3.2.2: DLTS spectra obtained from Pd Schottky contacts deposited on oxygen 

annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, filling pulse 

of 0.30 V, filling pulse width of 2 ms and rate window of 100s
-1

 in the temperature range 30 –

 350 K. OA4, OA5, OA6 and OA7 indicate the annealing temperature of 400°C, 500°C, 

600°C and 700°C, respectively. The insert shows the E2 peak. 
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Figure 6.3.3.2.3: DLTS spectra obtained from Pd Schottky contacts deposited on oxygen 

annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, filling pulse 

of 0.30 V, filling pulse width of 2 ms and rate window of 100 s
-1

 in the temperature range 

30 – 350 K. OA4, OA5, OA6 and OA7 indicate the annealing temperature of 400°C, 500°C, 

600°C and 700°C, respectively. The insert shows the E4 peak. 

 

The Arrhenius plots shown in Figure 6.3.3.2.4 have been used to calculate the activation 

enthalpy and apparent capture cross-section for the defects observed in the oxygen annealed 

ZnO samples. The values obtained from these Arrhenius plots are given in Table 6.3.3.2.2. 

The activation enthalpy of the E1 defect has been estimated to be 115 – 120 meV and an 

apparent capture cross-section that varies from (2 – 5) × 10
-12 

cm
2
. E2 with an estimated 

activation enthalpy of 94 – 100 meV has an apparent capture cross-section of (0.3 – 1) × 10
-16 

cm
2
. As also observed in the vacuum annealed samples, the activation enthalpy of E3 has 

been estimated to be 294 – 300 meV and an apparent capture cross-section that varies from 

(0.7 – 3) × 10
-14 

cm
2
. The E4 defect observed in the 400°C annealed samples has an 

activation enthalpy of 596 meV and an apparent capture cross-section of 4 × 10
-14 

cm
2
. Its 

identity is not known yet.  

 
 
 



99 
 

 

Figure 6.3.3.2.4: Arrhenius plots obtained from Pd Schottky contacts deposited on oxygen 

annealed ZnO. Red symbols represent samples annealed at 700°C, green symbols are for the 

600°C annealed samples, black symbols are for 500°C annealed samples and blue symbols 

are for the 400°C annealed samples. OA4, OA5, OA6 and OA7 indicate the annealing 

temperature of 400°C, 500°C, 600°C and 700°C, respectively 

 

Table 6.3.3.2.2: Values of activation enthalpy and capture cross section for the Pd Schottky 

contacts deposited on un-annealed and oxygen annealed ZnO. The activation enthalpy is 

measured relative to the minimum of the conduction band. 

Annealing 

temperature 

(°C) 

E1 

(meV) 

Capture 

cross 

section 

(cm2) 

E2 

(meV) 

Capture 

cross 

section 
(cm2) 

E3 

(meV) 

Capture 

cross 

section 
(cm2) 

E4 

(meV) 

Capture 

cross 

section 
(cm2) 

No anneal 120 ± 20 5×10-12 100  ± 10 1×10-16 300  ± 20 3×10-14 ------- --------- 

400 111 ± 10 2×10-12 95  ± 10 3×10-17 294  ± 20 7×10-15 596  ± 10 4×10-13 

500 115 ± 20 4×10-12 99  ± 10 4×10-17 300 ± 20 1×10-14 ------- ---------- 

600 115 ± 20 3×10-12 94  ± 10 3×10-17 300  ± 20 1×10-14 ------- --------- 

700 116 ± 20 4×10-12 99  ± 10 4×10-17 300  ± 20 1×10-14 ------- --------- 
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Figure 6.3.3.2.5: Capacitance-temperature scan obtained from Pd Schottky contacts 

deposited on oxygen annealed ZnO. The spectra were recorded at a quiescent reverse bias of 

-2.0 V in the temperature range 30 – 350 K. OA4, OA5, OA6 and OA7 indicate the annealing 

temperature of 400°C, 500°C, 600°C and 700°C, respectively 

 

Figure 6.3.3.2.5 shows the variation of capacitance with temperature for the oxygen annealed 

ZnO samples. From these scans, it can be concluded that the freeze-out for ZnO begins 

around 50 K, where the capacitance drops sharply with a decrease in temperature. The Zni 

cannot be observed since the Fermi level is lowered. This lowering is due to the fact that the 

acceptor concentration for all the annealed samples is now too high, as compared to the 

concentration of the Zni. This is confirmed by the sharp decrease in capacitance in the CT 

scans. Furthermore, an effective mass donor is formed whose concentration depends on the 

annealing ambient and temperature, being higher for high annealing temperatures and lower 

for low annealing temperatures. There is also a possibility that the Zni is annealed out and a 

new shallow donor with high concentration is observed as has been reported by von 

Wenckstern et al. [5] and Mtangi et al.[6]. The 400°C and 500°C annealed samples however 

show a decrease in capacitance with increasing temperature. This has been observed and 

explained as due to the presence of surface related defects which coexist with deep level 

defects whose response can only be observed with low frequencies [7].   
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6.3.3.3 Argon annealing 

 

Figure 6.3.3.3.1: Semi-logarithmic IV characteristic of Pd Schottky contacts deposited on 

argon annealed ZnO. The characteristics were recorded at 298 K in the dark. ArA3, ArA4, 

ArA5, ArA6 and ArA7 indicate the annealing temperature of 300°C, 400°C, 500°C, 600°C 

and 700°C, respectively. Figure adopted from ref [8] 

Figure 6.3.3.3.1 illustrates the effects of annealing on the IV characteristics of Pd Schottky 

contacts deposited on ZnO. The annealed samples yield contacts with very high reverse 

currents compared to the un-annealed contacts. Of particular interest is the reverse current for 

the 400°C annealed samples. Even though this current increases, it does not differ much from 

that of the un-annealed samples. These high reverse currents can be explained by considering 

the defects that are introduced during annealing of the samples. One would expect the 400°C 

annealed samples to have a low concentration of defects as compared to the 300°C, 500°C 

600°C and 700°C annealed samples since defects can also contribute to high leakage currents 

in metal/semiconductor contacts.  

Parameters obtained from the IV characteristics of Figure 6.3.3.3.1 are given in Table 

6.3.3.3.1. These have been obtained by fitting the linear part of the forward IV curves to a 

pure thermionic emission model. The 400°C annealed samples show a very high barrier 

height compared to all the annealed samples, hence the observed low leakage current. The 

annealed samples however show an increase in series resistance of the contacts compared to 

the un-annealed samples. As has been noted with the vacuum annealed and oxygen annealed 
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samples, the CV barrier height is larger than the IV barrier height and also the net doping 

concentration for the annealed samples is lower than that of the un-annealed samples.     

Table 6.3.3.3.1: Average values of Schottky barrier height, SBH, ideality factor, series 

resistance Rs, and the free carrier concentration from CV depth profile, for the un-annealed 

and oxygen annealed ZnO samples. 

Annealing 

Temperature(°C) 

SBH (eV) 

IV 

Ideality 

factor 
Rs (Ω) 

SBH (eV) 

CV 

NdCV 

10
16

cm
-3

 

------- 0.74±0.02 1.67 ± 0.01 190 1.16±0.02 26.3±0.3 

300 0.70±0.01 1.25 ± 0.07 206±3 1.53±0.06 5.53±0.04 

400 0. 81±0.01 1.37 ± 0.07 312±30 1.40±0.06 12.4 ±0.4 

500 0.63±0.02 1.72 ± 0.02 391±50 2.55±0.04 6.65±0.01 

600 0.74±0.02 1.43± 0.06 110±20 1.45±0.03 10.2±0.03 

700 0.73±0.02 1.17± 0.05 (8.4±1)k 0.86±0.02 9.40±0.03 

 

Figure 6.3.3.3.2 shows the DLTS spectra obtained from the un-annealed and argon annealed 

ZnO samples. The insert shows a new peak observed on the 700°C annealed samples together 

with the E2 peak. The un-annealed and annealed ZnO samples contain three prominent peaks, 

E1, E2 and E3. Figure 6.3.3.3.3 also shows DLTS spectra for the un-annealed and argon 

annealed samples. The insert shows the annealing induced E4 peak on the 300°C, 500°C and 

600°C annealed samples. Interesting enough, the 400°C does not show any annealing induced 

deep level defects.  

With all the other annealing temperatures examined in this study, the E4 is observed up to an 

annealing temperature of 600°C after which it disappears and Ex is induced. The identities of 

the E4 and Ex deep levels are not known yet. The fact is; E4 and Ex are not thermally 

induced defects, but they are ambient related defects as they have not been observed in 

vacuum annealing nor in 300°C, 500°C, 600°C and 700°C oxygen annealing. The Arrhenius 

plots of Figure 6.3.3.3.4 have been used to calculate the estimated activation enthalpy and 

capture cross-section for the 700°C annealed samples. The values of the activation enthalpy 

and apparent capture cross-section for the peaks are given in Table 6.3.3.3.2. 

The activation enthalpy of the Ex peak has been estimated to be 167 meV with an apparent 

capture cross-section of 1×10
-16

 cm
2
. A defect with an energy level similar to that of Ex was 

observed in melt-grown samples by Ye et al. [9] after oxygen implantation and subsequent 

annealing at 750°C in air and Gu et al [10] after annealing nitrogen implanted ZnO samples.   
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Figure 6.3.3.3.2: DLTS spectra obtained from Pd Schottky contacts deposited on argon 

annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, filling pulse 

of 0.30 V, filling pulse width of 2 ms and rate window of 100s
-1

 in the temperature range 30 –

 350 K.  The insert shows the E2 and Ex peaks. ArA3, ArA4, ArA5, ArA6 and ArA7 indicate 

the annealing temperature of 300°C, 400°C, 500°C, 600°C and 700°C, respectively 

 

Figure 6.3.3.3.3: DLTS spectra obtained from Pd Schottky contacts deposited on argon 

annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, filling pulse 

of 0.30 V, filling pulse width of 2 ms and rate window of 100s
-1

 in the temperature range 30 –

 350 K.  The insert shows the E4 peak. ArA3, ArA4, ArA5, ArA6 and ArA7 indicate the 

annealing temperature of 300°C, 400°C, 500°C, 600°C and 700°C, respectively 
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Figure 6.3.3.3.4: Arrhenius plots obtained from Pd Schottky contacts deposited on 700°C 

argon annealed ZnO. 

 

Table 6.3.3.3.2: Values of activation enthalpy and capture cross section for the Pd Schottky 

contacts deposited on un-annealed and 700°C argon annealed ZnO. The activation enthalpy 

is measured relative to the minimum of the conduction band. 

 

Of particular interest is the introduction of E4 after annealing ZnO in different ambient 

conditions. Repeated Ar annealing on several samples from the same batch shows the 

introduction of E4 at 300°C, 500°C and 600°C and not at 400°C. However, oxygen annealing 

does not introduce E4 after 300°C, 500°C and 600°C, but it is only observed after annealing 

ZnO samples at 400°C which is exactly the opposite case for Ar annealing. Figure 6.3.3.3.5 

shows the spectra obtained from the 400°C argon annealed and 400°C oxygen annealed 

samples. The insert shows the E4 peak. The intensity of E3 seems to be affected by the 

formation of either the Ex or E4 deep level for all the annealing conditions and ambient used 

in this study. The E4 peak is broad, indicating that it may consist of two or more energy 

levels which are closely spaced. Laplace-DLTS has been employed to separate these closely 

Annealing 

temperature 

(°C) 

E1 

(meV) 

Capture 

cross 

section 

(cm2) 

E2 

(meV) 

Capture 

cross 

section 

(cm2) 

Ex 

(meV) 

Capture 

cross 

section 

(cm2) 

E3 

(meV) 

Capture 

cross 

section 

(cm2) 

E4 

(meV) 

Capture 

cross 

section 

(cm2) 

No anneal 120 5×10-12 100 1×10-16 -------- -------- 300 3×10-14 ----- --------- 

700 120 9×10-12 95 2×10-17 167 1×10-16 293 1×10-16 ----- --------- 
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spaced energy levels. Results are presented in the attached publication in section 6.3.4. It 

must be noted that E4 only refers to the fourth peak that is induced by annealing, not 

necessarily that the deep level defects introduced during argon annealing at 300°C, 500°C 

and 600°C and oxygen annealing at 400°C are the same. 

 

 

Figure 6.3.3.3.5: DLTS spectrum obtained from Pd Schottky contacts deposited on oxygen 

and argon annealed ZnO. The spectra were recorded at a quiescent reverse bias of -2.0 V, 

filling pulse of 0.30 V, filling pulse width of 2 ms and rate window of 100s
-1

 in the 

temperature range 30 – 350 K. OA4 and ArA4 indicate the sample annealed in oxygen at 

400°C and argon at 400°C, respectively. The inserts show the E2 and the E4 peak observed 

in the oxygen annealed samples. 

 

Since it has been observed that the defects induced through annealing are ambient related and 

not thermally related, a study of the annealing induced defects at 300°C in different ambient 

conditions is presented in publication 5 obtained from the link below. 
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Publication 5: Effects of hydrogen, oxygen, and argon annealing on the 

electrical properties of ZnO and ZnO devices studied by IV, DLTS and 

LDLTS 

http://dx.doi.org/10.1063/1.4709728 

 

Summary 

Based on the findings of this study on annealing induced defects in ZnO, this subject is very 

complicated since one of the inert gases, i.e. argon can induce defects in ZnO. Identifying the 

nature of these annealing induced defects is still a subject under investigation. Table 6.3.3.3.3 

presents the findings by other authors on the annealing induced defects in ZnO under various 

ambient conditions. 

Table 6.3.3.3.3. Summary of defects induced in as-received ZnO after annealing in different 

ambient conditions and temperatures.  

Growth 

Technique 

Annealing 

Ambient 

Annealing 

temperature (°C) 

Defect/s 

induced 
Identity Ref 

Melt 

Vacuum 

400 

600 

700 

-------- 

-------- 

-------- 

--------- 

This work 

This work 

This work 

O2 

300 

400 

500 

600 

700 

-------- 

E4 (0.60 eV) 

-------- 

-------- 

-------- 

-------- 

? 

-------- 

--------- 

--------- 

[6] 

This work 

This work 

This work 

This work 

Ar 

300 

400 

500 

600 

700 

E4 (0.67 eV) 

------- 

E4 

E4 

Ex (0.16 eV) 

? 

-------- 

? 

? 

? 

[6] 

[8] 

[8] 

[8] 

[8] 

H2 300 E4 (0.60 eV) ? [6] 

Hydrothermal 

O2 

N2 

Ar 

N2/H2 

 

1400 

 

700 

E4(0.54 eV) 

 

Zn 

deficiency 

related 

[11] 

 

  

 
 
 

http://link.aip.org/link/doi/10.1063/1.4709728
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Conclusions 

Annealing of samples prior to Schottky contact fabrication allows for the determination and 

characterization of high temperature annealing induced deep level defects in melt grown 

single crystal ZnO. Within the temperature range studied, i.e. 300°C – 700°C, vacuum 

annealing does not induce any new defects, neither does it anneal out the prominent defects 

observed in the as-grown material. Oxygen annealing also does not introduce defects on all 

the other temperatures, except at 400°C where E4 is induced. The identity of E4 is not known 

as yet. With Ar annealing, a deep level defect labelled E4 is observed at 300°C, 500°C and 

600°C. It must be mentioned that this defect is not the same for the three different annealing 

temperatures. 400°C Ar annealing does not induce any defect in ZnO and also does not 

anneal out the E1, E2 and E3 defects. Annealing the ZnO samples in Ar at 700°C results in 

E4 annealing out and a new deep level defect, Ex being induced. Hydrogen annealing has 

only been performed at 300°C where a deep level defect labelled E4 has also been induced. 

Melt grown single crystal ZnO samples annealed in different ambient conditions and 

temperatures reveal the introduction of defects which are ambient and temperature related. 

This behaviour of ZnO enables, and is significant for defect engineering within the material 

where if certain defects with certain properties are required, their introduction can be easily 

achieved and controlled by either using specific temperature and/or ambient conditions.     
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6.3.4 Argon and Oxygen annealing 

Introduction 

Following the results that have been presented in the previous sections, a study has been 

performed to investigate whether it is possible to anneal out the E4 deep level defect in 

oxygen ambient at the same temperature at which it has been introduced  through argon 

annealing.  

 

Figure 6.3.4.1: Normalized DLTS spectra of ZnO samples annealed in Ar + O2 at different 

temperatures. The spectra were recorded on the 11
th

 of November 2011. The measurement 

conditions comprised of a quiescent reverse bias of 2.0 V, filling pulse Vp = 0.3 V, filling 

pulse width of 2.0 ms and a rate window of 100 s
-1

. 
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Figure 6.3.4.2: Normalized DLTS spectra of ZnO samples annealed in Ar + O2 at different 

temperatures. The spectra were recorded on the 5
th

 of May 2012. The measurement 

conditions comprised of a quiescent reverse bias of 2.0 V, filling pulse Vp = 0.3 V, filling 

pulse width of 2.0 ms and a rate window of 100 s
-1

. 

 

Figure 6.3.4.1 shows the DLTS spectra of the Ar + O2 annealed samples determined on the 

11
th

 of November 2011, while Figure 6.3.4.2 shows the spectra that was obtained on the 5
th

 of 

May 2012. When the measurements were performed just after contact fabrication, the 400°C 

Ar + O2 annealed samples did not show the E4 peak. Six months later, the 400°C annealed 

sample now shows the E4 peak. All the annealing induced defects indicate a change in either 

the peak height or the peak position (in terms of temperature). After six months, the intensity 

of the E4 in the 500°C annealed samples is now higher than that of the 300°C annealed 

samples. The intensity of the normalized E3 peak for the annealed samples also appears to 

change with time. It appears as if the E4 peak affects the E3 peak in one way or the other. 

Using the 400°C annealed sample as an example; when E4 was not present, the intensity of 

the E3 peak was high (Figure 6.3.4.1). With the E4 peak appearing, the intensity of E3 

decreases (Figure 6.3.4.2). For the 400°C Ar annealed samples fabricated on the same day 

(Figure not shown), after the same number of months, E4 is still not present. Hence O2 is 

responsible for the E4 peak that has been observed in the 400°C Ar + O2 annealed samples. 
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Figure 6.3.4.3 shows the Arrhenius plots for the annealing induced defects in the Ar + O2 

annealed samples. The values of the estimated activation enthalpies and apparent capture 

cross-sections are presented in Table 6.3.4.1. 

 

Figure 6.3.4.3: Arrhenius plots for the annealing induced defects in ZnO after Ar + O2 

annealing. 

 

Table 6.3.4.1: Values of annealing temperature, estimated activation enthalpy and apparent 

capture cross-section for the annealing induced defects in ZnO from measurements 

performed on 5 May 2012.  

Annealing Temperature  

(°C) 

Activation enthalpy 

 (meV) 

Apparent capture cross-section 

(cm
2
) 

300 E4(460) 2 × 10
-14

 

400 E4(740) 2 × 10
-10

 

500 E4(540) 3 × 10
-13

 

600 E4(490) 7 × 10
-14

 

700 Ex(160 – 180) 3 × 10
-16

 

 

From the Arrhenius plots, the estimated activation enthalpy and apparent capture cross-

section, it can be clearly observed that the defect labelled E4 is not the same for the 300°C, 

400°C and 600°C.  
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More details on the Ar + O2 studies are presented in publication 6 obtained from the provided 

link. The publication outlines the experimental procedure, results and discussions and 

conclusions drawn from this investigation. 

Publication 6: Effects of high temperature annealing on single crystal ZnO 

and ZnO devices 

http://dx.doi.org/10.1063/1.3700186 

Summary 

Annealing melt grown single crystal ZnO in Ar ambient at high temperatures introduces deep 

level defects. These deep levels tend to affect the electrical properties of the Schottky 

contacts fabricated on the annealed material by increasing the reverse leakage current and the 

series resistance of the contacts. DLTS measurements performed on ZnO material annealed at 

different temperatures reveal different deep level defects induced at those particular 

temperatures. An increase in annealing temperature results in a transformation of the 

observed deep level defects. Below the annealing temperature of 700°C, a deep level defect 

labelled E4 appeared in the DLTS spectra slightly below room temperature. After 700°C 

annealing, the E4 deep level defect anneals out and a new low temperature deep level defect, 

Ex is induced. These deep levels can be said to be unstable as they show some changes in the 

temperature peak position with time. These changes could be due to changes in the 

environmental conditions, particularly the temperature at which the samples are kept, which 

in this particular study is room temperature. For the 400°C Ar + O2 annealed samples, the E4 

deep level defect, which is not observed just after contact fabrication, is observed after a 

period of time, in this case, six months. This might be a result of room temperature annealing 

of the samples which activates some defect species. However the E4 deep level is not induced 

in the 400°C Ar annealed samples kept in the same environment for the same amount of time. 

The question is: (i). what does Ar annealing do to the samples? (ii). what is the effect of 

oxygen annealing on Ar annealed ZnO samples? This question is yet to be answered after 

further investigations.      

 
 
 

http://link.aip.org/link/doi/10.1063/1.3700186
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6.4 Irradiation induced defects 

Introduction 

ZnO has the potential to be used in the fabrication of UV detectors and space applications. In 

space applications, devices often operate in harsh radiation conditions which comprise of 

highly energetic particles and elevated temperatures. This requires the material to be highly 

resistant to radiation damage for devices to operate reliably for extended periods. In this 

section, the effects of exposing Pd Schottky contacts to H
+
 ion irradiation are presented.  

 

Figure 6.4.1: DLTS spectra for the proton irradiated Pd/ZnO Schottky contacts. These 

spectra were recorded at a quiescent reverse bias of 2.0 V, Vp = 0.3 V and filling pulse width 

of 2.0 ms and rate window of 100 s
-1

. The green solid line shows the spectrum recorded in 

May 2011, while the red dotted line indicates the spectrum obtained in April 2012.  

 

Figure 6.4.1 shows the DLTS spectra of the 1.6 MeV proton irradiated ZnO samples. The 

spectra show three prominent peaks that have also been observed in the as-grown samples. 

An extra peak labelled Ep has been introduced by proton irradiation. The estimated activation 

enthalpy and capture cross-sections are given in the Arrhenius plots of Figure 6.4.2. The 

proton induced defect has an activation enthalpy of 533 meV and an apparent capture cross-

section of about              A defect with almost the same energy level was observed by 
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Auret et al.[1] in SCVT grown samples after 1.8 MeV proton irradiation. In their study, they 

report an activation enthalpy of Ep1 to be              and an apparent capture cross-

section of                   . Schmidt [2] also reported a defect which he labelled E4 

in ZnO thin films after 1.6 MeV proton irradiation, with activation energy of 0.55 eV. There 

is therefore a high possibility that the Ep defect is the same as the Ep1 observed by Auret et 

al. [1] and the E4 observed by Schmidt [2]. As shown in Figure 6.4.1, the Ep defect shows 

high stability for a sample kept at room temperature conditions. The spectra recorded after 

almost a year indicates the presence of Ep with almost the same concentration.  

 

Figure 6.4.2: Arrhenius plots obtained from the 1.6 MeV proton irradiated Pd/ZnO Schottky 

contacts. Filled symbols indicate the measurements performed in May 2011 while the empty 

symbols represent the data obtained in April 2012. 

 The stability of the Ep defect is also illustrated using the depth profile of Figure 6.4.3. This 

profile was recorded at a constant reverse bias of 2.0 V and increasing pulses in steps of 

0.1 V. As demonstrated in Figure 6.4.3, the concentration at any given depth for the sample 

evaluated in May 2011 is slightly higher than the concentration determined in April 2012, but 

to within experimental error these values are almost the same. This clearly indicates that once 

introduced, the Ep1 is stable for the period specified in this study. The same is observed for 

the E1, E2 and E3 peaks as illustrated in the Arrhenius plots of Figure 6.4.2.  
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Figure 6.4.3: Variation of trap concentration with depth obtained from the irradiation 

induced Ep peak observed in Pd/ZnO Schottky contacts.  

Summary 

Exposing ZnO to highly energetic particles introduces a new deep level defect. However this 

defect exists in low concentration indicating that ZnO is resistant to radiation damage to some 

extent. The irradiation induced peak has proved to be stable within the period evaluated 

within this particular study. Introduction of Ep after irradiation has no effect on the other 

peaks already present in the material. 
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