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Abstract

Zinc oxide (ZnO) has been used for many years in a wide range of products,

but not for its semiconducting properties. Recent improvements made in

the production of ZnO generated a new interest towards this material. In-

deed, the direct wide band gap (3.37 eV at room temperature) and the high

exitonic binding energy (60 meV) make ZnO attractive as a transparent

conducting oxide (TCO) in photovoltaic and in optoelectronic applications.

In addition, the non-toxicity, the Zn availability and abundance, the possi-

bility to grow single crystal bulk material and to deposit thin ZnO film on

wide range of substrates at low temperature make this material very ap-

pealing. However, in order to reach the full potential of ZnO, several issues

must be resolved, such as a full control of the inherent n-type conductivity

and the achievement of p-type doping.

The work contained in this thesis is focused on the investigation of the

electrical properties of hydrothermally grown ZnO and ZnO/Si heterojunc-

tions. In particular, current-voltage (I-V), capacitance-voltage (C-V) and

deep level transient spectroscopy (DLTS) techniques have been employed to

characterize Pd/ZnO Schottky contact and ZnO/Si heterostructure prop-

erties. Especially, defect levels in the band gap of ZnO and at the interface

of ZnO/Si heterostructures have been investigated.

Firstly, electrically active defects in hydrothermally grown ZnO have been

investigated by DLTS and thermal admittance spectroscopy (TAS) through

Pd Schottky contacts. Defect levels with energy positions of 0.19 (E2),

0.30 (E3) and 0.57 (E4) eV below the conduction band edge (Ec) have

been observed. In addition, the different annealing conditions reveal strong

influence on several defect levels. For example, E2 and E4 appear as O-rich

and Zn-rich defects, respectively. Moreover, improvement made on the Pd



Schottky contacts has allowed us to explore deeper region in the band gap

of ZnO by using DLTS in the temperature range up to 600K. Thus, two

new defect levels have been observed with energy positions of 1.0 (E5) and

1.2 (E6) eV below Ec. These defects are strongly influenced by mechanical

polishing and are tentatively assigned to vacancy type defects. Moreover,

similar defect levels arise after Zn implantation, which supports the intrinsic

nature of E5 and E6.

Secondly, ZnO/Si heterostructures prepared by DC magnetron sputtering

and atomic layer deposition (ALD) have been investigated. X-ray diffraction

(XRD) and transmission electron microscopy (TEM) have been used to

investigate the structure and morphology of the ZnO layers and the interface

of the heterostructures. The electronic properties of the ZnO/Si junctions

have been studied by I-V, C-V and DLTS measurements. The junctions

show rectifying behavior on both n-type and p-type Si and defect levels

have been observed close to the interface. Moreover, the barrier heights

of ZnO/Si heterostructures prepared by ALD have been investigated by I-

V and C-V versus temperature. The results give an estimate of the work

function of n-type ZnO, ΦZnO = 4.65 eV. Finally, preliminary work has

been done to compare ALD and RF magnetron sputtering and the results

demonstrate that ALD is a soft deposition technique which induces less

interfacial defects than sputtering.
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Chapter 1

Introduction

The increase of the energy consumption and the global warming represent major

issues for our future. This combined with the depletion of fossil energy sources, the

development and production of clean and sufficient energy represent the largest chal-

lenge of this century. In this respect, novel semiconductors, such as zinc oxide (ZnO),

may have a crucial role in the development of energy saving devices and renewable en-

ergies, e.g. photovoltaic cells.[1, 2] ZnO has been used for many years in a wide range

of products,[3] but not for its semiconducting properties. Recent improvements made

in growth techniques and the production of high quality single crystal ZnO generated

a new interest towards this material. Indeed, one of the most interesting properties

of ZnO is the direct wide band gap (3.37 eV at room temperature) making it attrac-

tive as a transparent conducting oxide (TCO)[4] in thin film photovoltaics[5] and in

optoelectronic applications such as white light emitting diodes (LED).

TCOs suitable for use as thin-film transparent electrodes, require degenerated semi-

conductors with high carrier concentration (>1020 cm−3), low resistivity (< 10−3 Ω.cm)

and transmittance, in the visible part of the spectrum, higher than 80%. So far, a multi-

tude of materials are available as TCO, and the most commonly used ones for industrial

purposes are Sn doped In2O3 (ITO), F doped SnO2 (FTO) and Al doped ZnO (AZO).

TCOs have been used for several decades but not much studied, probably because their

performances were sufficient for specific applications (e.g. flat screen, touch-sensitive

screen, electrochromic window). However, in the case of photovoltaic cells, TCO may

have a direct impact on the performance of the complete device, where defects and in-
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Chapter 1. Introduction

terfacial layers may reduce the efficiency of the solar cells. At present time, ITO is the

most industrially used TCO, mainly due to higher electrical conductivity and higher

transparency compared to other TCO materials. However, the fast-growing demand for

TCOs for optoelectronic devices will rise up the price of ITO due to the lack of Indium.

Hence, ZnO based materials appear as a promising alternative and have gained interest

due to low cost production, non-toxic elements, and the ability to exhibit resistivity

comparable to ITO. Moreover, the possibility to tune the energy band gap of ZnO by

introducing Cd or Mg makes ZnO suitable to be used as an active layer in the future

generation of multi-junction solar cell.[6, 7]

Another property making ZnO very promising is its high exciton binding energy (60

meV) which is twice that of GaN. Thus, ZnO has a potential to be used in light emitting

diodes (LEDs) and laser diodes; a large scale production of white LEDs could reduce

considerably the global energy consumption and ZnO may also play a major role in this

development. Other properties of ZnO such as the chemisorption capability, piezoelec-

tricity and the possibility to dope ZnO with transition metals make ZnO suitable in a

wide range of applications in gas sensors, piezoelectric and spintronic devices.[8, 9, 10]

However several issues must be addressed before extensive use of ZnO in commercial

applications. ZnO is a naturally n-type semiconductor and the origin of its conductivity

is still a controversy. In order to understand the native n-type origin of ZnO, a thorough

knowledge of the impurities and intrinsic point defects is essential. Further, electrically

active defects may dramatically affect the electrical and optical performances and the

control of these defects during growth and device processing is crucial. In addition,

even if achieving n-type ZnO is relatively easy, a perfect control of the doping must

be pursued for applications in electronic devices. Finally, another main obstacle for

extensive use of ZnO is the difficulty in achieving stable and highly conductive p-type

layers and thus making p-n junctions and transistors. Several groups have reported p-

type ZnO but the reproducibility, the hole concentration and the mobility are generally

low. The main reason is that ZnO is ‘naturally’ n-type and a majority of defects play a

role in compensating the p-type doping. Another reason is that only a few candidates

exist as shallow acceptors for ZnO, according to theoretical predictions.

In this thesis, electrical properties of bulk ZnO and thin film ZnO have been inves-

tigated. The thesis is organized as follows: Chapter 2 introduces the semiconductor

2



Chapter 1. Introduction

physics relevant to the study, the defects in semiconductors and the general properties

of ZnO. Chapter 3 describes the experimental techniques used in the work. Chapter 4

summarizes the work and the main results obtained. The results are structured into

two parts: firstly, defect levels in the band gap of hydrothermally grown ZnO have been

investigated by capacitance techniques. In particular, the results reported in Paper I

and III focus on the effects of annealing conditions on defect levels. Paper II points out

the effects of polishing on the defect levels in ZnO and Paper IV reports on an ion im-

plantation study. Secondly, ZnO/Si heterojunctions prepared by sputtering and atomic

layer deposition (ALD) have been investigated; the results reported in Paper V and

VI focus on the investigation of interface defects between ZnO and Si, while Paper VII

addresses the barrier heights of ZnO/Si junctions.

3



Chapter 1. Introduction
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Chapter 2

Properties of ZnO

This chapter introduces a brief review of the semiconductor physics, the junction

formation and the effects of defects and impurities on the properties of the semicon-

ductors. Finally, the main properties of ZnO as transparent conducting oxide will be

summarized.

2.1 Properties of semiconductors

An electron in a single isolated atom may only occupy discrete energy levels, called

orbitals. When two isolated atoms approach each other, the interaction between their

atomic orbitals will form new molecular orbitals known as bonding and antibonding or-

bitals, resulting in new energy levels. This concept of bonding and antibonding orbitals

can be extended for solid-state materials, where a large number of atoms interact and

the overlap of bonding and antibonding orbitals will result into continuous energy bands

separated by forbidden intervals called band gaps. Electrons in a solid-state material

obey the Fermi-Dirac distribution, where the probability f(E) that an available state

will be occupied by an electron is given by f(E) = (1 + exp((E − EF )/kT ))−1, where

EF is the Fermi level, k is the Boltzmann constant and T is the absolute temperature.

Depending on the position of the Fermi level and the band structure of the material,

the materials can be classified into three types; insulators, metals and semiconductors.

An insulator has the allowed energy bands either filled or empty of electrons and will

5



Chapter 2. Properties of ZnO

not respond to an applied electrical field, while a metal has the allowed band par-

tially filled by electrons and responds instantaneously to an applied electrical field. A

semiconductor, like an insulator, is characterized by a band gap (Eg). At T = 0K,

the uppermost energy band below this band gap, called valence band (Ev), is fully

occupied by electrons and the lowermost energy band above the band gap, called con-

duction band (Ec), is unoccupied. The difference with an insulator, is that electrons

can be thermally excited from the valence band to the conduction band and, thus,

transport current. In semiconductors, the electrical conductivity is controlled by two

types of charge carriers; electrons in the conduction band (n-type doping) and holes in

the valence band (p-type doping). Moreover, specific dopants can be introduced in the

semiconductor in order to control the conductivity and the type of the semiconductor.

By doping the semiconductor with a shallow donor impurity which donates an electron

to the conduction band, the semiconductor will have an excess of negative charge car-

riers (n-type), while semiconductor doped with shallow acceptor impurities will have

a deficit of free electrons resulting in an excess of positive charge carriers (p-type). In

an ideal semiconductor without any impurities, the Fermi level is located close to the

middle of the band gap and the semiconductor has low intrinsic carrier concentration

controlled by the ratio Eg/kT . However, in a doped semiconductor, the Fermi level is

pushed towards the conduction band or towards the valence band for n-type and p-type

material, respectively.

Figure 2.1: Energy band diagram of the formation of Schottky metal-semiconductor

(n-type) before (a) and after perfect contact (b)

6



Chapter 2. Properties of ZnO

A rectifying junction is crucial for most semiconductor devices as well as a tool

for electrical characterizations of physical properties of semiconductors. As described

in the introduction, fabrication of ZnO p-n junctions is limited due to the lack of

p-type ZnO. However, Schottky contacts on ZnO using different metals have been

reported in the literature[11, 12] and recent improvements achieved on the junction have

allowed the use of Schottky contacts for electrical investigation of ZnO by capacitance

techniques. In the following, we limit the description to the Schottky junction, but

similar considerations hold for a p-n junction.

The interruption of the periodic potential of the crystal at the surface of the semi-

conductor modifies the energy potential of the surface. We consider an ideal junction

formation between a n-type semiconductor with an electron affinity (χs) and a metal

with a work function (φm), where φm > χs (see Fig. 2.1a). By depositing the metal con-

tact onto the surface of the semiconductor, electrons from the semiconductor can lower

their energy by moving towards the metal. At equilibrium, the Fermi level of the metal

(Em
F ) and of the semiconductor (Es

F ) will coincide. According to the Schottky-Mott

model[13], a band bending of the band edges of the semiconductor occurs, resulting in

the formation of a region depleted of free charge carriers with a width W and a barrier

Φb. The height of the barrier relative to the Fermi level is given by:

Φb = φm − χs. (2.1)

By applying bias to the metal-semiconductor junction, the difference between Em
F

and Es
F can be manipulated. Under forward bias, Es

F is raised, thus, the potential

across the semiconductor decreases and allows electrons to flow through the junction,

which leads to a positive current through the junction at a voltage comparable to

the built-in potential Vbi. Under reverse bias, Es
F is lowered, the potential across the

semiconductor increases, yielding larger depletion region and larger electric field at the

interface, and limiting the flow of electrons.

The capacitance C of the depletion region can be determined as a function of the

built-in voltage and is given by the derivative of the total charge Q in the depletion

region C = dQ/dVI , where VI = Vbi − kT/q. By solving the Poisson’s equation ΔV =

7



Chapter 2. Properties of ZnO

ρ(x)/ε with boundary conditions, where the charge density is ρ(x) = qND. For 0 ≤
x ≤ W , the potential is given by:

VI =
qND

2ε
W 2, (2.2)

where ε is the permittivity of ZnO, q is the elementary charge and ND is the carrier

concentration. To satisfy the charge neutrality of the junction, the total charge in the

depletion region is Q = AqWND, where A is the area of the Schottky contact. Thus,

combined with Eq. 2.2, the total charge becomes, Q = A(2qεNDVI)1/2. Further, the

capacitance of the contact can be described by two parallel capacitor plates separated

by the distance W , and the capacitance of the depletion region becomes:

C =
dQ

dVI
= A

√
εqND

2VI
= A

ε

W
. (2.3)

In addition, the electrical field F in the depletion region corresponds to the derivative

of the potential in the depletion region and is given by F (x) = −dV
dx = − qND

ε (W − x).

The capacitance of a junction is very important and represents the base for the electrical

characterization techniques employed in this thesis.

Fabrication of ideal contacts remains difficult and several factors can strongly mod-

ify the properties of the junction, such as the presence of trap states and/or an insulat-

ing layer at the interface. These different factors may influence the barrier height and

Eq. 2.1 may no longer be appropriated. Bardeen has developed the model further[13]

to describe the barrier height, as illustrated in Fig. 2.2 where he has considered an ideal

Schottky contact with an interface oxide layer with a thickness δ sufficiently thin so

that charge carriers can tunnel through the interface, and with a density of interfacial

states Ds homogeneously distributed in the band gap. Under these conditions, the

barrier height becomes:

Φb = γ(φm − χs) + (1 − γ)(Eg − φ0), (2.4)

where γ = ε/(ε + qδDs) is a factor taking into account the oxide layer thickness

and the density of states. Thus, when γ → 1 (no interfacial states and/or no oxide

layers), the barrier height is reduced to the Schottky-Mott model in Eq. 2.1. In the

8



Chapter 2. Properties of ZnO

other limiting case, when γ → 0 (Ds → ∞), the barrier height becomes independent of

φm and χs and the Fermi level is pinned at an energy φ0 above the valence band edge.

Figure 2.2: Energy band diagram of metal-semiconductor for an ideal contact according

to Schottky model (a) and with interface oxide layer with a thickness δ and a density of

states Ds according to Bardeen model (b).

2.2 Native defects and impurities

Defects are crucial to the electrical properties of a semiconductor material. A

perfect single crystal semiconductor without any defects will have limited free carriers

and thus a low intrinsic conductivity. Therefore, defects are necessary to supply charge

carriers in the semiconductor and make the material conducting. The control of the

introduction of specific defects allows us to tune the properties of the semiconductor.

However, unintentional introduction of defects occurs and may drastically affect the

electrical characteristics of the material. Thus, defect control is a key challenge.

Defects can be categorized in function of their dimensions, which are large three

dimensional (3D), planar (2D), line (1D) and point (0D) defects. Here we limit the

discussion to point defects, since it is the topic of the thesis. In the crystal, defects

distort the periodic potential and may introduce additional electronic states. Depending

on the energy position of the electronic states, the defects can be either electrically

active or inactive. An electrically active defect will introduce additional discreet levels

9



Chapter 2. Properties of ZnO

in the electronic band gap of the semiconductor. The electrically active defects have

different characteristics depending on the location of their energy states relative to

the conduction and the valence band edges. These defects can influence the electrical

properties of the semiconductors. States located close to the conduction and valence

band are called shallow levels, which are usually used for doping of the semiconductor.

States called deep levels reside further away from the band edges and may act as

generation/recombination centers.

Figure 2.3: Illustration of the capture (cn,p) and emission (en,p) processes of electrons

and holes from the conduction band and valence band, respectively, for a defect level.

Consider a defect having a level in the band gap with a trap concentration Nt and

an energy position Et below the conduction band edge. According to the Shockley-

Read-Hall statistics[14, 15], electrons and holes from the conduction and valence band,

respectively, can be captured or emitted by the defect level (see Fig.2.3). This process

is controlled by the capture (cn(p)) and emission rates (en(p)). Thus, the fraction of the

state occupied by carriers, nt, is determined by the competition between the emission

and capture processes, described as dnt/dt = (cn + ep)(Nt − nt) − (cp + en)nt. The

capture rate per unoccupied trap can be written as cn(p) = σn(p)νth,n(p), where σn(p) and

νth,n(p) are the capture cross section and the thermal velocity of an electron or a hole,

respectively. The emission rate of electrons and holes are defined by the Fermi-Dirac

distribution and given by:

en = σnβT
2exp

(
−Ec − Et

kT

)
, (2.5)

10



Chapter 2. Properties of ZnO

where β =
√

3k
m∗

n
2
(
2πm∗

nk
h2

)3/2
is a factor independent of the temperature. m∗

n is the

electron effective mass in ZnO and h is the Plank constant. Depending on the position

of the defect in the band gap and the values of the emission and capture coefficients,

different processes will dominate. For example, generation of electrons occurs when

en and ep dominate, while recombination occurs when cn and cp dominate. The main

processes are summarized in the table 2.1.

Table 2.1: Overview of the main processes dependent of the values of emission and capture

coefficients.

Process dominant coefficients

Trapping en(p) � ep(n) and cn(p) � cp(n)

Generation en � cn and ep � cp

Recombination cn � en and cp � ep

As previously described in section 2.1, an electric field is present through the deple-

tion region of a Schottky diode. The potential well of a defect in the depletion region

can be distorted by the electric field through the Poole-Frenkel effect. As illustrated

in Fig. 2.4, when the Poole-Frenkel effect occurs, the barrier height is lowered by the

electric field F , according to Frenkel[16] by the amount ΔET = 2
(
q3F/ε

)1/2
. Thus,

in an n-type semiconductor, if a defect level shows a dependence of its energy position

with the square root of the electric field, the defect will be interpreted as a donor-type.

Figure 2.4: Mechanism of Poole-Frenkel effect. The solid line is the potential well of

a defect without electrical field with a barrier height ET (0). The dashed line shows the

distorted potential well by an electric field F with a lowered barrier height ET (F ) for a

charged defect.

11



Chapter 2. Properties of ZnO

2.3 Basic properties of ZnO

ZnO[1, 2] crystallizes, at ambient pressure, in the hexagonal wurtzite structure (see

Fig.2.5), belonging to the space group P63mc. The hexagonal unit cell is constituted by

two interconnecting inversed tetrahedral sub-lattices shifted along the [0001] direction

(c-axis) with lattice parameters of a = 3.25 Å and c = 5.21 Å. In addition, the wurtzite

structure has no inversion symmetry along the c-axis. This coupled with the ionic

nature of the bonds and the ratio c/a = 1.603 which deviates from the ratio of an

ideal hexagonal structure (c/a =
√

8/3 = 1.633), yield a high crystal polarity between

the two opposite faces along the c-axis, i.e., an electrical potential occurs between

the two faces (0001) and (0001̄) which results in a strong piezoelectric effect. These

two polar faces are labelled Zn-face and O-face respectively, depending on the surface

specie. Thus, the difference in polarity may influence the experimental results on the

two surface terminations, e.g., barrier height formation of a Schottky contact.[12, 17]

Figure 2.5: Hexagonal wurtzite structure of ZnO.

ZnO has a direct and wide band gap of 3.37 eV at room temperature in the wurtzite

structure. ZnO exhibits a high transparency and a natural n-type conductivity. Thus,

the combination of these properties makes ZnO very attractive as a TCO. In addition,

ZnO has a high exciton binding energy of ∼ 60 meV (compared to GaN, ∼ 25 meV ),

which, combined with the large band gap, give a high potential as a material for light

emitting devices operating in the white, blue and ultra-violet wavelength regimes.

Some of the main properties of ZnO and their values, relevant to the thesis, are

compiled in the table 2.2, taken from Refs [9] and [1]. Some of the values are uncertain,

in particular for p-type ZnO where the hole effective mass differs in the literature.

12



Chapter 2. Properties of ZnO

Table 2.2: Overview of relevant parameters of ZnO.

Property Value

Energy gap, Eg 3.4371 − (5.05 × 10−4T 2/900 − T )

Exciton binding energy 60 meV

Relative permitivity, εr‖c 8.91

ε∞‖c 3.66

Electron effective mass, m∗
n 0.24m0

Hole effective mass, m∗
h (0.58 − 0.78)m0

Richardson constant, A∗ 32 AK−1cm−2

Bulk hardness 5.0 ± 0.1 GPa

In order to reach the full potential of ZnO, several technological advances are nec-

essary, where the main challenges are: (i) controlling the natural n-type conductivity

and (ii) achieving stable and low resistive p-type ZnO.

So far, the origin of the native n-type conductivity is still under debate. Originally,

the n-type conductivity was attributed to intrinsic defects, such as Zinc interstitial Zni

and Oxygen vacancy VO, but recent works have demonstrated that these hypothesis

may not be correct. VO behaves as a double donor and has a low formation energy, but

DFT calculations show that VO is a deep donor and cannot contribute to the n-type

doping.[18, 19] Zni acts as a shallow donor, however, its formation energy is high in

n-type ZnO which limits its ability to control the n-type conductivity. Unintentional

impurities acting as shallow donor may also contribute to the native n-type doping.

Hydrogen, for example, is present in high concentration in ZnO, irrespective of the

growth condition. H in interstitial site or in a oxygen vacancy acts as shallow donor.[17,

20, 21, 22] Other impurities, such as Al, Ga and Si have also been suggested to explain

the native n-type doping.[23, 24] However, the presence of these impurities depends on

the growth methods, so a combination of intrinsic and impurity related shallow donors

for explanation of the native n-type doping is appealing.

Even if the n-type doping is readily accessible, the control of the n-type doping

concentration remains difficult and varies substantially with the growth processes, e.g.

ZnO wafers from the same growth process have native carrier concentration varying
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from ∼ 5 × 1016 cm−3 to 5 × 1017 cm−3. However, doping ZnO with impurities such

as Ga or Al has also demonstrated the possibility to reach highly conductive material

with high carrier concentration > 1021 cm−3 and low resistivity < 10−4 Ω.cm,[25, 26]

which is crucial for TCO applications.

Achieving p-type ZnO represents another major challenge.[27, 28] Similar behavior

has been demonstrated in several wide band gap semiconductors where one doping

can be easily achieved while the opposite is difficult. For example, ZnO and GaN

favor n-type doping, while ZnTe favors p-type. The main difficulties in achieving p-

type ZnO arise from: i) deep donor defect centers, which are not responsible of the

n-type conductivity, will compensate the p-type doping. ii) Only a few candidates

have suitable properties to be a shallow acceptor in ZnO. iii) Several of the potential

dopants have a low solubility. The main p-type candidates are group-I elements (Li,

Na and K) substituting for Zn sites or group-V elements (N, P and As) substituting

for O sites. However, most of these dopants can also act as deep acceptors and do

not contribute to the p-type conductivity. For example, group-I elements are stable in

interstitial sites and will act as donors and compensate the p-type doping. However,

several studies have reported on the fabrication of p-type ZnO but the stability and

the reproducibility have shown to be difficult.[29, 30] Thus, related to the attempts of

making p-type material, a thorough understanding and control of the native defects

present in ZnO and of the n-type doping must be achieved.

Electronic devices and electrical investigations of ZnO by junction spectroscopy

techniques require rectifying contacts. Therefore, ZnO Schottky and Ohmic contacts

have been extensively studied over the past decades[11, 12], and an improvement of

high quality Schottky contacts have been achieved.[31, 32], However, several aspects of

the Schottky barrier are not fully understood and the stability of the contacts remains

not completely controlled. Depending on the crystal orientation, the surface prepara-

tion and the condition of metal deposition, the diode properties can vary significantly.

For example, using Pd Schottky contacts, the reported barrier heights vary from 0.55

eV[33] to 1.2 eV.[34] Thus, achieving Schottky contacts with sufficient quality for a full

understanding and control of the barrier height represents a challenge.

Different techniques exist to growth single crystal ZnO bulk material and three main

processes are employed; melt growth[35], vapor phase[36] and hydrothermal growth.[37]
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Hydrothermally grown ZnO (HT-ZnO) wafers obtained from SPC-Goodwill have been

used in this thesis. In the hydrothermal growth process, high purity ZnO is dissolved

in LiOH/KOH base solution in the bottom part of a closed autoclave heated up to

temperature of 300 − 400◦C and with a pressure in the 70-250 MPa range. In the

upper part of the autoclave, high purity seeds of ZnO crystals are suspended by Ti

wires. A temperature gradient of ∼ 20◦C is maintained between the dissolution part

(bottom) and the growth part (upper part). The lower temperature will favor the

growth where a growth rate of ∼ 0.2 mm/day is typically obtained. The growth rate

can be improved by using several seeds in the same autoclave in order to scale up the

growth process and reduce the cost. Thus, hydrothermal growth is expected to be an

economically viable method and leads to high quality ZnO monocrystals. However,

due to the mineralizers LiOH and KOH used during the growth of HT-ZnO, impurities

like Li and K are incorporated in the material with concentration of ∼ 1017 cm−3. In

particular, Li can have a huge influence on the electric properties of ZnO. Indeed, Li

is an amphoteric impurity and can be a donor or acceptor, depending on its atomic

configuration. Thus, Li can act as a self-compensating defect often resulting in a

high resistivity HT-ZnO (∼ 1000 Ω.cm). In addition, depending on the purity of the

precursors and growth chamber, other impurities can be present in ZnO, like Al, Fe, Si

and Mg with lower concentrations.[38]

As mentioned in the introduction, ZnO attracts much attention in thin film tech-

nologies with a wide range of applications such as photovoltaic cells, light emitting

diodes, laser diodes and transparent devices. For example, degenerated ZnO can act

as transparent front contact to the emitter or even as the emitter itself if a rectifying

contact occurs between ZnO and the base. Thus achieving and studying the behavior of

ZnO/Si heterojunctions with high quality contacts are important for solar cells applica-

tions. Thin film of ZnO can be prepared by a wide variety of deposition techniques and

the main ones used are pulsed laser deposition (PLD),[39, 40, 41] sputtering,[25, 41, 42]

metal-organic chemical vapor deposition (MOCVD)[1, 41] and atomic layer deposition

(ALD).[42, 43] ZnO can be deposited on wide range of substrates (Sapphire, glass, Si)

at relatively low temperature compared to other wide band gap semiconductors, which

makes ZnO attractive for low cost manufacturing.

Sputtering represents one of the most scalable techniques to deposit ZnO thin films
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with low substrate temperature, high deposition rate and good thickness uniformity.

However, the crystalline quality can be low compared to other techniques, and ZnO

films have generally a columnar structure with polycrystalline grains oriented prefer-

entially along the c-axis. Further, the electrical properties obtained with Al-doped

sputtered ZnO films are similar compared with ITO at comparable carrier concentra-

tion (> 1021 cm−3) and resistivity (< 10−4 Ω.cm).[25, 44]

ALD represents a high interest for depositing high quality ZnO with a good con-

trol of the thickness and uniformity on large surface area. Moreover, the excellent

conformality combined with the atomic precision of deposition allow to develop 3D

nanostructured solar cell architectures. However, several aspects have to be improved

such as the crystal structure and the purity of the ZnO layer. In particular, H is present

in high concentration and can affect the electrical properties.[45] Thus, the control of

free carriers in the material remains difficult and ZnO thin film with donor concentra-

tion of ∼ 1020 cm−3 and resistivity of ∼ 10−3 Ω.cm for undoped ZnO are commonly

reported in the literature.[42, 43, 46] The ZnO films show polycrystalline structure with

preferentially orientation depending on the growth temperature.[42]

In thin film polycrystalline ZnO, the electron mobility remains relatively low com-

pared to that in bulk monocrystalline samples, where mobility values higher than

200 cm2V −1s−1 are achieved for vapor phase grown material at 300K.[36] However,

very promising results have been obtained for thin film epitaxial layers of ZnO grown

by PLD[47] and Molecular Beam Epitaxy (MBE)[48] yielding electron mobilities around

150 cm2V −1s−1 at RT.

In both bulk and thin film ZnO, intrinsic and impurity related defects are present

and need to be identified and controlled. Several different types of point defects exist

in ZnO (see Tab. 2.3) and can be ordered in three categories; (i) Zinc and Oxygen

vacancy (VZn and VO), (ii) Zinc, Oxygen and impurity (X) in interstitials sites (Zni,

Oi and Xi) and (iii) substitutional with ZnO, OZn, XZn and XO. More complicated

defects can be found with the combination of several defects which form clusters.

Defect levels in the band gap can be characterized by optical and electrical tech-

niques. Optical characterization techniques such as photoluminescence (PL)[49, 50]

and cathodoluminescence (CL)[51, 52] do not require contacting of the sample and
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Table 2.3: Overview of main possible point defects in ZnO

Intrinsic Extrinsic

Vacancy VO(D), VZn(A)

Interstitial Zni(D), Oi(N,A) Xi(A,D)

Substitutional ZnO(D), OZn(A) XO, XZn(A,D)

have been extensively used for ZnO; they give information about various charge carrier

transitions, such as band-to-band, localized-state-to-band as well as between interval

states of a defect. However, in this thesis defects in the band gap have been investigated

mainly by junction spectroscopy techniques such as deep level transient spectroscopy

(DLTS) and thermal admittance spectroscopy (TAS). Several defect states have been

reported in the literature using junction spectroscopy and some of these have similar

properties. The main reported defect levels observed in ZnO are summarized in ta-

ble 2.4. Despite a substantial effort, their origins remain unclear and are still a subject

of debate. In particular, the defect level localized at 0.3 eV below the conduction band

edge, generally labelled E3, is the most reported defect in ZnO. E3 is present in most

ZnO materials, irrespective to the growth techniques used. This level has commonly

been assigned to VO. However, the weak dependence of E3 on electron and ion irra-

diations contradicts the assignment to VO[53]. An origin like the second ionization of

Zni has also been proposed[54]. However, the high formation energy of Zni in n-type

material limits its concentration and therefore limits its influence on the n-type doping.

Impurities such as Ni and Fe[55] have also been proposed, but the fact that E3 is inde-

pendent of the growth technique leads the assignment to an intrinsic defect, supported

by SIMS analysis[38]. In addition, it has also been proposed that E3 is the association

of at least two overlapping defect levels[56, 57], with at least one related to VO.

Most recently, efforts have been made to realize highly stable Schottky contacts

which allow to explore deeper region of the band gap of ZnO by DLTS. Thus, defect

levels with energy positions in the 0.8-1.2 eV range below Ec have been reported.[58, 59]

These defects show strong dependence on irradiation/polishing processes and have been

assigned to extended defects and vacancy related defects.

ZnO is a soft material, with a hardness of ∼ 5 GPa. The mechanical properties

have been investigated by spherical indentation techniques which induced extensive
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damages[1, 60] up to 300 nm in the bulk of ZnO. Thus, mechanical processes, such

as polishing, may cause extended defects in the region close to the surface of ZnO

and influence the electric properties. The polishing effects on the properties of ZnO

have been studied by photoluminescence and positron annihilation spectroscopy (PAS)

which show formation of open-volume defects in the region close to the surface.[61]

In this thesis, extended defects induced by polishing have been revealed by DLTS

measurements, as discussed in paper II.

Table 2.4: Overview of the main defect levels observed in n-type ZnO by junction spec-

troscopic techniques.

Ec − Et (eV) σna (cm2) Growth

method

Measurement

technique

Tentative origin

0.013[57] - HT TAS unknown

0.03[62, 63] - HT TAS H related complex[62], Zni[64]

0.03-0.4[64] 10−17 − 10−15 MG CDLTS After irradiation assigned to H or Zni[64]

0.05[57, 62, 63,

65]

- HT TAS Al related[62]

0.10[66] 10−18 VP DLTS unknown

0.12[66] 10−13 VP DLTS unknown

∼0.20[24, 67] 10−16 HT,VP DLTS associated to Li impurities[68, 69, 70],

promoted by O-rich conditions,1

∼0.30[24, 53,

57, 62, 63, 65,

66]

10−16 − 10−15 HT,VP,MG DLTS,TAS Most important defect, assigned to

VO[53], Zni[54] and also Ni or Fe

related[55], Does not respond to irradia-

tion or annealing atmosphere, stable up

to ∼ 1300◦C,2

∼0.55[66, 67] 10−13 − 10−12 HT,VP DLTS intrinsic defect like VO[67], increase af-

ter irradiation[71], promoted by Zn-rich

conditions,3

∼0.70 10−15 − 10−12 HT DLTS unknown

∼1.00[58, 59] 10−13 − 10−12 HT,VP,MG DLTS Increase after irradiation and polishing,4

∼1.20[59] 10−15 HT DLTS Increase after irradiation and polishing,5

HT, MG and VP correspond to Hydrothermal, Melt Grown and Vapor Phase methods, respectively.

1,3 Reported in papers I and III. The formation/suppression of these defects correlates with the Zn- and O-rich

annealing conditions.
2 Reported in Papers I-IV.
4,5 Reported in Papers II and IV. The defects occur after polishing and Zn implantation which suggest

intrinsic nature.
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Experimental methods

This chapter summarizes the main experimental techniques used in this thesis. Cur-

rent versus Voltage and Capacitance techniques are mainly employed to investigate the

electrical properties of the contacts. Deep Level Transient Spectroscopy (DLTS) and

Thermal Admittance Spectroscopy (TAS) are capacitance techniques used to charac-

terize defect levels in the band gap of the semiconductor. In addition, a brief review of

Hall effect measurements and Secondary Ion Mass Spectrometry (SIMS) will be given.

3.1 Current-Voltage (I-V)

Current versus Voltage (I-V) measurements give information about the metal/semi-

conductor contact behavior. In the case of DLTS investigations, a depletion region is

required, so good Schottky behavior of the metal/ZnO contact and a high robustness

of the barrier height of the junction under reverse bias are crucial. Thus, I-V allows to

test the rectifying behavior of the desired diode. In addition, I-V measurement gives

information about the electrical transport mechanisms and several properties of the

junction, such as the barrier height. By determining the barrier height, one can also

extract some basic parameters such as the work function and the electron affinity of

ZnO. Figure 3.1 shows a typical example of I-V measurements for a Pd Schottky contact

on HT-ZnO. The junction has a diode like behavior with a rectification of 4-5 orders

of magnitude between -1V and +1V. Assuming that the current I through a Schottky
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contact is controlled by the thermionic emission process, and for V > 3kT the forward

current versus voltage is described by:

I

Is
= exp

(
−qVeff

nkT

)
− 1, (3.1)

where Is is the reverse saturation current, n is the ideality factor, Veff = V −IRs is

the effective voltage and Rs is the series resistance of the equivalent electrical circuit of a

Schottky contact. Eq. 3.1 allows to estimate Rs and is given by G = ∂I
∂V = qI

nkT (1−GRs),

where G is the conductance. Thus, Rs is obtained from the linear plot G/I versus G

(see inset in Fig.3.1). The reverse saturation current is related to the barrier height

ΦI−V
b0 and is given by:

Is = A∗AT 2exp

(
−ΦI−V

b0

kT

)
, (3.2)

where A is the contact area and A∗ = (4πm∗qk2)/h3 is the Richardson constant

given from the thermionic emission theory. The ideality factor is a measure of the

contact quality. For an ideal Schottky contact, described by thermionic emission theory,

the ideality factor is close to unity. The presence of defects and an oxide layer at the

interface will result in an increase of the ideality factor. In addition, other current

transport mechanisms, such as generation/recombination in the depletion region and

carrier tunneling through the barrier, can influence the ideality factor.

Temperature dependent I-V measurements are valuable to extract information about

the electrical transport mechanisms. By rewriting Eq. 3.2 to the form ln(Is/T
2) =

ln(A∗A/Is) − ΦI−V
b0 /kT , the barrier height ΦI−V

b0 and the Richardson constant A∗ can

be determined experimentally from a linear plot of ln(Is/T
2) versus 1/kT . A∗ is very

sensitive to the quality of the Schottky contact, with strong influence from defects

and/or interfacial oxide layer. Further, a deviation of A∗ from theoretical values may

also indicate an inhomogeneous barrier height.[72]

In this thesis, for the investigation of bulk HT-ZnO, I-V has been employed at room

temperature to verify the desired Schottky behavior and typically Pd-Schottky contacts

with 4-5 orders of magnitude of rectification have been achieved. For investigation of
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Figure 3.1: I-V measurement carried out at room temperature for Pd Schottky contact

on HT-ZnO. The insets shows the G/I versus G linear plots for determining Rs.

the ZnO/Si heterojunction, I-V has been extensively used as a function of temperature

to deduce the barrier height and the work function of ZnO.

3.2 Capacitance-Voltage (C-V)

Capacitance versus voltage (C-V) measurement represents, together with I-V, one

of the most fundamental technique for investigating a p-n junction or a Schottky bar-

rier. C-V gives information on the effective carrier concentration versus depth in the

semiconductor and the barrier height of the junction ΦC−V
b0 .

By rewriting Eq. 2.3, the capacitance is related to the effective carrier concentration

of the semiconductor by:

1

C2
=

2

A2εqND
(VI + Vrb) . (3.3)

In the case of a uniform doping concentration, the effective carrier concentration

can be determined experimentally from the slope of the linear fit of C−2 versus the

applied voltage (Vrb) and VI is given by the intercept of the V-axis (see Fig. 3.2a).

Therefore, the barrier height can be extracted and is given by:
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ΦC−V
b0 = VI +

kT

q
+ ξ, (3.4)

where ξ is the distance between the Fermi level position and the conduction band

edge (ξ = EC − EF ). Moreover, from C-V measurements, we can obtain information

about the width of the depletion region and about the profile of doping concentration

(see Fig. 3.2b). Thus, the effective carrier concentration profile at a depth W is given

by[73]:

ND(W ) =
C3

qεA2

(
∂C

∂V

)−1

. (3.5)

For instance, the effective carrier concentration gives information about the presence

of defects which can compensate and/or passivate the dominant dopant, e.g. defects

close to the surface will shift the depletion region deeper in the material.

For the investigation of bulk HT-ZnO, C-V has been employed at room temperature

to measure the effective carrier concentration and the doping profile. For the inves-

tigation of ZnO/Si heterojunctions, C-V has been used to determine the temperature

dependence of the barrier height ΦC−V
b0 .

Figure 3.2: Example of C and 1/C2 versus Voltage measurements (a) and the corre-

sponding effective carrier concentration profile (b) of Pd Schottky contact on HT-ZnO
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3.3 Deep Level Transient Spectroscopy (DLTS)

Deep level transient spectroscopy (DLTS)[74] is a powerful technique for detecting

electrically active defects in the band gap of semiconductors. DLTS gives quantita-

tive information on the position in the band gap, the apparent capture cross section

and the concentration of the defect level. The method is based on the measurement

of a capacitance transient C(t) ∝ exp(−ent) of the junction due to the emission of

carriers trapped by a defect level in the depletion region (see Chapter 2.2). A DLTS

cycle is based on a sequence of bias voltage alternatively fixed between a large and a

small voltage during a temperature scan. We consider a Schottky contact on a n-type

semiconductor which contains a deep acceptor type trap of concentration Nt, where

Nt � ND. The DLTS cycle can be described in three steps (see Fig. 3.3):

(1) At the start of the DLTS cycle, a large reverse bias is applied, so that the

depletion region has a width W (Vrb) and all the traps in the depletion above the

Fermi level are empty. λ, given by λ =
√

2ε(Ec−Et)
qNd

, corresponds to the width of the

region where the defect level is below the Fermi level, so that remains filled. Thus,

DLTS measurement probes a region extending to W (Vrb) - λ.

(2) A filling pulse is applied to reduce the voltage. This bias pulse reduces the

depletion width to W (V0) and fills the traps below the Fermi level in this region.

(3) After the filling pulse, the reverse bias is returned to its original value in step (1).

At t0, the filled traps are again above the Fermi level and the depletion region

increases to W ′(Vrb), slightly larger than W (Vrb) because the charge density in the

depletion region is lower than in (1). At t0 + t, the filled traps start to emit carriers

to the conduction band by means of the emission process given by Eq. 2.5, which

results in an increase of the charge density in the depletion region and the depletion

region width returns to W (Vrb).

The emission of carriers is measured by the transient of the junction capacitance.

This transient can be described by an exponential decay, proportional to the emission

rate of trapped carriers. The procedure is then repeated (steps 1-3) while varying the

temperature and a DLTS spectrum is built by measuring the capacitance transient

at each temperature. Figure 3.4 illustrates the DLTS construction by measuring the
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Figure 3.3: Illustration of the DLTS procedure of a Schottky contact on a n-type semi-

conductor having one defect level with energy position Et below the conduction band Ec.

The DLTS measurement is separated in three steps; (1) Reverse bias, (2) filling pulse and

(3) charge carrier emission.
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capacitance transient at two separate times (t1 and t2) for different temperatures. A

defect in the depletion region will result in a peak in the DLTS spectrum where the

peak maximum position corresponds to the emission rate from the defect level.

Figure 3.4: Implementation of a DLTS spectrum resulting from the transient capacitance

difference measured by means of a double-boxcar with two fixed times t1 and t2 at different

temperatures.

By varying the length of the time to measure the capacitance transient, called time

window, the peak is shifted in temperature giving a set of DLTS spectra with different

time windows. The variation of the time window is useful and allows investigation of

a wide range of defect levels, e.g detection of levels close to midgap, while scanning

over a limited temperature range. In the present case, a lock-in weighting function is

applied to the capacitance transient and each time window corresponds to a specific

emission rate. Thus, one DLTS spectrum is built for each time window during the same

temperature scan when recording the full transient.

A defect level will generate a set of DLTS peaks versus temperature with their

corresponding emission rates (T , en(T )), and an Arrhenius plot can be constructed

by rewriting Eq. 2.5 to the form ln
(
en/T

2
)

= ln (βσna) − ΔH/kT . The activation

energy enthalpy (ΔH) and the apparent capture cross section (σna) of a defect level

can be extracted from the slope of the line and the intercept at 1/T = 0, respectively.

Figure 3.5 shows an example of DLTS spectra of HT-ZnO for 6 different time windows

with one main defect in the 140-200K temperature range. The inset shows the cor-

responding Arrhenius plot of the observed defect level, and the energy position and

apparent capture cross section are 0.30 eV and 2 × 10−15 cm2, respectively.
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Figure 3.5: DLTS spectra for six different rate windows in the (20 − 640ms)−1 range.

The peak amplitude of a DLTS signature is proportional to the trap concentration.

If we assume a small trap concentration (C(V0) � C(Vrb)), the change in the deple-

tion region width will be insignificant during the charge carriers emission, so that the

emission can be described by a simple exponential decay. Further, if the trap density is

uniformly distributed in the material, the relation between the trap concentration and

the capacitance transient is given by:

Nt

Nd
= 2

ΔC

Crb
. (3.6)

Thus, DLTS is a very sensitive technique which allows detection of defects with

concentration less than 0.01% of the free carrier concentration. However, due to the

assumptions stated above, an appropriate quantification requires that the defect con-

centration does not exceed ∼ 10% of the doping concentration.

3.4 Thermal Admittance Spectroscopy (TAS)

Thermal admittance spectroscopy (TAS)[73, 75, 76] is also used to investigate defect

levels in the band gap and is also based on the temperature dependence of the charge

carrier emission rate by defects (see Eq. 2.5). The measurement principle is to monitor

the capacitance (C) and conductance (G) of a rectifying junction for different measure-

ment frequencies within a temperature range. A small AC signal with frequency (f) is
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applied during the temperature scan and used in order to fill the trap levels. For an

appropriate temperature, the trap can emit the carrier when it crosses the Fermi level,

which results in a capacitance step ΔC and a peak in G/2πfT equal to ΔC/2.

Figure 3.6(a) shows the capacitance and conductance versus temperature of a Schot-

tky contact on HT-ZnO. Two main levels are observed in the 30-60K and 200-300K

temperature ranges, labelled D1 and E3, respectively. The shallower level observed in

the 30-60K temperature range corresponds to the freeze out of the main donor level

and at temperatures below the freeze out the material acts as an insulator.

Figure 3.6: (a) Conductance and capacitance versus temperature obtained for a Schot-

tky contact on HT-ZnO. (b) Arrhenius plot for the two defect levels D1 and E3. The

temperature exponent x is −2/3 for the freeze out level (D1) and -2 for the level E3.

At the peak maximum (Tmax), the emission of trapped charge carriers relates to

the frequency of the AC signal, and by using a set of different frequencies, one can

determine the energy position of the defect level according to the equation:

2πfT
T x
max

∝ exp

(
− ΔH

kTmax

)
, (3.7)

where fT is the frequency of the AC signal. If the main donor is monitored, x

depends on the variation of the mobility with temperature during freeze out. If the

freeze out occurs at low temperature, x equals 3/2.[76] For other defect levels, x is

considered to be equal to 2. Figure 3.6(b) shows the Arrhenius plot for the defects D1
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and E3 and their energy positions, determined from Eq. 3.7, are found to be 30 meV

and 0.3 eV below EC , respectively.

The contribution of defect levels from the depletion region can also be investigated

by thermally stimulated capacitance (TSCAP) measurements.[73, 77] In that case, a

reverse bias is applied at room temperature to the junction and the sample is cooled

down to low temperature. A TSCAP spectrum, measured during heating up by keeping

the reverse bias constant, shows only one defect level, D1(see Fig. 3.7). If a short filling

pulse is applied at low temperature and then TSCAP is measured during heating up

with a reverse bias, two extra capacitance steps are recorded and are independent of

the AC probe frequency (see Fig. 3.7). These two capacitance steps correspond to the

thermal emission of electrons trapped by two defect levels (E2 and E3) in the bulk of the

depletion region during the filling pulse at low temperature. The activation energies of

the two defect levels can be determined by varying the heating rate[73] or by measuring

the capacitance versus time at several fixed temperatures around the capacitance step,

as performed in the paper I.

Figure 3.7: Capacitance versus temperature for Pd Schottky contact on HT-ZnO with a

reverse bias of -3 V during heating up without (solid line) and with (dashed line) applying

a filling pulse to zero bias voltage at 30 K. The measurements were conducted using four

different AC probe frequencies.

These techniques are useful for investigation of shallow defect levels. Further, com-

pared with DLTS, these techniques have less limitation on the maximum defect con-

centration to be studied, but the sensitivity is lower than for DLTS.
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3.5 Hall effect measurement

Hall effect measurements are used to determine the resistivity ρ of a conducting

material as well as the concentration nH and mobility μH of charge carriers. For the

investigation of ZnO, this technique is very useful since only Ohmic contacts are needed

and high quality Ohmic contacts are easier to form than rectifying contacts.

Figure 3.8: Illustration of the sample used in this thesis with the 4 Ohmic contacts.

The basis of the Hall effect can be described by considering a flat square sample

with 4 Ohmic contacts at the corner of the sample (see Fig. 3.8). A current I is applied

from contacts 1 to 3, which induces a flow of charge carriers. In the case of a n-type

semiconductor, the majority carriers (electrons) will flow in the opposite direction of

I. A magnetic field Bz applied perpendicularly to the plane in Fig. 3.8 will deflect

charge carriers from the direction of contact 4 to 2 due to the Lorentz force. Thus,

measurement of the current between 2 and 4 with and without a magnetic field allows

a determination of the carrier concentration, nH , according to[73]:

VH = (V42)B=Bz − (V42)B=0 =
IBz

nHd
, (3.8)

where VH , and d are the Hall voltage and the thickness of the sample, respectively.

In addition, ρ can be determined from the Van der Pauw method[73] by measuring

successively the resistance RA and RB between two contacts on the vertical and hori-

zontal edges, corresponding to RA = V43/I12 and RB = V14/I23. Thus, ρ can be extract

according to the relationship:

exp

(
−πtRA

ρ

)
+ exp

(
−πtRB

ρ

)
= 1. (3.9)

Finally, the mobility μH can be determined according to the relation μH = (qnHρ)−1.
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3.6 Secondary Ion Mass Spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS)[78] is a powerful technique used to analyze

the amount of impurities in solid materials. Figure 3.9 shows a schematic overview of

a magnetic sector SIMS instrument. A focused primary ion beam is used to sputter

the surface of the sample. The charged atoms and molecules emerging from the sample

are accelerated and focused into a “secondary” ion beam. This secondary ion beam

is analyzed using a mass spectrometer. Thus, the instrument is able to record a mass

spectrum of the sample, depth profile of impurities and lateral distribution of impurities.

SIMS is a very sensitive technique able to measure impurities concentration in the part

per billion range, which makes it very suitable to study impurities in semiconductors.

Further, depth resolution as low as 2 nm can be achieved, which enables studies of very

abrupt impurity depth profiles. However, SIMS is a destructive technique, which may

be a drawback in certain cases.

Figure 3.9: Schematic of the SIMS instrument.

In this thesis, a Cameca IMS-7f system equipped with oxygen and cesium primary

ion sources has been used to give quantitative information on the impurities concentra-

tions in both bulk and thin film ZnO. In addition, in the case of heterojunction ZnO/Si

samples, depth profiles of impurities have been determined.
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Summary of results

The results obtained during the work of this thesis can be divided into two parts:

the investigation of defects in bulk ZnO and the electric properties of ZnO/Si het-

erostructures, deposited by magnetron sputtering or atomic layer deposition (ALD). A

summary of the results will be given in the following sections.

4.1 Bulk HT-ZnO

4.1.1 Sample preparation

1 × 1 × 0.5 cm3 hydrothermally grown ZnO wafers from SPC Goodwill have been

used in this thesis to investigate bulk defects. As described in chapter 2, HT-ZnO is

highly resistive, principally due to the presence of lithium in significant concentration

which acts as compensating center. Therefore, the ZnO wafers were heat treated at

high temperature to reduce the lithium concentration by about two orders of magnitude

from the ∼ 1017 to ∼ 1015 cm−3.[17] After annealing, the surface roughness increased

drastically and the samples were subsequently manually polished on both sides on a

rotating disc with diamond slurry using different grain sizes from 6 to 0.25 μm. The

polishing process removes a layer of 20-30 μm in thickness. During the annealing

treatment lithium diffuses out of the sample; however, a fraction remains accumulated

at the surface.[17] The polishing allows to remove the accumulated Li at the surface.
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A post polishing etching process has been developed to remove the defects caused

by the polishing. After polishing, the samples were dipped in a 2% hydrofluoric acid

(HF) solution at room temperature for 2 min. This treatment removes gently around

200 nm of the top layer of ZnO, previously exposed to the polishing.

Schottky contacts were prepared on Zn-polar face using Palladium (Pd). The sam-

ples were first cleaned in acetone and isopropanol for 5 min each in a ultrasonic bath,

followed by treatment in 40% hydrogen peroxide (H2O2) solution at boiling tempera-

ture for 1 min. This pretreatment is intended to improve the quality and the stability

of the Schottky contacts. Finally, 100 nm thick circular Pd contacts were deposited us-

ing electron beam evaporation from a 99.999% pure Pd source through a molybdenum

shadow mask at a base pressure of 10−6 mbar. The circular contacts had a diameter

of 0.30, 0.50 and 0.80 mm. Silver paste was used as Ohmic contact on the back side

(O-face).

4.1.2 Effect of the annealing condition on the electrical characteristics

of ZnO

Several samples have been heat treated in different atmospheres. Table 4.1 sum-

marizes the carrier concentrations obtained from C-V measurements for the different

annealing conditions. In this thesis, 8 wafers have been used (labelled 1 to 8), each cut

in 4 pieces (labelled a, b, c and d).

After annealing HT-ZnO samples under the same condition, e.g. 1400◦C in Ar am-

bient during 1 hour, the carrier concentration was found to be different for each wafer

and varied from 5 × 1016 to 3 × 1017 cm−3 (see Table 4.1). This indicates that the

growth conditions may substantially influence the donor concentration, in accordance

with results reported in the literature.[24] However, also depending on the annealing

conditions, the carrier concentration can be influenced. For example, O-rich annealing

leads to a reduction in the carrier concentration (samples 2-a, 4-a, 5-a and 7-a) com-

pared to the other ambients. In contrast, the Zn-rich annealing results in an increase

of the carrier concentration. Thus, even if the growth process is the most important

factor for controlling the carrier concentration, a variation of the [Zn]/[O2] ratio during

post-growth heat treatment results in a modification of the net carrier concentration.
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Table 4.1: Summary of samples annealed in different conditions and their respective

carrier concentrations, as determined from C-V measurements. The number corresponds

to the wafer and the letter corresponds to the part of the wafer.

Annealing Sample Carrier concentration (cm−3)

as-grown 4-d 3 × 1017

8-a 1 × 1017

1500◦C, O2, 1h 4-a 1 × 1017

5-b 5 × 1016

1500◦C, N2, 1h 4-b 1 × 1017

1400◦C, O2, 1h 1-a 5 × 1016

5-a 8 × 1016

6-a 9 × 1016

7-a 4 × 1016

1400◦C, N2, 1h 1-b 9 × 1016

6-b 2 × 1017

1400◦C, Ar, 1h 1-c 7 × 1016

2-a 2 × 1017

6-c 1 × 1017

7-b 5 × 1016

1400◦C, N2, 1h and 1-d 8 × 1016

700◦C, N2/H2, 2h 4-c 8 × 1016

1100◦C, Zn-rich, 30min 1-c 1 × 1017

2-a 3 × 1017
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As illustrated by Fig. 4.1, typical DLTS measurements carried out on HT-ZnO

unveil 3 main defect levels in the 70-300K temperature range with energy positions

and apparent capture cross sections summarized in table 4.2. Moreover, improvements

made on the Pd contacts quality have allowed DLTS measurements at temperatures

up to 600K, which enables investigation of defect levels close to the middle of the

band gap. Thus, two additional defect levels have been observed in the 300-600K

temperature range (see Fig. 4.1(c)), labelled E5 and E6. Their energy positions and

apparent capture cross sections are summarized in table 4.2.

Table 4.2: Survey of the energy position and apparent capture cross section of defect

levels observed in HT-ZnO by DLTS.

Defect Ec − Et (eV) σna (cm2)

E2 0.19 6 × 10−17

E3 0.30 2 × 10−15

E4 0.54 1 × 10−13

E5 1.00 8 × 10−14

E6 1.20 4 × 10−15

A control of the annealing conditions in various ambients allows to alter the con-

centration of intrinsic defect levels of ZnO and can provide information on their origin.

Papers I and III summarize the effect of different annealing conditions on the concen-

tration of the defect levels observed by DLTS.

In paper I, one HT-ZnO wafer was cut into 4 samples, labelled 1-a, 1-b, 1-c and

1-d. The samples 1-a, 1-b and 1-c were annealed at 1400◦C for 1 hour in O2, N2 and Ar

atmosphere, respectively. The sample 1-d was heat treated at 1400◦C for 1 hour in N2

and subsequently at 700◦C for 2 hour in N2/H2 (90%/10%). The DLTS measurements

performed in the 80-300K temperature range show 3 defect levels, E2, E3 and E4, and

TAS measurements reveal a freeze out level with energy position of ∼30 meV below Ec.

In addition, TSCAP measurements show two capacitances step which correspond of the

thermal emission of E2 and E3 defect levels in the bulk of the depletion region. The

annealing conditions have a pronounced influence on the concentration of the observed

defect levels E2, E3 and E4. The treatment in O2 atmosphere yields a reduction in E2

and E3 and an increase of E4, relative to the other annealing conditions. Therefore,
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Figure 4.1: (a) Representative DLTS spectra of different samples investigated in this

thesis showing the three defect levels E2, E3 and E4 and (b) their corresponding Arrhenius

plots of the electron emission rate. (c) DLTS spectra made in the 300-600K temperature

range showing two defect levels E5 and E6 and (d) their corresponding Arrhenius plots.
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one may speculate that E2 and E3 arise from an oxygen deficient defects (VO, ZnO and

Zni) and E4 from a zinc deficient defect (VZn, OZn and Oi). However, a comparison

with another sample coming from wafer 2 treated under the same condition as 1-c,

exhibits dramatically higher concentration of E2 and E3 than sample 1-c. So, the

origin of the sample has a substantial influence on the defect concentrations and the

role of impurities cannot be excluded.

In paper III, the samples, coming from the two wafers 1 and 2 used in the paper I

and annealed in Ar atmosphere (1-c and 2-a), were additionally heat treated in O-rich

condition at 1100◦C for 1 hour and in Zn-rich at 1100◦C for 30 min. DLTS measure-

ments were carried out between the different annealing steps. After Ar annealing, the

two samples (labelled samples A0 and B0 in the paper) present substantial difference

in the concentration of E2 and E3. The two extra annealing steps in Zn-rich (sam-

ples A1 and B2) and O-rich (samples A2 and B1) conditions have a strong influence

on E2 and E4. However, E3 is not influenced by the different annealing treatments at

1100◦C, which indicates a high formation energy of E3, in agreement with the literature

where a temperature higher than 1300◦C is required to modify its concentration.[24]

The treatment in Zn atmosphere removes E2 and yields an increase in E4 by a factor

of ∼ 4, relative to O2 atmosphere. After the treatment in O2 atmosphere, the opposite

holds with the formation of E2 and removal of E4. Thus, one can speculate that E4

originates from a Zn-rich defect (VO, Zni and ZnO) and E2 from an O-rich defect (VZn,

Oi and OZn). In addition, E4 was influenced in the same absolute manner for both

samples, exhibiting almost identical concentration after the Zn-rich annealing (samples

A1 and B2). This may indicate an intrinsic nature of E4 and by assuming that thermal

equilibrium is reached, a formation energy of 1.9 eV of E4 has been determined. The

E2 level exhibits a Poole-Frenkel effect which indicates that it arises from a donor-like

defect. Moreover, after the O-rich annealing, the concentration of E2 varies by a factor

∼5 between the two samples (A2 and B1). This variation excludes a pure intrinsic

nature and can imply that E2 arises from an impurity complex activated by O-rich

heat treatment. A comparative study between DLTS and SIMS has been performed

on samples with a large range of E2 concentrations but no direct correlation with any

specific impurity element has been established.
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At a first glance, the results obtained in paper I and paper III appear to be con-

tradictory regarding the assignment of E2 and E4. However, the results in paper III

are, indeed, more conclusive and less speculative than the ones in paper I. For instance,

in paper I the variation in E4 concentration is about a factor of two between the dif-

ferent atmospheres used (O2, N2, Ar, N2/H2) while in paper III the enhancement is

about a factor of 20 using Zn-rich atmosphere relative to O2 atmosphere. Further, as

already discussed preliminary in paper I E2 is impurity-related, in contrast to E4 which

seems to be of intrinsic origin, and its concentration hinges not only on the annealing

atmosphere but also on the sample history. The reversible variations in the E2 ampli-

tude by more than a factor of 20 between consecutive treatments using Zn- and O-rich

atmospheres for the same sample in paper III are considered as unambiguous while

the variations by a factor of 4-5 between different samples in paper I and primarily

attributed to variations in the impurity content.

4.1.3 Effect of polishing

As described in Section 2.3, ZnO is a soft material and processing may damage or

introduce defects in the near surface region, e.g. after polishing. Thus, processing can

influence the electrical properties of ZnO and may severely limit device performance.

In paper II, the effect of polishing on the electrically active defects in ZnO has been

investigated by C-V and DLTS measurements using Pd Schottky contacts deposited

on the polished surface (Zn-face). It is shown that mechanical polishing forms defects

in the near surface region that strongly compensate and/or passivate the dominant

donors, which result in a depletion region extending deep into the bulk. Further,

two pronounced defect levels are observed with energy positions around ∼1.0 eV and

∼1.2 eV below Ec (see Fig. 4.1(c)). A post-polishing etching in diluted hydrofluoric

acid removes the top layer exposed to the polishing process, and then, the carrier

concentration has a constant profile and the depletion region is close to the interface.

In addition, the two pronounced defects are substantially reduced, by a factor of ∼10.

These levels are tentatively identified as vacancy related defects based on previously

reported optical transitions and PAS data by other authors.[51, 61, 79]
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4.1.4 Ion implantation

An ion implantation study has been conducted, using hydrothermally n-type ZnO

samples purchased from Tokyo Denpa, and without annealing and subsequent polishing

prior to contact formation (Paper IV). Before implantation, the samples have uniform

carrier concentration of ND = 1 × 1015 cm−3, and DLTS measurement reveals only

the E3 level. The polishing-induced levels E5 and E6, reported in paper II, are not

observed in the as-grown samples. The samples were then implanted with 3 MeV and

6 MeV Zn+ ions at room temperature using doses from 1× 108 to 2× 1010 cm−2. C-V

measurements show charge carrier compensation by deep acceptor-like defects along the

implantation depth profile. In addition, DLTS measurements reveal four implantation-

related defect levels with energy positions of 0.57, 0.89, 1.06 and 1.2 eV below Ec.

Interestingly, defect levels similar to E5 and E6 appear after the ion implantation and

show a strong dose dependence. This illustrates the importance of the levels studied in

paper II, and supports an intrinsic origin of E5 and E6.

4.2 ZnO/Si heterostructure

The electronic properties of ZnO/Si heterojunctions have been investigated. Thin

films of ZnO were deposited on Si wafers by magnetron sputtering or ALD. ZnO/Si

contacts were formed, by lithography. However, for practical reasons, and to improve

the contact quality between the needle of the electrical probe and the ZnO layer, a

second process has been developed by depositing circular Ni Ohmic contacts on the ZnO

layer through a shadow mask using e-beam evaporation. These Ni contacts are also used

as mask when etching the ZnO layer to form a Ni/ZnO/Si structure. After the contact

formation, I-V, C-V and DLTS measurements have been performed to investigate the

electrical properties and the defects close to the interface of ZnO/Si heterostructures.

Paper V shows the results obtained for the heterojunction n-ZnO(Al)/p-Si prepared

by dc magnetron sputtering. Papers VI and VII summarize the results obtained on

ZnO/Si prepared by ALD. Finally, a comparison between ZnO/Si structures prepared

by ALD and RF magnetron sputtering is given in section 4.2.3.
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4.2.1 DC Magnetron Sputtering

In paper V, Al-doped ZnO has been deposited at room temperature on p-type

Si and subsequently annealed in the 100-400◦C temperature range. I-V, C-V and

DLTS measurements were performed to investigate the electronic properties of the

heterojunctions. A diode like junction is revealed with a rectification up to 4 orders of

magnitude and high ideality factor of ∼ 5, indicating a poor quality of the junction.

For samples annealed below 150◦C, a reduction of the hole concentration occurs close

to the interface, suggesting compensation of the boron dopant by donor type defects or

passivation by formation of boron-hydrogen pairs during the sputtering process. After

annealing at 150-200◦C, the compensating/passivating defects disappear and the carrier

concentration recovers with a constant profile. The DLTS measurements reveal defect

levels located near to the ZnO(Al)/p-Si interface; i.e., two hole traps labelled H(0.38)

and H(0.43) with energy positions and apparent capture cross sections corresponding

to Ev + 0.38 eV and 5 × 10−14 cm2, and Ev + 0.43 eV and 1 × 10−17 cm2, respectively.

H(0.38) is present in all samples irrespective of the annealing treatment while H(0.43)

appears after heat treatment above 250◦C.

4.2.2 Atomic Layer deposition

In paper VI, ZnO/n-Si and ZnO/p-Si heterostructures have been studied where the

ZnO thin films were deposited by ALD at 175◦C and post-heat treated in the 200-

500◦C temperature range. The structural and electrical properties of the junctions

have been investigated by X-ray diffraction (XRD), I-V, and DLTS techniques. The

XRD results of the as-deposited sample show that the ZnO layer is polycrystalline

and randomly oriented with two prominent peaks occurring from the (100) and (002)

directions. The post-deposition heat treatment at 400◦C results in an improvement of

the crystal structure with a preferred orientation along the c-axis. DLTS measurements

show two dominant electron traps at the interface of the ZnO/n-Si junction, while

no electrically active defects were detected at the interface of ZnO/p-Si. The two

electron traps, labelled E(0.07) and E(0.15), have energy position and apparent capture

cross section corresponding to Ec − 0.07 eV and 1 × 10−23 cm2, and Ec − 0.15 eV and
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1×10−22 cm2, respectively. E(0.07) is annealed out at 500◦C, while E(0.15) grows with

heat treatment at 500◦C.

In paper VII, a study of the barrier heights and the current transport mechanism in

the ZnO/n-Si and ZnO/p-Si heterostructures prepared by ALD has been carried out.

The structure of the junction has been investigated by cross section Transmission Elec-

tron Microscopy (TEM) and reveals a random orientation of the ZnO grains in accor-

dance with the XRD results obtained in paper VI. At the interface, a thin layer of SiOx

(x ≤ 2) is observed with an homogeneous thickness of ∼ 0.4 nm. Hall measurement in-

dicates a degenerate ZnO layer with carrier concentration of ∼ 1019 cm−3 and mobility

of ∼ 20 cm2V −1s−1. The n-type doping is mainly assigned to hydrogen and/or hydro-

gen related complexes, which are present in high concentration (∼ 1020 − 1021 cm−3)

in the ZnO films. Thus, the ZnO/Si structures may be approximated as a metal-

semiconductor contact. In addition, the good interface allows detailed and accurate

determination of the work function, ΦZnO. Hence, I-V and C-V have been performed

in the 50-300K temperature range in order to determine the barrier heights of the

junctions through the thermal emission theory. Both ZnO/n-Si and ZnO/p-Si show

rectifying contacts with barrier heights of 0.61 eV and 0.52 eV, respectively. The barri-

ers obtained from C-V are found to be slightly higher than those from I-V but remain

of the same order. In addition, the sum of the barrier heights is found to be close to

the band gap of Si and these consistent results yield an estimate of the work function

of ZnO as ΦZnO = 4.65 eV.

The effects of post-annealing treatments on the electrical properties of the ZnO layer

have been studied by four point probe and Hall effect measurements. The impurity

content in the ZnO films has been investigated by SIMS. For as-deposited samples, the

main impurities are hydrogen (∼ 5× 1020 cm−3) and carbon (∼ 2× 1019 cm−3) coming

from the precursors used during the ALD growth. The n-type doping is, most likely,

attributed to hydrogen and/or hydrogen related complexes acting as shallow donors.

In addition, hydrogen may also passivate the acceptor defects. After annealing, the

ZnO films become highly resistive (ρ ∼ 800 Ω.cm after 250◦C), while the hydrogen

content remains constant. Hydrogen is expected to be mobile even at low temperature,
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so one can speculate that the annealing treatment modifies the hydrogen configuration,

effectively passivating the donor activity.

4.2.3 Comparison of ZnO/Si junctions prepared by ALD and RF

Magnetron Sputtering

A preliminary investigation has been performed to compare ZnO/Si heterostruc-

tures in detail prepared by ALD and RF magnetron sputtering techniques. Hence,

ZnO and Al-doped ZnO thin films have been deposited on Si by ALD and RF mag-

netron sputtering, respectively. The structure and the interface of the heterostructures

have been investigated by TEM and DLTS. Cross section TEM images of the sputtered

samples show a structure with a preferential growth along the c-axis, while the ALD

samples have grains with random orientation. The interface of the junctions reveals a

SiOx layer with a thickness of ∼2 nm and ∼0.4 nm for the sputtered and ALD sam-

ples, respectively. DLTS measurements of the interface region unveil at least five defect

levels in the sputtered samples and only one in the ALD samples (see Fig. 4.2). These

results demonstrate clearly that ALD is a soft deposition technique which induces less

defects at the interface, while sputtering, due to energetic ions in the plasma, tends to

induce a multitude of different defects.

Figure 4.2: DLTS spectra of the interface region of (a) ZnO/n-Si and (b) ZnO/p-Si

heterostructures prepared by ALD and RF magnetron sputtering.
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Conclusions and suggestions for

further work

The work in this thesis is devoted to the investigation of the electrical properties

of hydrothermally grown ZnO and ZnO/Si heterojunctions. Especially, the charac-

terization of defect levels in the band gap of ZnO and at the interface of ZnO/Si

heterostructures has been achieved. The obtained results will allow to contribute to

the improvement of the properties of ZnO and, thus, increase its competitiveness in

optoelectronic applications.

The first part of the thesis is focused on hydrothermally grown ZnO, described in

Papers I-IV, and is mainly devoted to the investigation of electrically active defects by

DLTS and TAS through Pd Schottky contacts. In particular, the effect of the different

annealing conditions on the defect levels has been investigated in order to identify the

origin of the defects. Thus, some defect levels show strong dependence on the annealing

conditions. For example, E2 and E4 appear as O-rich and Zn-rich defects, respectively.

Moreover, the improvement made on the Pd Schottky contacts has allowed us to explore

deep states in the band gap of ZnO by using DLTS in the temperature range up to

600K. In the 300-600K interval, two new defect levels have been observed with energy

position in the range ∼1.0-1.2 eV below Ec. These levels occur both after mechanical

polishing and Zn ion implantation, which may suggest an intrinsic nature of E5 and

E6. In general, the results obtained in this thesis have provided additional and useful

information on several of these defect levels (E2, E3, E4, E5 and E6) as summarized in

43



Chapter 5. Conclusions and suggestions for further work

table 2.4.

The second part of the thesis is devoted to electrical characterization of ZnO/Si

heterostructures prepared by DC magnetron sputtering and ALD, described in papers

V-VII. Degenerated ZnO films have been used as transparent contacts on Si. The

electronic and interface properties of such heterostructures have been investigated by

I-V, C-V and DLTS. The junctions show rectifying behavior on both n-type and p-type

Si and several defect levels have been observed close to the interface. Moreover, the

barrier heights of the ZnO/Si heterostructures prepared by ALD have been investigated

by I-V and C-V versus temperature and consistent results are obtained to estimate the

work function of ZnO as ΦZnO = 4.65 eV. Finally, preliminary work has been done to

compare ALD and RF magnetron sputtering and the results demonstrate that ALD is

a soft deposition technique which induces less interfacial defects than sputtering.

The results in this thesis have clarified some properties of bulk ZnO, but several

issues need to be pursued further. For example, it is necessary to improve the Schottky

contacts in order to increase their stability and reproducibility. Hence, the develop-

ment of Schottky contacts with other metals will be an important improvement for

the characterization of ZnO and represents a future challenge. The annealing condi-

tions in Zn- and O-rich ambients have strong effect on several defect levels and give

preliminary suggestions on the origin of the defects. Therefore, more efforts should be

devoted along this direction in order to confirm the origin of the defects, e.g., perform-

ing similar annealing treatment on samples grown with other techniques than HT may

give more information on the origin of the defects (intrinsic or impurity related defect).

Accordingly, combining the obtained results in this thesis with other techniques, such

as photoluminescence, cathodoluminescence, infra-red spectroscopy and positron anni-

hilation spectroscopy could be useful to determine the origin of the defects and to find

some possibilities to limit (control) their concentrations in ZnO.

Concerning ZnO/Si heterostructures, ALD is a promising technique to deposit ZnO

with low interfacial defects. However, further work has to be pursued on several points.

The origin of the n-type doping of the ZnO films has to be addressed carefully. In par-

ticular, the role of hydrogen for the n-type conduction and its behavior after annealing

must be investigated. Fourier transform infrared (FTIR) spectroscopy could be useful
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to determine the hydrogen configuration in the ZnO films. Moreover, the control of the

carrier concentration and mobility needs to be improved, especially for highly doped

films. Further work must also be devoted to compare RF magnetron sputtering and

ALD and, as a next step, the photovoltaic behavior of the heterostructures should be

investigated.
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Electronic properties of vacancy related defects in ZnO induced
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Electronic properties of defects induced by mechanical polishing in hydrothermally grown n-type

ZnO have been investigated by capacitance versus voltage measurements and deep level transient

spectroscopy (DLTS). The DLTS measurements have been performed in the temperature range

80-600 K enabling exploration of deep-level states in the vicinity of the middle of the energy bandgap.

The results show that mechanical polishing forms defects in the near surface region which strongly

compensate and/or passivate the dominant shallow donors. Two pronounced polishing-induced defects

are revealed with energy level positions around 1.0 eV and 1.2 eV below the conduction band edge.

These levels are assigned to vacancy-related defect centers and substantially reduced in strength by

post-polishing etching in diluted hydrofluoric acid. VC 2011 American Institute of Physics.
[doi:10.1063/1.3638470]

Zinc oxide1 (ZnO) is a wide band gap semiconductor

(Eg¼ 3.37 eV at room temperature) having a high potential

for photovoltaic and light emitting devices. However, resid-

ual impurities and intrinsic defects can drastically affect the

electrical characteristics of the material. Further, semicon-

ductor device manufacture inevitably involves mechanical

processes, such as polishing. Given that ZnO is a relatively

“soft” material (hardness of �5 GPa),2 polishing-induced

damage may severely limit potential device applications.

Several authors have investigated the effects of polishing on

the optical and structural properties of ZnO.3–9 In particular,

photoluminescence (PL), ion channeling, and cathodolumi-

nescence have been employed showing that the mechanical

polishing gives rise to subsurface damage which decreases

luminescence efficiency3,9 and results in several lumines-

cence peaks related to intrinsic defects such as the zinc va-

cancy (VZn) and the zinc interstitial (Zni).
5,6 Most recently,

the effect of polishing has also been investigated by positron

annihilation spectroscopy (PAS) with the evidence of forma-

tion of open volume defects in the near surface region.8 De-

spite these efforts, information about the electronic

properties of polishing-induced defects in ZnO is scarce in

the literature,10 and one possible cause is the difficulty in

achieving Schottky contacts of sufficient quality.

Recent works, however, have considerably improved the

quality of Schottky contacts,11–13 enabling investigations of

the effect of mechanical polishing by spectroscopic electrical

techniques. In particular, the improved Schottky contacts

allow deep level transient spectroscopy (DLTS) measure-

ments at sufficiently high temperatures to monitor deep

states located close to the middle of the bandgap.

In this study, the influence of polishing on the electri-

cally active defects in n-type ZnO has been investigated by

capacitance versus voltage (C-V) and DLTS measurements.

The DLTS studies were performed in the 80-600 K tempera-

ture range, which is a substantial progress in the study of

deep-level defects in ZnO by junction spectroscopic techni-

ques. The results unveil compensation/passivation of shallow

donors and two pronounced deep levels having a strong de-

pendence on the polishing process. Thus, mechanical polish-

ing could be used as a possible way to controllably introduce

intrinsic defects.

Samples were cut from a hydrothermally grown n-type

ZnO (HT-ZnO) wafer with orientation perpendicular to the

c-axis ([0001] direction) and annealed during 1 h at 1400�C in

flowing oxygen. This annealing is known to reduce the Li

content in HT-ZnO by about two orders of magnitude from

the 1017 cm�3 to the 1015 cm�3 range.14,15 After the heat treat-

ment, the samples were mechanically polished on both sides

on a rotating disc with diamond slurry using different grain

sizes from 6 lm to 0.25 lm. The polishing process removes a

layer with a total thickness of about 20-30 lm on each side.

After the polishing, Schottky contacts were prepared on

the (0001) Zn-face using palladium (Pd). The samples were

first cleaned in acetone and isopropanol in an ultrasonic bath

for 5 min each. Then, the samples were dipped in a 40%

hydrogen peroxide (H2O2) solution at boiling temperature

for 1 min. Finally, 100 nm thick circular Pd contacts were

deposited using electron beam evaporation from a 99.999%

pure Pd source through a molybdenum shadow mask at a

base pressure of 10�6 mbar. Silver paste was used as Ohmic

contact on the back side (O-face). After a first set of meas-

urements on one sample, labelled A1, the contacts were

removed by a gentle polishing using diamond slurry (par-

ticles size of 0.25 lm) on a rotating disc. The A1 sample was

then etched in a 2% hydrofluoric acid (HF) solution at room

temperature (yielding an etch rate of �2 nm/s, as determined

using a DEKTAK stylus profilometer) for 2 min in order to

remove the top layer exposed to the polishing process.

Finally, new Schottky contacts were deposited on the

Zn-face under the same conditions as previously described,

and the sample was re-labelled as A2.

The C-V characteristics were recorded in dark at room

temperature using a 1 MHz capacitance meter (HP 4280A).a)Electronic mail: vincent.quemener@smn.uio.no.

0003-6951/2011/99(11)/112112/3/$30.00 VC 2011 American Institute of Physics99, 112112-1
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The DLTS measurements were performed in the temperature

range 80-600 K with a reverse bias voltage of �3 V and a

pulse voltage of +3 V using a refined version of a setup

described in Ref. 16. The DLTS signal was extracted apply-

ing a lock-in weighting function with different rate windows

in the range (20 ms)�1 to (3200 ms)�1.

Figure 1 shows the net donor concentration profile after

polishing (A1) and after etching in the HF solution (A2). The

polishing influences strongly the carrier concentration pro-

file; for A1, the depletion region extends deep into the bulk

compared to A2, and the carrier concentration is increasing

with depth (ND � 3 – 4� 1016 cm�3). This suggests that the

dominant donors are passivated and/or compensated by

defects present close to the surface. For A2, the carrier con-

centration has a uniform profile with ND � 5� 1016 cm�3

and the depletion region is close to the junction interface. In

addition, the built-in voltage is reduced to �1 V, in close

agreement with that predicted by the Schottky-Mott model

for an ideal Pd/ZnO Schottky contact.17 This confirms that

the etching removes the surface layer damaged by polishing

and the “ordinary” depletion region is recovered.

Figure 2 shows the DLTS spectra for the samples A1

and A2 using rate windows of (640 ms�1) and (3200 ms�1)

in the 80-300 K and 300-600 K temperature intervals,

respectively. The utilization of these two different windows

enables investigations of a wide range of electron emission

rates while scanning over a limited temperature interval;

especially, the (3200 ms)�1 window facilitates detection of

levels located close to the midgap using sample temperatures

below 600 K. In the 80-300 K temperature range, three

defect levels are observed, labelled E2, E3, and E4 with

energy positions and apparent capture cross sections corre-

sponding to Ec – 0.18 eV and 5� 10�17 cm2, Ec – 0.30 eV

and 1� 10�15 cm2, and Ec – 0.54 eV and 1� 10�13 cm2,

respectively (Ec denotes the conduction band edge). These

defects have previously been reported in the literature,15,18,19

but their identities are still unclear. At elevated temperatures,

two levels occur with peak maxima at �380 K and �500-

540 K, labelled E5 and E6, respectively, and their intensities

are enhanced by a factor of �25 relative to those found in

as-grown samples not subjected to polishing. The signatures

of E5 and E6, deduced from sample A2, are summarized in

Table I.

The etching treatment, where a layer thickness up to 200

nm is removed from the surface, influences strongly the peak

intensities with a reduction in E5 and E6 by a factor of �10

and in an increase in E2 and E3 by a factor of �5. The effect

on E2 and E3 may be due to the different regions probed in

samples A1 and A2 (see Fig. 1) and/or that compensating/

passivating defects introduced by the polishing suppress the

full amplitude of E2 and E3. Further work is needed to

resolve this issue and in the following, we will focus on E5

and E6 levels.

By comparing the measured and simulated spectra for

sample A1, the signatures of E5 and E6 are found to be about

two times wider than a single DLTS peak simulated for a

uniformly distributed and isolated point defect. These broad

features of E5 and E6 indicate the presence of several differ-

ent (extended) defects with overlapping levels or highly

damaged regions with a high local concentration of defects.

In the latter case, the defects can be distorted by surrounding

local strain and are not to be considered as isolated point

defects (as assumed in the simulations). In addition, after

polishing, the measured apparent electron capture cross sec-

tion, rna, of both E5 and E6 are unrealistically high (rna
� 10�8 – 10�12 cm2), further strengthening the indication of

overlapping defects or localized damaged regions. For sam-

ple A2, the simulations agree rather closely with the meas-

ured E5 and E6 peaks and rna assumes more realistic values

for deep-level point defects.

The samples A1 and A2 are physically the same speci-

men, and thus, the results in Figs. 1 and 2 show conclusively

that the post-polishing etching in HF restores the concentra-

tion of shallow donors in the near surface region and reduces

the concentration of E5 and E6 by a factor of �10, i.e., their

intensities are almost comparable to those in the as-grown

FIG. 1. Carrier concentration profiles determined by C-V measurements

with a probe frequency of 1 MHz after polishing (sample A1) and after sub-

sequent etching in 2% HF solution (sample A2).

FIG. 2. (Color online) Measured (symbols) and fitted (dash line) DLTS

spectra from samples A1, A2 and an as-grown sample not subjected to pol-

ishing/etching (solid line), using rate windows of (640 ms�1) and (3200

ms�1) in the temperature range of 80 K-300 K and 300 K-600 K, respec-

tively. The inset shows a magnification of the DLTS spectra of the A2 and

as-grown samples.

TABLE I. Survey of the energy position and apparent capture cross section

for E5 and E6 after etching (sample A2). The values are deduced from

Arrhenius plots of the electron emission rates.

Sample Defect Ec-Et (eV) rna (cm
2)

A2 (after etching) E5 1.0 8� 10�14

E6 1.2 4� 10�15

112112-2 Quemener et al. Appl. Phys. Lett. 99, 112112 (2011)
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sample (Fig. 2 inset). In this context, it should be pointed out

that the carrier concentration profile in sample A2 extends

�400 nm closer to the surface compared to that in sample

A1 despite that a layer thickness of only �200 nm was

removed by the etching. Hence, the polishing-induced

defects are not anticipated to be fully removed in sample A2

and other effects caused by in-diffusion of defects and

impurities, like H from the HF etching, may also play a role.

Figures 3(a) and 3(b) show DLTS spectra for different

contacts on samples A1 and A2. For A1, the temperature

positions and amplitudes of the peaks exhibit a considerable

variation between the different contacts, e.g., a shift of �40

K in position for E6 between contacts 1 and 2. Moreover,

depth profiles of E5 and E6 (not shown) reveal a strong

increase in amplitude toward the surface and a concentra-

tion below the detection limit (�1014 cm�3) for depths

exceeding �0.7 lm. These results support the previous con-

clusion that the polishing introduces several different types

of defects with overlapping levels and/or highly localized

damaged regions non-uniformly distributed over the wafer

surface. In contrast, for sample A2, the spectra are repro-

ducible with only minor variations between the different

contacts (Fig. 3(b)).

The pronounced decrease in intensity of E5 and E6 after

etching suggests that they occur in close proximity to the sur-

face, consistent with previous reports in the literature for

polishing-induced defects.6,8 According to Refs. 5 and 7,

open volume defects, such as VZn and the oxygen vacancy

VO, and complexes thereof prevail after polishing. Thus, it is

tempting to suggest that E5 and E6 in sample A1 may be

related to clusters of open-volume defects like multi-vacancy

complexes with a broad band of energy levels. In sample A2,

on the other hand, having a considerably lower and laterally

more uniform concentration of defects than A1, E5, and E6

arise predominantly from point-like defects. In fact, employ-

ing calculations based on density-functional-theory, Janotti

et al.20 have predicted that the (2þ/0) transition level of VO

is located �1 eV below Ec, i.e., close to the positions of

E5 and E6 and at least one of these levels may possibly be

related to VO. Further, the large electron capture cross

section of the E5 level (Table I) indicates that it originates

from a donor-like defect but no distinct electric field depend-

ence has been observed due to a limited range of possible

variations in the bias voltage.

In summary, mechanical polishing of n-type ZnO is

demonstrated to form electrically active defects and to cause

compensation/passivation of shallow donors in the vicinity

of the surface (<700 nm). High-temperature DLTS measure-

ments, benefiting from high-quality Pd Schottky contacts,

unveil two dominant and broad electron states with centered

energy positions at 1.0 eV and 1.2 eV below Ec, tentatively

associated with vacancy related defect centers. Post-

polishing etching in diluted HF removes the compensation/

passivation of the shallow donors and the concentration of

deep electron states is reduced by one order of magnitude

concurrent with a sharpening of the DLTS peaks approach-

ing the shape of that of point-like defects.
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Evolution of deep electronic states in ZnO during heat treatment in oxygen-
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Hydrothermally grown ZnO samples have been annealed in Ar, Zn-rich and O-rich ambients and investigated
by deep level transient spectroscopy (DLTS). The DLTS measurements reveal up to 6 different defect levels
in the band gap after the different annealing conditions. A clear correlation has been found between the
annealing treatment and the formation/suppression of two deep defect levels at ∼0.2 and ∼0.5 eV below
the conduction band edge (Ec). As a result, the Ec − 0.5 eV level is assigned to a Zn-rich defect while the
Ec − 0.2 eV level is due to a O-rich defect, where the latter shows donor behavior as revealed by a distinct
Poole-Frenkel effect.

Zinc oxide (ZnO) exhibits attractive properties such
as a direct wide band gap and a high excitonic binding
energy that can be exploited in a number of applications
of semiconductor and optoelectronic devices.1 However,
the use of ZnO is hampered by the presence of impurities
and intrinsic defects causing a native n-type conductiv-
ity, which dramatically affects the electrical and opti-
cal performances. Thus, controlling these defects, during
growth and device processing, is crucial. Electrically, sev-
eral defect levels have been observed in the 20-600 meV
range below the conduction band edge (Ec) and reported
in the literature.2–6 However, the origin of the defect lev-
els remains unknown and extensive investigations need to
be pursued to determine their identities. Several of the
primary intrinsic defects are expected to be electrically
active and play an important role in the n-type conduc-
tivity (see, for instance, Ref.7). Moreover, the formation
energies depend on the chemical potential, resulting in
different equilibrium concentrations of defects for O- and
Zn-rich conditions. Post-growth annealing in various am-
bients may therefore alter the concentration of important
(elementary) intrinsic defects, and can provide informa-
tion on the origin of electronic states occurring in the
band gap.

Previous studies by photoluminescence measurements
(PL) have demonstrated a clear correlation between the
position of the deep band emission and the Zn/O anneal-
ing conditions.8–10 The formation of such deep bands is il-
lustrated by a well known effect where ZnO turns reddish
during Zn ambient annealing at 1100◦C.11–13 The red
coloration has been attributed to Zn interstitials, (Zni)
and/or oxygen vacancies (VO),12 and it can be removed
by annealing in oxygen ambient. Most recently, Weber et
al.13 discussed the role of hydrogen in conjunction with
oxygen deficient defects like hydrogen on O-site (HO),
and its possible association with the red coloration. The
formation/suppression of defects related to O- or Zn-rich
conditions has also been investigated by positron annihi-
lation spectroscopy (PAS), and signatures for VO-related

a)Electronic mail: vincent.quemener@smn.uio.no

and Zinc vacancy related complexes (VZn−X) have been
identified.12,14. Studies of electrical signatures of defects
related to O- or Zn-rich conditions have been scarce in the
literature using spectroscopic techniques like deep level
transient spectroscopy (DLTS), and so far, only one de-
fect level at ∼0.5 eV below Ec has been reported to show
a clear correlation with the annealing conditions.3,9

In the present work, the effect of annealing in Zn and
in O-rich ambients on the defect evolution has been in-
vestigated by electrical techniques such as capacitance
versus voltage (C-V) measurements and DLTS in the
30-400K temperature range. A clear correlation is re-
vealed between the annealing treatments and the forma-
tion/suppression of two prominent deep levels in the up-
per part of the band gap; one is donor-like and associated
with a O-rich (Zn-deficient) defect while the other arises
from a Zn-rich (O-deficient) defect.

Two hydrothermally grown ZnO wafers from SPC
Goodwill, labelled A and B, were heat treated in Argon
(Ar) atmosphere at 1400◦C during 1 hour to reduce the
lithium (Li) content and obtain a net carrier (electron)
concentration of ∼ 1017 cm−3, using a process described
in detail elsewhere.15,16 Before Schottky contact deposi-
tion, the samples were cleaned in acetone (5 min dura-
tion) and isopropanol (5 min) in an ultrasonic bath and
then treated in a boiling 40% hydrogen peroxide (H2O2)
solution for 1 min. Schottky barrier contacts were pre-
pared on the Zn-polar face by depositing 100 nm thick
Pd contacts using electron beam evaporation of a 99.999
% pure Pd source through a molybdenum shadow mask
at a base pressure of 10−6 mbar. Silver paste was used as
Ohmic contact on the back side (O-face). After a first set
of current versus voltage (I-V), C-V and DLTS measure-
ments, labelled A0 and B0, the contacts were removed
by a gentle polishing using a rotating disc and diamond
slurry with grain sizes of 0.25 μm, and etched in a 2%
hydrofluoric acid solution (HF ) for 2 min; this was per-
formed in order to minimize the amount of interface de-
fects formed by the polishing.17 Then, the two samples
were treated either in an oxygen or zinc ambient and elec-
trically characterized employing Pd Schottky contacts
prepared by the procedure previously described. Sam-
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TABLE I. Resistivity, obtained from four point probe mea-
surements, and effective carrier concentration, obtained from
C-V measurements, of sample A and B after different anneal-
ing conditions.

Sample Annealing resistivity ρ (Ωcm) ND (cm−3)
A0 Ar, 1400◦C, 1h 0.66 5× 1016

A1 Zn, 1100◦C, 30min 0.05 1× 1017

A2 O2, 1100
◦C, 1h 0.60 8× 1016

B0 Ar, 1400◦C, 1h 0.70 2× 1017

B1 O2, 1100
◦C, 1h 0.65 1× 1017

B2 Zn, 1100◦C, 30min 0.04 3× 1017

ple A was annealed at 1100◦C during 30 min in a sealed
quartz ampoule holding 99.99% Zn metal (measurement
A1), while the sample B was annealed at 1100◦C dur-
ing 1 hour in flowing oxygen atmosphere (measurement
B1). In order to distinguish between effects caused by
the annealing ambient and those from other processing
variations, the samples were, finally, annealed under the
opposite conditions where sample A was treated in O-rich
(measurement A2) and sample B in Zn-rich conditions
(measurement B2). A survey of the different processes
applied to samples A and B is given in Table I.

The I-V and C-V measurements were performed in
darkness at room temperature using a Keithley 617 elec-
trometer and a 1 MHz capacitance meter (HP 4280A),
respectively. The I-V results showed stable rectifying
behavior of about 3-4 orders of magnitudes for all the
contacts on each sample. The DLTS measurements were
performed in the temperature range 20K-400K with a re-
verse bias voltage of -3V and a pulse voltage of 3V (50 ms
duration) using a refined version of the setup described
in Ref.18. The DLTS signal was extracted applying a
lock-in weighting function with different rate windows in
the range (20ms)−1 to (3200ms)−1.

The carrier concentrations as well as the resistivities
for the two samples after annealing in Ar, Zn-rich and O-
rich conditions are summarized in Table I. After 1400◦C
in Ar atmosphere, the resistivity (ρ) is reduced by about
3 orders of magnitude, relative to the as-grown state. The
carrier concentrations for A0 and B0 are ∼ 5×1016 cm−3

and 2×1017cm−3, respectively. After the annealing in Zn
atmosphere (sample A1 and B2), a red coloration occurs
as expected,11–13 and ρ is reduced by one order of mag-
nitude relative to that for A0 and B0. In contrast, after
annealing in O2 the samples A2 and B1 are transparent
and the resistivity is close to that of A0 and B0.

Figure 1 shows DLTS spectra of samples A (Fig. 1a)
and B (Fig. 1b) and the different annealing conditions
influence strongly the defect intensities. After the treat-
ment in Ar atmosphere (samples A0 and B0), three main
levels appear in the 30-300K range, labelled E2, E3 and
E4, with energy positions of ∼ Ec−0.19, ∼ Ec−0.30 and
∼ Ec − 0.54 eV, respectively. These levels are commonly
observed in hydrothermally annealed samples treated at
high temperature and have previously been reported in

FIG. 1. (color online) DLTS spectra from samples A (a) and
B(b) using rate windows of (640ms)−1 after different anneal-
ing processes. A reverse bias voltage of -3V and filling pulse
voltage of 3V have been employed. Cb represents the reverse
bias capacitance, ND is the carrier concentration and ΔC is
he amplitude of the capacitance transient.

the literature.2,3,5,6 The energy positions and apparent
capture cross sections are summarized in Table II.

After annealing in Zn- and O-rich conditions, new de-
fect levels evolve, labelled E1a, E1b, E5a and E5b, with
level positions of ∼ Ec − 0.10, ∼ Ec − 0.11, ∼ Ec − 0.72
and ∼ Ec − 1.0 eV, respectively (see Tab. II). However,
the formation of E1a, E1b, E5a and E5b do not hinge
on the annealing ambient; for sample A, E5a and E5b
increase in amplitude after Zn annealing and then de-
crease after O annealing (samples A1 and A2), while for
wafer B they increase after O annealing and then de-
crease after Zn annealing (samples B1 and B2). Hence,
the evolution of E5a and E5b appear to be related to the
annealing temperature and duration rather than to the
ambient conditions. A similar conclusion holds also for
E1a and E1b which grow more slowly with time than E5a
and E5b and exhibit a higher stability.
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The E3 defect shows a substantial difference in concen-
tration between the nominally identical samples A0 and
B0, implying that the detailed growth conditions have an
important effect on its generation. This is also true for
the net carrier (effective doping) concentration which is
about a factor of 4 higher in sample B0 relative to A0 (see
Tab. I). In fact, the concentration of E3 is ∼ 10% of the
effective dopant concentration in both A0 and B0. How-
ever, in contrast to that of the dopant concentration the
strength of E3 does not vary with the different anneal-
ing treatments at 1100◦C, indicating a high formation
energy and high temperature stability. Indeed, the effect
of heat treatment on E3 has previously been reported in
the literature and shows that temperatures ≥ 1300◦C are
needed to influence the concentration of E3.5,6

The E2 and E4 defects depend strongly on the anneal-
ing conditions in a consistent manner for both samples A
and B. Firstly, after annealing in Zn atmosphere (samples
A1 and B2), E4 increases and E2 is removed below the de-
tection limit. Secondly, after annealing in O2 atmosphere
(samples A2 and B1), E4 disappears and E2 increases
strongly. It should be emphasized that the formation and
annealing behaviors are systematic and reversible and do
not depend on the sample history. Hence, it can be con-
cluded that E2 is related to (or promoted by) an O-rich
(Zn-deficient) defect like VZn, OZn and Oi, while the op-
posite holds for E4. The latter conclusion is consistent
with the results in refs.3 and9, where an assignment of E4
to VO was discussed. E4 displays almost identical con-
centrations in the samples A1 and B2, indicating that
thermal equilibrium is indeed reached during the treat-
ment in Zn-rich conditions and supporting an intrinsic
origin of E4. The formation energy (Eform) of E4 can be
estimated by c/Nsites = exp(−Eform/kT ), where c is the
concentration of E4 and Nsites is the number of possible
sites per unit volume, yielding a value of ∼ 1.9 eV. This
value is at least three times higher than that predicted for
VO by Vidya et al.19, using a density-functional-theory-
based pseudopotential all-electron method (without band
gap correction), in n-type material (Fermi level position
close to Ec) under Zn-rich conditions. However, a close
agreement is obtained with the calculated value for Zni

(∼ 2.0 eV) and hence, it is tempting to associate E4 with
a defect involving Zni; albeit not Zni itself which is ex-
pected to be highly mobile even at low temperatures (∼
600◦C)20 and not readily detected as an isolated (single)
defect.

Fig. 2 shows the DLTS signal of E2 under different re-
verse bias conditions and the peak position shifts toward
lower temperature with increasing electric field. Thus,
the rate of electron emission is enhanced by the exter-
nal field due to distortion (lowering) of the defect poten-
tial well. Fig. 3 reveals a close proportionality between
the shift in the apparent energy position and the square
root of the electric field, as predicted by the so-called
Poole-Frenkel effect.21 In n-type material, only donor-
like states display field-enhanced emission and not (sin-
gle) acceptor-like ones which become neutral after elec-

TABLE II. Survey of the energy position and apparent cap-
ture cross section of the observed defect levels.

Defect Ec − Et (eV) σna (cm2)
E1a 0.10 3× 10−15

E1b 0.11 2× 10−17

E2 0.19 6× 10−17

E3 0.30 2× 10−15

E4 0.54 1× 10−13

E5a 0.72 1× 10−15

E5b 1.00 2× 10−12

FIG. 2. (color online) DLTS spectra of E2 taken for differ-
ent reverse bias of -1V, -3V and -4V corresponding to peak
electrical fields of 0.5×105, 1.6×105 and 1.8×105 V.cm−1, re-
spectively.

tron emission; hence, it can be concluded that E2 arises
from a donor-like defect. For E4, no electric field de-
pendence is observed within the experimental accuracy,
possibly suggesting an acceptor-like defect. However, no
ambiguous conclusion can be made for E422 and in addi-
tion, the detection of a field-enhanced emission from E4
is not straight forward due to a rather broad peak width.

The donor behavior of E2 does not immediately agree
with the three prime intrinsic (O-rich) candidates: VZn,
OZn and Oi.

20 However, Oi in the dumbbell config-
uration (Oi,db) is theoretically predicted to be donor-
like, although with a level position close to the valence
band edge.23 The concentration of E2 varies by a factor
∼5 between the sample A2 and B1 (see Fig. 1), while
the carrier concentration is the same within 25% (see
Tab. I). This variation excludes a pure intrinsic nature
of E2 and favours an impurity-related defect promoted
by O annealing and suppressed by Zn annealing. Ac-
cording to results from secondary ion mass spectrometry
(SIMS) measurements,5 possible impurities are Al, Si,
Mg, Fe, Mn and Ni but no further distinction can be
made through correlation between the DLTS and SIMS
data. Here, it should be emphasized that hydrogen,
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FIG. 3. Energy position of E2 defect level versus the square
root of the electric field.

which is a prominent impurity in ZnO,15 can be ruled
out since similar samples as used in this study have been
annealed in H-rich conditions with no effect on E2.6

Hydrothermally grown ZnO samples have been suc-
cessively annealed in Ar, Zn and O-rich conditions.
Strong correlations have been found between the anneal-
ing treatment and the formation/suppression of deep de-
fect levels in the upper part of the band gap. It is found
that a level at Ec−0.2 eV, commonly labeled E2, can be
ascribed to an impurity-related defect promoted by O-
rich conditions, while a level at Ec − 0.5 eV, commonly
labeled E4, is promoted by Zn-rich conditions and most
likely due to a center governed by intrinsic (Zni) species.
It is also demonstrated that the E2 level exhibits a clear
Poole-Frenkel effect showing a donor nature.

This work was supported by the Norwegian Research
Council through the NanoMat (CONE project) and
FRIENERGI programs.
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Abstract

N-type ZnO samples have been implanted with 3 MeV and 6 MeV Zn+ ions at room temper-

ature to doses between 1 × 108 and 2 × 1010 cm−2, and the defect evolution has been studied

by capacitance-voltage (CV) and deep level transient spectroscopy (DLTS). Carrier concentration

profiles from the CV measurements show a dose dependent compensation by acceptor-like defects

along the implantation depth profile. At least four implantation-related deep-level defects arise,

as observed by DLTS, with energy positions of 0.57, 0.89 ,1.06 and 1.2 eV below the conduction

band edge. While the amplitude of the 0.57 eV level remains small, the strength of the 1.06 and

1.2 eV levels increase linearily with ion dose and they are attributed to intrinsic defects. The 0.89

eV level occurs as a shoulder on the low temperature side of the 1.06 eV peak, but the amplitude

is reduced already after the first DLTS scan reaching 410 K. Moreover, a re-distribution of defects

as a function of depth is observed after annealing below 400 K showing that prominent defect

reactions, possibly involving migration, take place at modest temperatures.

∗ Lasse.Vines@fys.uio.no
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Zinc oxide (ZnO) is a wide band gap semiconductor (Eg ∼ 3.4 eV ) that has received

considerable attention during the past few years due to its potential applications in light

emitting devices and photovoltaics. However, the technological advances of ZnO have been

hindered by the difficulty in controlling and understanding the electrical behavior of intrinsic

and impurity related defects. In particular, controlling charge carrier concentration profiles

by ion implantation remains a major challenge for ZnO based devices. This includes both

dopant activation in the desired atomic configuration and control of ion induced damage.

Studying irradiated or implanted samples is indispensable for the understanding of elec-

trically active defects, both intrinsic and impurity related ones, where deep level transient

spectroscopy (DLTS) is one of the most sensitive techniques. Intrinsic defects are of partic-

ular importance in ZnO, since many of those are expected to be electrically active and play

an important role for the ”native” n-type conduction and the difficulty in achieving p-type

doping. However, only a few irradiation studies of ZnO using DLTS have been reported so

far [1] [2] [3] [4]; in fact, most of the irradiation studies have been carried out using light

projectiles such as electrons, protons and helium ions, mainly focusing on defects detectable

below 300K. However, recent advances in the quality of Schottky contacts have made it

possible to extend the DLTS temperature range up to 600 K and to probe deep into the

band gap [5] [6].

Here, we report on 3 and 6 MeV Zn+ implantation into ZnO in the low dose regime and

several defect levels are observed above 300 K. Moreover, a re-distribution of defects occurs

below 400 K, indicating a high mobility, consistent with an efficient dynamic annealing but

possibly also with formation of large and more stable defect clusters.

Two wafers of hydrothermally grown ZnO (HT-ZnO) from Tokyo Denpa, labelled W1 and

W2, were cut into four 5×5 mm samples. The samples were cleaned in acetone and ethanol,

and treated for one minute in boiling H2O2 before 100nm thick Pd Schottky contacts were

deposited using e-beam evaporation. The Schottky contacts showed a rectification of the

current by 2-4 orders of magnitude between forward and reverse bias. The samples were

then implanted at room temperature using 3MeV Zn3+ ions for the W1 samples and 6

MeV Zn6+ ions for the W2 samples, and with doses ranging from 1× 108 to 2× 1010 cm−2.

One sample of each wafer was left as reference (non-implanted) and no influence of the

implantation dose on the rectifying behavior of the Schottky contacts was found. The

projected range (Rp) of the Zn ions was ∼ 1.0μm and ∼ 1.9μm for the 3 and 6 MeV
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implantations, respectively, as estimated by simulations using the SRIM code[7]. As an

example, the peak Zn concentration for the 6 MeV implantation and a dose of 5× 108 cm−2

is ∼ 1.5× 1013 cm−3. After implantation, the samples were stored in a freezer (-20◦C) until

measured. DLTS was carried out while scanning up in temperature using a refined version

of a setup described in Ref. [8]. A reverse bias of −3V was used with a filling pulse of +3V

and 5ms duration.

FIG. 1. Carrier concentration versus depth profiles for a) W1-samples implanted by 3 MeV Zn

ions to different doses, and b) W2-sample implanted with 6 MeV Zn ions to a dose of 1.2 × 109

cm−2 and analysed at different temperatures after scan 2 (probing frequency = 1MHz).

Figure 1(a) shows the charge carrier concentration (Nd) versus depth extracted from

capacitance-voltage (CV) measurements at 300 K for the W1 samples implanted with doses

between 8×108 and 2×1010 cm−2; scan 1 is the first one after implantation. Before implan-

tation, Nd ∼ 1.2× 1015 cm−3 and is uniform as a function of depth. The sample implanted

with the low dose (8×108 cm−2) shows only minor changes in the charge carrier distribution

(scan 1), but a significant redistribution takes place for the medium (4 × 109 cm−2) and

high (2 × 1010 cm−2) dose samples. For the highest dose, a strongly reduced charge carrier

concentration occurs around Rp followed by a pronounced increase below Rp. This increase

is not real and attributed to an anomaly occuring when profiling nonuniform distributions of

deep acceptor-like centers [9]. Indeed, Fig. 1(b) shows the carrier concentration, after DLTS

scan 2, at different temperatures using a probing frequency of 1MHz and sweep frequency

of 5 Hz; in accordance with Kimerling [9], the anomalous overshoot below Rp occurs only

at certain temperatures, i.e., when the emission rate from the deep acceptor is intermediate

to the sweep rate and the probing rate.
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Further, Fig. 1(a) reveals a considerable re-distribution or generation of defects between

the as-implanted (scan 1) and ∼ 410K annealed profiles (scan 2), where Nd in the near-

surface region decreases after annealing and with increasing dose. For the high dose sample

(2×1010 cm−2), a complete freeze-out of Nd occurs in scan 2. Scan 3 remained similar to scan

2, and for clarity, data are not included in the figure. Moreover, the as-grown samples did

not show a reduced carrier concentration in the near surface region or a change in the profile

after successive DLTS scans (not shown). Thus, an acceptor activation or donor removal

occur in the implanted samples during the first scan, demonstrating that migration or defect

reactions take place below 420 K. For instance, theory predicts that zinc interstitials (ZnI)

have a migration barrier of ∼ 0.6 eV [10], indicating that they are mobile around room

temperature, and can readily migrate towards the bulk or the surface during the first scan.

Another species with high mobility, and abundant in ZnO, is hydrogen (H) [11][12], which

may act as a donor and/or passivant of acceptors. Interstitial H is usually regarded to have

a migration energy of ∼ 0.8 eV [13][14][15], i.e., sufficiently low to enable migration lengths

in excess of 100 nm during scan 1. The CV-profiles show an evolution of deep acceptor

centers after scan 1 implying that donor-like defects like ZnI and HO/HI do not play a

direct role. However, activation of H-passivated acceptors with states in the upper part of

Eg can not be excluded, although H is not expected to leave the damaged region around Rp,

but rather form more stable complexes [16]. Further, the reduction in Nd at Rp is at least a

factor of 5 higher than the concentration of implanted Zn showing that ion-induced defects

are involved in the evolution/activation of deep acceptors, possibly in combination with an

abundant impurity, like H.

Figure 2 shows DLTS spectra for the W1 and W2 samples taken immediately after im-

plantation (scan 1). At least four levels are present, labeled E3-E6. The spectrum for the

highest dose sample (2 × 1010 cm−2) is omitted due to the strong carrier compensation, as

evident from Fig. 1, but it follows the same trend as the other samples. A pronounced

peak of the well-known level around Ec − 0.3 eV (Ec denotes the conduction band edge),

normally labeled E3[17], is found in the as-grown samples, and the strength varies by more

than a factor of two between the two wafers. However, the amplitude of E3 does not change

significantly after implantation. The level labeled E4, with a position of Ec − 0.57 eV, has

also been reported previously[17], and tentatively assigned to the oxygen vacancy (VO) [18].

Interestingly, the concentration of E4 is low in the present samples, in contrast to that re-
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FIG. 2. DLTS signal (2 × ΔC/C) for samples before and after implantion with 3 MeV (W1) and

6 MeV (W2) Zn to doses from 1 × 108 to 5 × 109 cm−2.

ported by other authors after electron and light ion irradiation [1, 3]. This casts doubts on

the identification of E4 as VO, since VO is a primary defect, and anticipated to increase in

concentration with ion dose.

Less is known about the level labeled E5, with an energy position of ∼ 1.06 eV below Ec,

since DLTS results above room temperature are scarce in the literature, primarely because

of poor quality Schottky contacts[5]. In most of the as-implanted samples, the E5 peak is

accompanied by a shoulder on the low temperature tail, labeled E5b, and with a position of

∼ Ec−0.90eV . Both E5 and E5b exhibit a strong dose dependence, where the concentration

of E5 in samples implanted with 1.2× 109 ions/cm2, or higher, exceeds the maximum limit

(� 10% of Nd) for a quantitative DLTS analysis. As a result, charge carrier freeze out by E5

becomes substantial and the peak position shifts towards lower temperatures in the highest

dose sample (5× 109 cm−2) [19]. The assymetric shape of the E5 peak, with a sharp rise on

the low temperature side, should be noticed but further investigations are needed to clarify

the origin of this behavior.

An even deeper level, E6, exists in the 5×108 cm−2 sample where the upper temperature

of the DLTS scan was extended to 460K. The extracted energy position is ∼ Ec − 1.2 eV ,

based on data for 3 rate windows covering the E6 peak within 460 K. Interestingly, two

levels similar to E5 and E6, appearing in the same temperature range and with similar

energy positions, have been observed in samples exposed to mechanical polishing [5]. This

suggests an intrinsic origin of E5 and E6 and their general importance in processing of ZnO.
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In Ref. [5], they were tentatively assigned to vacancies or clusters thereof.

FIG. 3. DLTS signal (2×ΔC/C) versus temperature for a W2 sample before and after implantion

with 6MeV Zn ions to a dose of 5 × 108 cm−2, scans 1 and 2 are successive ones (up to 460 K)

after the implantation.

Figure 3 shows DLTS spectra of the W2 sample before and after implantation with 6

MeV Zn ions to a dose of 5 × 108 cm−2. The inset in Fig. 3 displays the corresponding

steady-state capacitance versus temperature. Several DLTS scans subsequent to scan 2 were

also carried out, but they yielded similar results as those of scan 2. Fig. 3 reveals a change

in both concentration and peak position of E5, E5b and E6 between the different scans.

E5b appears to be highly unstable above ∼ 400K and disappears. E5 is reduced by ∼ 50%

and shifts towards higher temperatures, while E6 exhibits an increase of similar magnitude

as the loss of E5. The reduction in reverse bias capacitance revealed by the inset of Fig. 3

complies with the results in Fig. 1, indicating activation/evolution of deep acceptors after

the implant. Moreover, the temperature dependence of the electron emission rates from

E5 and E5b deduced from scan 1 do not follow a strict Arrhenius behavior, suggesting

that multiple levels may be present. However, for the subsequent DLTS scan (scan 2), an

Arrhenius behavior is obeyed, and the estimated energy level positions stated above are

taken from scan 2.

The strong generation of E5 (and E6) as a function of ion dose unveiled by Fig. 2 is

striking, and the increase in amplitude exhibits a close to linear dose dependence. However,

for a fully quantitative analysis profiling measurements are required. Figure 4 illustrates such

profiles of E3, E5 and E6 for the samples implanted with 5 × 108 and 1.2 × 109 ions/cm2,

6



FIG. 4. Concentration versus depth profiles of E3, E5 and E6 for the W2 samples implanted with

6 MeV Zn ions to doses of 5 × 108 and 1.2 × 109 cm−2, where the λ-effect have been taken into

account.

while the amplitude of E4 is too low for reliable measurements. E3 displays an increasing

concentration towards the bulk, and no dependence on ion dose is revealed. These results

are fully consistent with the DLTS amplitudes of E3 in Figs. 2 and 3 and also with previous

studies in the literature [2] [3] [17], indicating that irradiation has a weak (if any) effect on

the strength of E3. The strong E3 signal prior to implantation limits the accuracy of the

extracted generation rate, but it is at least one order of magnitude lower than that of E5

and close to zero (within the experimental accuracy).

In contrast to E3, both E5 and E6 show a clear peak in the concentration around Rp

(Fig. 4) and they are evidently implantation induced. From SRIM simulations [7], and

assuming a displacement threshold energy of 30 and 52 eV for Zn and O atoms, respectively

[20], the total peak vacancy generation is found to be 1.2 vacancies/ion/Å. For E6, the

generation rate is found to be 9× 10−4 centers per vacancy, which is more than one order of

magnitude lower than the corresponding rate of the vacancy-oxygen pair and the divacancy

center in Si [21]. Hence, one may argue that E6 arises from a complex rather than a primary

(low-order) defect; on the other hand, ZnO is well known to exhibit pronounced dynamic

annealing [22], and a primary defect cannot be excluded. The concentration of E6 reaches a

maximum close to Rp, with a rapid reduction towards the surface. Interestingly, the decrease

towards the surface is sharper than that of the vacancy profile, as estimated by SRIM, and

resembles more the implantation profile. In implanted layers, it is well established that the
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region deeper than Rp is interstitial rich, while the more shallow region is vacancy rich, see

for example Ref. [23]. Thus, it may be speculated that E6 is related to interstitials (ZnI

and/or OI) rather than to vacancies (VZn, VO).

In contrast, E5 has a clear surface tail, possibly suggesting a vacancy related center, in

agreement with Ref. [5] and positron annihilation studies [24]. The peak generation rate of

E5 is similar to that of E6, i.e. ∼ 9× 10−4 centers/vacancy and this value holds irrespective

of ion dose confirming a linear dose dependence (Fig. 2). The linear dependence implies a

dilute regime where the concentration of stable defects is not high enough to influence the

trapping of migrating defects from neighbouring ion tracks [21]. Hence, E5 originates most

likely from a primary defect of vacancy-type or a low-order vacancy cluster formed directly

in single collision cascades.

In summary, n-type ZnO samples have been implanted with 3 and 6 MeV Zn+ ions

using doses between 8 × 108 and 2 × 1010 cm−2, and the generation of electrically active

defects has been studied by DLTS. C-V measurements show charge carrier compensation

by deep acceptor-like traps evolving at depths � Rp during modest post-implant annealing

(∼ 400 K). At least four implantation-induced deep-level defects arise, with energy positions

of 0.57, 0.89, 1.06 and 1.2 eV below Ec. The two latter ones are scarcely reported for

implanted/irradiated samples and both exhibit a generation rate of � 1× 10−3 centers per

vacancy (or interstitial) in the region around Rp. Based on their concentration-versus-depth

profiles, it is argued that E5 is possibly vacancy-related while E6 is tentatively associated

with interstitials.
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y4RSTUVWXSYWZ[c]SX̀_WV̂bcSYWVS[ZVdUWSV̀Ue_fàSYaSUYghUYZWSa]YZeZîj
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