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Abstract

Wide band gap semiconductors, like SIC, GaN, ZnO and diamond represent new
semiconductor materials that offer advantages in terms of power capability (DC
and microwave), ionizing radiation insensitivity, high temperature and high fre-
quency operation and optical properties with respect to the nowadays most com-
monly used semiconductors Si and GaAs. At the present devices based on GaN
and SiC used mainly for microwave applications and for power supplies and motor
controls, respectively, are already commercial available. On the other hand, ZnO
use is established in applications like transparent electrodes in flat panels and solar
cells. In addition, recently ZnO is strongly emerging as an alternative for opto-
electronic applications and has boosted the recent increased interest. While, the
control of material properties has been improved, and first electronic and opto-
electronic devices have been reported still some basic properties are still unclear
and some key issues have not been accomplished.

The electrical characterization represents an indispensable tool to establish semi-
conductor defect properties and in the case of ZnO is still lagging behind due,
mostly, to the difficulties in achieving metal rectifying contacts that can be used to
probe the material by junction spectroscopic techniques. In this thesis, a method
for realizing rectifying metal/ZnO contacts based on a hydrogen peroxide pre-
treatment is described and the results found are among the most promising ones
between the procedures investigated for obtaining or improving the rectifying con-
tact performances reported in the literature so far. In addition, some insight into

the physical mechanism beyond the superior rectification performances has been



i

obtained by combining electrical characterization and chemical analysis of the
metal/semiconductor interface and bare surface properties with and without be-
ing hydrogen peroxide treated. Furthermore, the method investigated to realize
highly rectifying metal semiconductor contacts has been employed to probe the
ZnO band gap down to an energy ~ 0.3 eV below the conduction band edge (E¢)
and study the role of Li, K, Na, Al, Ga and In that are common impurities in ZnO.
Al is shown to provide a level ~ 60 meV below Ec, while it is found that group
I elements are only partially responsible for the ZnO compensation. Finally, the

negative-U nature of a level ~ 100 meV below E¢ has been suggested.
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Chapter 1

Motivation and general background

The present demand of short wavelength photonic devices and fast, high power
and high temperature devices, to be used in a low energy consumption power elec-
tronics puts high requirements on the characteristic of the semiconducting mater-
ial and the processing for device fabrication. This request of devices with superior
and different performances compared to those based on more conventional semi-
conductors, silicon (Si) and gallium arsenide (GaAs), can be accomplished by
using wide energy band gap semiconductors. Among the wide band gap semicon-
ductors, especially diamond (C), silicon carbide (SiC), and gallium nitride (GaN)
have been studied more in detail so far, but since a few years also wide band gap
oxides, in particular zinc oxide (ZnO), have received substantial interest [1]. In
the case of ZnO beside showing a wide and direct bandgap of 3.437 e} at 1.6 K

[2], ZnO has some other appealing properties. It presents a free exciton binding
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energy of about 60 meV [3], it is optical transparent even at high doping concen-
trations [4] and it is highly resistant to radiation damage [5]. In addition, a high
electron saturation velocity is expected from theoretical predictions [6]. These
properties could lead to the realization of light emitting diodes, transparent thin
film transistor, high temperature, high power, high frequency electronic devices,
to be used even in space applications and they are fundamental in already estab-
lished ZnO applications like transparent electrodes in flat panel displays or solar
cells. Moreover, the combination of a wide band gap with a high excitonic bind-
ing energy and the possibility of growing quantum wells by alloying it with Cd or
Mg [7] paves the way to the fabrication of UV lasers based on excitonic recom-
bination which is attractive for implementation of highly efficient opto-electronic
devices. Furthermore, processing of ZnO for such devices appears viable: wet
chemical etching [8] and low temperature epitaxial growth [9] are possible and
there is a well developed technique for growing bulk material, i.e. it has a na-
tive substrate [10, 11, 12]. Among the most commonly used growth techniques
for growing large area single crystal ZnO that is, by melt, chemical vapor depo-
sition and hydrothermal technique, the latter is particularly interesting due to the
fairly good quality of the substrates [13]and the possibility of scaling the growth
method [14].

However, despite the revival of ZnO for a wide range of potential applications,
some basic properties of ZnO remain still unclear and some central issues have
not been resolved yet. Especially a reliable and reproducible method for achiev-
ing controllable p-type doping in ZnO has not yet been well accomplished [5]. In
addition, rectifying contacts (Schottky contacts) are not straightforward to realize

and high barrier reliable Schottky contacts with low reverse leakage current are



still lacking [15]. The accomplishment of p-doping and of good contacts, both
rectifying and Ohmic ones, are crucial for the realization of the possible applica-
tions discussed above. Not less important, good quality contacts are indispensable
for electrical characterization of the material: for instance, electrical characteri-
zation provides insight on dopants, charge carrier concentration, mobility and the
nature of electrically active defects, and can contribute significantly to improve
the material.

The results presented in this thesis deal mainly with the realization of high quality
Schottky contacts (SCs) on n-type ZnO. It is shown that after a pretreatment in-
volving a dip in HyO, SCs with a sufficiently high rectification ratio to allow the
electrical characterization of the material by junction spectroscopic techniques are
demonstrated and the results of the subsequent characterization of hydrothermally

grown n-type ZnO are shown.



Chapter 2

ZnO properties

In this chapter some of the established information of the structural and electrical
properties of ZnO needed for a better understanding of the experimental methods

and the results described in the papers attached are summarized.

2.1 Basic characteristics of ZnO

ZnO crystallizes in three lattice types: rock salt, zincblende and wurtzite. Bulk
ZnO at ambient pressure is only stable in the wurtzite structure shown in Fig. 2.1.
This structure is characterized by an hexagonal unit cell with two lattice parame-
ters [16] @ = 3.2540.03 4 and ¢ = 5.21 £0.03 4 and may be regarded as two
inter-penetrating close packed hexagonal sub-lattices where each sub-lattice con-

sists of one type of atom (zinc and oxygen, respectively). The two sub-lattices



2.1 — Basic characteristics of ZnO

Figure 2.1: The ZnO stable crystal structure, the two lattice parameters char-
acterizing the hexagonal wurtzite structure and the [0001] direction

pointing from the O-face to the Zn-face are indicated as well.

are shifted relative to each other along the common c-axis ([0 0 0 1] direction).
Hence, it is worth to notice that the wurtzite crystal structure does not posses an
inversion symmetry and hence a crystal polarity appears. Many material proper-
ties like for example growth rate of epitaxial layers, etching and defect formation
depend on the face that is exposed.

In particular, due to the above mentioned polarity the O-face and the Zn-face
are expected to be unstable [17] and reconstruction [18] and/or interaction with
electro-positive and electro-negative elements can play an important role for sta-
bilizing the surfaces [19]. In addition, it has been suggested [20] that a higher
Schottky barrier height (¢p) is expected on the Zn-face as an effect of an upward
band bending on this face caused by the intrinsic polarization. However, the sam-
ples studied in this thesis were cut with the c-axis perpendicular to the surface
and excellent Pd SCs were obtained on the O-face. In fact, after a pretreatment
involving a dip in H,O, SCs with a sufficiently high rectification ratio to allow the

electrical characterization of the material by junction spectroscopic techniques are
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demonstrated.

Other material parameters relevant to the thesis have been taken from the literature
and are listed in Table 2.1. In the first row, the band gap temperature dependence
(Eg(T)) is reported. This relation describes the decrease in the band gap width
with increasing temperature due to the material thermal expansion and the one
electron-phonon interaction [25, 26] up to ~ 300 K. €, || and €., || are the static
and high frequency permittivity parallel to the ¢ axis, respectively, while €, | and
€. | are the corresponding ones orthogonal to the ¢ axis. m™ is the polaron mass in
am.u., &, the deformation potential, ¢; the longitudinal elastic constant, 7}, the
equivalent temperature of the longitudinal optical phonons (LO) corresponding to
a phonon energy of ~ 71 meV, N ;; and Q the dislocation density typical for hy-
drothermally grown ZnO and the dislocation charge per unit length, respectively.

The way these parameters contribute to the carrier concentration and mobility

Table 2.1: ZnO constants used for the electrical characterization analysis. Val-
ues (a) are from Ref. [1], (b) from Ref. [16], (¢) from Ref. [21], (d)
from Ref. [22], (e) from Ref. [23], (f) from Ref. [14] and (g) from
Ref. [24]

EG(T)* =3.4371—(5.05x 107 x T2) /(900 — T)

& ° 8.91 T 3.78
g P 7.77 €0 3.70
m* ¢4 0336 £,° (eV) 3.8
K, ® 021 ¢°® (Nm2) 2.0510'

Ty ® (K) 824
N (em™2) 104 Q¢ (Cm™') 2710710
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is described in detail in Chapter IV and in paper III, while here some common
features are underlined. As revealed by Table 2.1 both the static and the high
frequency permittivity display a directional dependence, due to the above men-
tioned crystal polarity and, in general, the material properties are expected to be
anisotropic. In addition, as suggested by photoluminescence measurements [16],
a strong coupling of the carriers with the LO occurs. This affects not only the mo-
bility through its scattering contribution, but also alter considerably the electron
effective mass, named in this case the polaron mass, that turns out to be larger

than the bare conduction band edge effective mass [21, 23, 27].

2.2 Point defects and Impurities in ZnO

Typical defects occurring in ZnO are listed in Fig. 2.2. Interstitials (i) of the same
type of atoms as the host, like Zn; and O; are named self-interstitials, otherwise
an impurity can be involved and the symbol X; is used in this case. An impurity
X can, also, occupy a substitutional lattice site and replace a Zn or O atom, Xz,
and Xp, respectively. The Zn and O lattice sites can, also, be vacant and form
a vacancy, Vz, and Vg, respectively. Finally, the above mentioned defects can
combine with themselves to form higher order complexes.

The properties of the defects and impurities in ZnO are still not understood and
their characterization, as already mentioned, is lacking behind. This is mostly
due to the difficulties in achieving stable SCs that are fundamental for studying
defects in semiconductors by junction spectroscopy techniques like admittance
spectroscopy (4S) and deep level transient spectroscopy (DLTS). Below some

of the main established results related to defects and impurities, relevant to this
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Zn0
- ,----—-;_j:i?-'-'_"_' S —
D A AD D A
Zn Vin X. Xo. Xz, Vo 0

Figure 2.2: Summary of the point defects that may occur in ZnO, where A and
D stand for acceptor and donor respectively. In the second row the
intrinsic defects Zn;, O;, Vz, and V, interstitial Zn, O and Zn and
O vacancies, respectively and the interstitial and the substitutional

defects involving an impurity X are listed.

thesis, are summarized.

Group III elements on Zn site, Alz,, Gaz, and Inz, act as donors to ZnO re-
sulting in n-type material with high conductivity and transparency in the visible
wavelength range [28, 29, 30]. Their fingerprints in the band edge photolumines-
cence spectra have recently been attributed [2], while there is still some dispute
on the assignment of the corresponding energy level position obtained from 7DH

measurements [1]. A level ~ 80 meV below the conduction band edge! (Ec) is

Tt is worth to remind that, in general, the activation energy (Ep) of a donor type element (D)

depends on its concentration (Np) due to the Coulomb screening effect [31]:

Ep(Np =0) = Ep+pNY? @.1)

where B ~ 2 —3 x 1073 meV c¢m for ZnO can be assumed [31]. The values of Ep listed in this

section take into account this correction in order to provide values that are independent on Np.
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believed to be related to either Al or Ga, but in both cases their photoluminescence
counterparts suggest a ~ 20 meV shallower position. Hydrogen is another well
known impurity yielding n-type conductivity with a donor level ~ 50 meV below
(Ec). Moreover, it has been demonstrated that irrespective of H is incorporated
on interstitial site or in a Vp it always acts as s donor despite of the Fermi level
position in the band-gap. Hence, considering that H is always present during the
growth process, the unintentional »n-type conductivity traditionally attributed to
oxygen vacancies can have a substantial contribution from H related donors [32].
A third and more shallow level with an activation energy in the ~ 30 — 40 meV
range is also commonly observed [1] in ZnO and a study based on electron irradi-
ated material suggests an assignment to complexes involving Zn; [33].

More deeper into the band gap, in the ~ 70 — 150 meV range below E¢, at least
two other levels are reported to occur [34, 35, 36]. There is some evidence that
one of them is donor related [34, 36], while the nature of the other one is almost
completely unknown. Furthermore, discrepancies between their energy positions
determined by temperature dependent Hall (7DH) measurements and DLTS are
found [34] and attributed to a temperature activated capture cross section. The
level of unknown origin exhibits a metastable behavior: it is possible to introduce
it by annealing under reverse bias at temperature above 130 K, while it can be
removed by an annealing at zero bias and above 110 K.

Finally, two more levels are generally found in bulk ZnO [34, 35] ~ 0.3 and
~0.5—0.6 eV below E¢ , frequently labelled £3 and E4, respectively. The latter

one which displays a large capture cross section ~ 10712 cm?

, is supposed to be
related to some unspecified extended defect of intrinsic nature. The former one,

E3, has been commonly attributed to Vo [37], but, recently also Fe or Ni impu-
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rities [38] have been addressed as possible candidates. On the other hand Ej3 is
observed both in polycrystalline and single crystalline material irrespective of the
growth technique used. Hence, an attribution to Fe or Ni impurities seems unre-
alistic, while an assignment to an intrinsic defect is favored. Results obtained in a
recent study by Brauer et al. [39] based on a combined characterization by TDH,
DLTS and positron annihilation spectroscopy (PAS), seem indeed to confirm the
intrinsic nature of E3 and a tentative assignment of E3 to the second ionization
level of Zn; is discussed, while the donor level in the 70 — 150 eV, mentioned
above is ascribed to V.

Theoretically, as depicted in Fig. 2.2 both O; and V, are expected to be accep-
tor like defects in ZnO [40]. Further known extrinsic acceptors in ZnO include
group I elements on Zn site, Liz,, Naz, and Kz,, and group V elements on O
site like No, Pp, Asp and Sbp [16]. As previously mentioned and despite of the
wide range of possible candidates the realization of p-type doping is still challeng-
ing. In case a group I element, X, is used to realize p-doping self compensation,
i.e. compensation between the acceptor Xz, and the donor X;, limits the effective
hole concentration. For a group V element, Y, formation of donors associated with
Yz, rather then acceptors states originating from Y represents the main reason
for the difficulty in achieving p-doping according to theory [41]. Experimen-
tally, successful realization of p-type ZnO has been reported using N [42], which
is reasonable since nitrogen has a similar ionic radius as oxygen thus making it
easily substitutable. P-type doping has also been achieved using P, Sb and As
[43, 44, 45] and these elements might be, beside N, the most promising ones for
realizing p-type conductivity. However, despite these promising reports, the major

challenge still remains namely, the development of a reliable method to produce
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highly conductive p-type layers and also to accomplish selective area doping.

11
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Chapter 3

Schottky contacts

3.1 Theory

For understanding how a rectifying behavior can be obtained by depositing a metal
layer to a semiconductor the energy band diagram of the metal and the semicon-
ductor far from each other has to be considered first (Fig. 3.1(a)). The metal is
characterized by its work function (¢,) that is the energy needed to take an elec-
tron at the Fermi level (E7') and place it outside the metal at rest (Eyqc). On the
other hand, in the case of a semiconductor, the important surface parameter for
describing the metal-semiconductor interface is the electron affinity () that is
the energy difference between an electron at rest outside the semiconductor and
one just inside the semiconductor at the bottom of the conduction band edge (E.).

Considering the case of a n-type semiconductor as shown in Fig. 3.1(a), when the
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a) + b)
=T
Xs
b | e
L ———F° W t 1
Er EP === EF

Figure 3.1: The energy band diagram of a metal and a n-type semiconductor

isolated (a) and in perfect contact (b) from Ref. [47].

two materials are brought in contact electrons move from the semiconductors to-
wards the lower energy states into the metal. As a result, a band bending occurs
that lowers the semiconductor bulk mean electron energy, i.e. the metal and semi-
conductor Fermi levels to coincide over all the structure. As seen in Fig. 3.1(b),
this results in the formation of a depleted region of width # and a barrier (®;) of
height [46]:

(I)b:q)m_Xs- (31)

It is worth to point out that the situation depicted in Fig. 3.1(b) corresponds to
a dynamic equilibrium, where the two currents, the one produced by electrons
moving from the semiconductor towards the metal (/_.,,) and the one caused
by electrons moving from the metal to the semiconductor (Z,,—.), cancel. By

biasing the contact the quasi Fermi level in the semiconductor can be moved with

13
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respect to the one in the metal changing the effective barrier height (eV};) that
an electron moving from the semiconductor towards the metal is experiencing
without affecting the barrier (@) for an electron moving in the opposite direction.
Then, the contact rectifying behavior is the consequence of the difference in the
effective barrier heights controlled by the external bias for the current flows ;_.,,
and /,,_s. Such a semiconductor-metal junction is defined as a Schottky contact
(SC).

Some important assumptions have been made in establishing the barrier height

according to the model above described, named the Schottky-Mott limit [46]:

1. no change in either ¢,, or y; when the semiconductor and the metal are

brought in contact

2. no electron states exist neither on the semiconductor surface nor at the

metal-semiconductor interface

3. no interfacial layer exist, i.e. a perfect contact is formed between the metal

and the semiconductor

In general, real SCs do not obey Eq. 3.1. For instance, in the case of »-Si and
n-GaAs, where the contact properties have been extensively studied, metals with
higher ¢,, do give higher @, but the dependence of ®;, on 0¢,, is substantially
less than unity [48]. On the other hand, for ionic semiconductors like ZnO, a
stronger dependence of @, on the contact metal may be expected [49] in compar-
ison to more covalent semiconductors like Si and GaAs; since the strong ionicity
reduces the long range order effects making the above mentioned assumptions

more valid. Hence, other models have been proposed to describe in detail more
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metal-semiconductor junctions, and this holds in particular for the two follow-
ing extreme limits: the intimate contact between the metal and the semiconduc-
tor (metal induced gap states) and the presence of a interfacial insulating layer

(Bardeen model).

3.1.1 Intimate contacts

Intimate contacts can be obtained by depositing the metal on a surface that has
been (i) heated, sputtered and annealed, (ii) cleaved or (iii) realized by deposition
of the semiconducting material itself in situ, i.e. in the same chamber as where the
subsequent metal deposition will occur, and obviously ultra high vacuum condi-
tions are needed in this case. The expected abruptness of the metal-semiconductor
interface facilitates a treatment of the whole system as a single entity and the struc-
ture represents a close to the ideal case to investigate the above mentioned depen-
dence of @, on the material ionicity, both from a theoretical and an experimental
point of view. Calculations have been performed by Luie et al. [50] considering,
for example, the metal as a jellium model” and taking into account just the crystal
structure of the semiconductor. Essentially, the calculations show that, when the
metal is present, the semiconductor band gap is closing nearby the interface within
few atomic layers due to the conduction electron wave functions that tunnel from
the metal into the semiconductor band gap. Hence, this implies the formation of
interface states (metal induced gap states, MIGS) that can pin Er and affect the
dependence of ®@; on the metal work function. As shown in Fig. 3.2, in high ionic
semiconductors, like ZnS and ZnSe, the metal electrons penetrate less into the
semiconductor compared to more covalent materials, like Si and GaAs, consistent

with the experimentally found dependence of ®; on the material ionicity [46, 51].

15
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Figure 3.2: Relative charge distribution of the penetrating M/GS as a function
of the distance from the metal-semiconductor interface (z=0) with
Aluminium as the contact metal. The abscissa unit is the Bohr radius

(0.534) (from Ref. [50]).

Moreover, it is worth to notice that in reality the interface electronic structure, and

consequently @;, can be substantially influenced also by other factors [46]:

1. the metal-semiconductor interface might not be atomically abrupt, even if

the deposition is made at room temperature, due to diffusion of metal atoms

into the semiconductor and vice-versa.

2. the presence of interface reactions resulting in a compound layer.

%In the jellium model the metal positive ion cores are approximated by a positive uniform

background smeared all over the material according to the metal density.

16
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3. the surface structure of both the metal and the semiconductor may change
during the deposition. In addition, because of differences between metal
and semiconductor lattice parameters, misfit dislocations, strained layers

and polycrystalline layers can form.

None of these three factors is taken into account by the simplistic model for inti-

mate contacts summarized above.

3.1.2 Bardeen model

The generalized Bardeen model represents the other limiting case. Here, an in-
sulating layer of thickness & and interface states with a density per unit surface
and energy of Dg (assumed constant through the whole band-gap) are considered
to be present between the metal and the semiconductor, as shown in Fig. 3.3(a)
and (b). The insulating layer is supposed to be thin enough to not affect the elec-
tron transfer from the metal to the semiconductor and vice-versa, and the interface
state occupancy is determined by the £} through tunneling to the conduction band
states in the metal.

In this case, with ¢ as the neutral level of the interface states® and assuming no
changes in the metal ¢, or semiconductor  due to the presence of the insulating
film, the flat band barrier height ((I>2), i.e. the barrier height when the applied
voltage is such that there is no band bending in the semiconductor (Fig. 3.3(b)),

can be derived as [46]:

D) =7 (Om—xs) + (1—7) (Ec — o) (3.2)

with

2When (E?) is above ¢ then the net charge accommodated by the interface states is negative.

17
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Figure 3.3: A metal semiconductor contact with an insulating interfacial layer
of thickness 6 and an arbitrary voltage applied (a) and in the flat
band case (b) (that is when there is no electric field in the semicon-
ductor). The Fermi level in the semiconductor (£}) and in the metal
(EF), the voltage drop (¥;) and the electric field (g;) present in the
insulating layer and the overall potential difference between metal
and semiconductor () are indicated as well. Primed quantities are

used in the case of the flat band condition, from Ref. [46].

€0Er

=07 3.3
v €0€, +edDg (3.3)

As expected, Eq. 3.2 reduces to the Schottky-Mott limit ®; = ¢, — y; when
Dgs — 0 and to Eg — ¢ for Dg — o. In the latter case, the high density of surface
states pins Er at ¢g and the barrier height depends neither on the metal ¢,, nor
on the semiconductor xg anymore. Thus, the Bardeen model can explain quali-

tatively the weak dependence of (Dg on the metal ¢y, relative to the one expected
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according to the Schottky-Mott model. However, in practice the dependence of
<I>2 on ¢,, predicted by Eq. 3.2 is usually not fulfilled, since Dg and its distribution
through the band-gap depend on the metal-semiconductor combination and on the
way the contact is made [52].

Finally, it should be emphasized that in the Bardeen model, due to the presence of
the insulating layer, part of the voltage drop will occur between the semiconductor
and the metal (indicated as ; and ¥/ in Fig. 3.3(a) and (b)) yielding a field depen-
dence of the barrier height. The dependence of the barrier height on the applied
voltage is important in connection to the SCs current vs voltage characteristics

discussed in the next Chapter.

3.2 The state of the art

High quality SCs to ZnO are crucial both for device applications and for electri-
cal characterization of the material. However, despite the first SC to ZnO was
reported by Mead [51] already in 1965, it is still challenging to realize stable
and high quality SCs. For instance, the presence of a conductive surface layer
due to group III ions [53], native defects both resident in the bulk and created
by the metallization [54], processing [55], adsorbates [56, 57], sample orienta-
tion [58, 59] and presence of surface dipoles [60], can all affect the ZnO surface
and the metal-semiconductor junction performance. Similar effects can account
for the wide scatter, up to ~ 2 eV in the ZnO work function (i.e. ¥s+ (Ec — EF),
see Fig. 3.1(a)) reported in the literature [61] since this quantity is an extremely
sensitive measure of the surface state. In the appended papers I, I and IV a value

of ~ 4.1 eV is used for y;, as measured by Coppa et al. [57] for the O-face (0001)
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after surface cleaning by exposure to a remote O,/He plasma at ~ 500 °C sample
temperature. Then, the estimated @, values using the Schottky-Mott model be-
come ~ 1.5 eV for Pt, ~ 1.0 eV for Ni, Pd and Au and ~ 0.2 eV for Ti and Ag
[46].

A survey of previously reported results in the literature for @ on n-type ZnO is
given in Table 3.1. The values of @, are, in general, lower than those predicted by
the Schottky-Mott theory and they do not correlate with the metal work function.
In addition, the SCs ideality factor (1) for the current-voltage characteristics are
substantially higher than unity as will be discussed more in Chapter IV. SCs can
be accomplished by using a simple pre-cleaning of the ZnO samples in organic
solvents [62, 55], but in many cases the rectifying behavior, or the improved rec-
tification, involves some kind of more advanced surface pretreatment: in oxygen
plasma [57, 54], in hydrogen peroxide [63, 64], or a (NHy), S solution [65], etch-
ing of the surface using HCl [66], or a soak in concentrated H3PO4 followed by a
dip in HCI [37]. The use of metal oxides, like AgO, as a contact material seems
also to represent a valid alternative; SCs with a high barrier, @, ~ 1 eV, and low
ideality factors, n ~ 1.0 — 1.1, have been obtained in this case [67]. In conclusion,
among the different pre-treatments proposed, the H,O; treatment, the exposure to
a remote Oy/He plasma and the use of AgO seem to be the most promising ones
so far regarding the rectifying properties of the SCs.

The number of studies in the literature addressing the thermal and long term sta-
bility of SCs deposited to n-type ZnO is scarce. Polyakov et al. [55] reported
that annealing of Au SCs at ~ 100 °C is already sufficient to cause surface re-
actions resulting in a near surface layer with reduced electron concentration and

high density of deep defects. However, the thermal stability of Ag SCs seems



3.2 — The state of the art

to be higher and these contacts withstanding up to ~ 100 °C without degrading

significantly [60].
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Table 3.1: A survey of literature results for SCs on Zn and O face of n-type
monocrystalline ZnO samples. The metal used as rectifying contact,
the cleaning procedure, the sample face, n, @, and the literature refer-
ence are listed. The values of @, given are evaluated from the current
vs. voltage characteristics except for the ones taken from Ref. [68]
which are an average of the values deduced from current vs. voltage
and capacitance vs. voltage characterization (see also Chap. IV)).

Metal Cleaning face n ®, (V)  Ref.
vacuum not not ~ 0.8 [51]
PL.Pd,Au,Ag cleaving specified  specified
vacuum not not ~0.4 [51]
Cu cleaving specified  specified
0O,/He plasma O-face 1.3-3.7 0.43-0.48 [54]
Au @ 20°C
0O,/He plasma O-face 1.01-3.45 0.40-0.42 [54]
Pt @ 20°C
O,/He plasma O-face 1.36-1.58 0.64-0.68  [54]
Ir @20°C
Pd Organic solvents ~ Zn-face 2.0 0.55+0.01 [69]
Pt Organic solvents  Zn-face 2.0 0.55+£0.01 [69]
Au Organic solvents  Zn-face 1.4 0.71£0.02 [69]
Ag Organic solvents  Zn-face 1.2 0.78+£0.02 [69]
Pd Organic solvents O-face 1.2 0.59+£0.02 [69]
Pt Organic solvents O-face 1.2 0.68+0.01 [69]
Au Organic solvents O-face 1.1 0.69+0.01 [69]
Ag Organic solvents ~ O-face 1.1 0.77£0.02 [69]
Organic solvents  Zn-face 1.03-1.14 1.03-1.20 [67]
AgO and Ar/O; plasma
Organic solvents O-face 1.04-1.10 0.98-0.99 [67]
AgO and Ar/O; plasma
Organic solvents O-face 1.86+0.05 0.67+0.05 [57]
Au and O,/He plasma
at ~ 500 °C
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Material Cleaning face n D, (eV)  Ref.
Pd Organic solvents O-face 1.4 0.754+0.02 [62]
Au Organic solvents Zn-face 1.8 ~0.65 [55]

Organic solvents Zn-face ~1.1 ~0.96 [66]
Pt and HCI
Organic solvents O-face ~3.1 ~ 0.6 [66]
Pt and HCI
Organic solvents O-face ~ 1.77 ~0.73 [70]
Pt and KrF laser
in O, ambient
boiling (NH4), Sy O-face ~1.51 ~0.79 [65]
Pt
for 30 s
Pd Organic solvents Zn-face 1.7-2.0  0.63—0.74 [68]
Organic solvents, similar results  1.4-1.75 0.68-0.70  [68]
Pd tuolene and for both O and
dimethilsulfoxide Zn faces
Organic solvents, similar results 1.4-1.5 0.56-0.59  [68]
Ag tuolene and for both O and
dimethilsulfoxide Zn faces
Organic solvents, similar results ~2 ~0.56 [68]
Au tuolene and for both O and
dimethilsulfoxide Zn faces
Organic solvents, similar results ~ 1.7 ~0.62 [68]
Ni tuolene and for both O and
dimethilsulfoxide Zn faces
similar results ~ 1.4 ~ 0.6 [68]
Pd HCl for both O and
Zn faces
similar results ~1.95 ~ 0.6 [68]
Pd N,O plasma for both O and
Zn faces
H,0, not specified  1.15-2.89  0.35-0.65  [64]
Au for 1-30 min
at 20-~150°C
H,0, Zn-face ~1.15 ~0.89 [63]
Pt at ~150°C
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Chapter 4

Experimental methods

4.1 Atomic force microscopy

The surface topography and morphology of the investigated samples have been
extensively studied by atomic force microscopy (4F M) run in tapping mode be-
fore and after the different treatments employed. Fig. 4.1 depicts schematically the
principle of the AF' M. A laser beam is incident on the cantilever and the reflected
beam is directed on a four quadrant photodiode for detecting the angular displace-
ment of the cantilever which can be moved in three spatial directions by changing
the voltage applied to a piezoelectric scanner. The tip to probe the sample surface
is placed at the free end of the scanner.

Three modes are commonly used for characterizing the surfaces: contact mode,

no-contact mode and tapping mode. In the contact mode, the tip is kept in touch
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feedback
electronics

Photodetector
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electronics [* )

tip (probe) S R
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Figure 4.1: Main components of an AFM set-up. The cantilever support is
mounted on the piezoelectric element connected to the feedback
electronics to maintain a given cantilever deflection or oscillating
amplitude according to the mode used for scanning the sample sur-

face (contact or tapping/no-contact mode).

with the surface while a feedback loop maintains a constant deflection (set by
the operator) between the cantilever and the sample surface. The scanner height
needed for maintaining the given deflection represents the topographic image of
the surface. High resolution and high speed can be obtained in this way, keep-
ing a high constant force between the tip and the sample during the scan, but it
may affect both the sample surface and the tip life-time in comparison to non-
contact measurements. In detail, during contact mode surface scans, pressures
on the verge of the ZnO elastic-plastic threshold equal to ~ 108 N/cm? [71] are

usually applied [72] and can cause penetrations up to ~ 50 nm. Hence, partic-

25



Experimental methods

26

(b) +4.5nm
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Figure 4.2: (a) ZnO O-face tapping mode amplitude images after an annealing
in ZnO powder and air for 1 h at 1350 °C, in (b) a section view

revealing that the steps height is ~ 5A4.

ular care has to be used during the characterization of ZnO surfaces in contact
mode. The non-contact mode is based on maintaining the tip oscillating with an
amplitude kept constant by the feedback loop typically, a few tens of nanometers
above the sample surface. Thus, in this case no force is exerted on the sample
surface and only minor surface damage is expected. However, the rather weak
interaction force between the sample and the tip limits the spatial resolution and
lowers significantly the scan speed. In general, non-contact measurements require
vacuum conditions and/or highly hydrophobic materials to achieve an acceptable
signal-to-noise ratio. The tapping mode represents a compromise in between the
other two in terms of resolution, scan speed, surface, and tip damaging. In this

case, the cantilever is maintained oscillating at a frequency close to the resonant
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Opm 2pm 4pm

Figure 4.3: ZnO O-face AF M tapping mode amplitude images of (a) the as
received sample (reference), (b) of a sample annealed in O, at-

mosphere for 1 h at 350 °C.

one, while the tip is lightly touching (tapping) the sample surface. The oscillating
amplitude, monitored by the four quadrant photodiode, is kept constant at a given
value, set by the operator, through a feedback loop that adjusts the voltage applied
to the piezoelectric scanner. The height of the scanner necessary for maintaining
the given oscillation amplitude of the cantilever is stored by the computer and
forms the topographic image of the sample surface.

Different treatments for improving the surface quality and/or increasing its elec-
tron affinity before the deposition of the SCs have been explored by us. The ef-
fects on the O-face (OOOT) by annealing in ZnO powder and air for 1 h at 1350
?C, annealing in Oy atmosphere for 1 h at 350 °C, and dipping in H,O; for 10

min are shown in Figs. 4.2, 4.3 and 4.4, respectively. In Fig. 4.2, atomic steps
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Opm 2pum 4pm

Figure 4.4: ZnO O-face tapping mode amplitude images (a) as received (b) after
dipping the sample for 10 min in H,O;. Notice the different scale in
figures (a) and (b).

with a height of approximately the unit cell length along the ¢ axis occur and the
root mean square (RMS) of the surface roughness in between the steps is ~ 14.
However, on millimeter lateral scale, this treatment causes a high density of pits
(~ 2 x 10> mm~?2) with dimensions in the micrometer range both laterally and
vertically. Since such defects are expected to be detrimental to SCs electrical per-
formance, the procedure of high temperature annealing in ZnO powder and air has
not been pursued further. Secondly, mild oxidation in O, atmosphere for 1 h at
350 °C has been investigated, as shown in Fig. 4.3. Despite the relatively low an-
nealing temperature, the effect on the surface morphology is quite dramatic with
an increase in the RMS roughness of the surface from 0.8 0.3 nm up to 17 +4

nm. SCs deposited on the O-face (0001) of these samples showed a modest recti-



4.2 — Current versus Voltage characterization

fication up to ~ 1 order in magnitude. Thirdly, the effect of dipping the samples
in HyO; is illustrated in Fig. 4.4. Depending on the sample used, the RMS surface
roughness reaches values in the range of 1.9 £0.3 to 22 +3 nm. Concurrently,
a dramatic improvement in the rectification of Pd SCs deposited on the O-face

(0001) of these samples takes place. The rectification approaches values of up to

~ 9 orders of magnitude as thoroughly discussed in the appended papers I and II.

4.2 Current versus Voltage characterization

Current versus voltage (I — V') measurements represent a crucial test to reveal if
the deposited SCs are rectifying and showing the desired diode like behavior or
not.

Assuming that thermionic emission holds, i.e. the emission of electrons from the
semiconductor into the metal is the limiting factor for the current flow through
the SC, the current density (J) versus applied voltage (V) behavior of a SCs is
described by [46]:

B e(V —1IRy) —q(V—1IRs)\] . B
J—Joexp< T )[1 exp( 7% ;with I1=J4. (4.1)

where Jj is the reverse saturation current density for an ideal Schottky contact,
e the electron charge, [ the total current flowing through the device, Ry the se-
ries resistance, » the ideality factor, kg the Boltzmann’s constant, T’ the absolute
temperature and 4 the contact area. The reverse saturation current density, Jy is

related to @y, the zero bias barrier height, through the equation [46]:

—e®d
Jo=Arexp <;BT”°> 42)
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where 4* is the Richardson constant for thermionic emission and is given by

B drm* ek

with 4 as the Plank constant.

As seen by Eq. 4.1, the total current flowing through the metal-semiconductor
junction depends on the effective voltage V, s = V' — IRg biasing the SC. In order
to be estimated V, s Rg has to be known. Considering the / — V' characteristic of
a SC under forward biases with V' — IRg > kpT, the following equation can be
derived:

:%:a% (A Jo exp <e(I;1;IT&)>> :1&(1—@65) (4.4)
where G is the contact conductance. Hence, a linear fit of G/I versus the conduc-
tance G yields both n and Ry if the appropriate range is considered [73]. Once Rg
is determined, the applied voltage V' can be corrected for the voltage drop over
Rs and V.7 is obtained. Then the ideality factor » can be evaluated for the whole

range of applied biases by considering that:

o Jo [1 —exp ( q;EBT//)>]
n="41p, . (4.5)
kgT J

The analysis of a SC according to the described procedure is shown in Fig. 4.5(a),
(b), (c) and (d); in (a) an acquired / — V' characteristic is displayed, in (b) the
G/I vs. G dependence for determining Ry is illustrated, in (c) the measured / is
plotted against V, s and in (d) the dependence of # on V. sr is shown. It is worth
to notice that the ideality factor, 7, is introduced for taking into account the first

order dependence of @, on the voltage V' and » should be constant when V' is
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varied. Moreover, in addition to an insulating layer between the metal and the
semiconductor, also image force lowering, i.e. the lowering of the energy barrier
the electrons have to overcome because of charge screening induced by electrons
that are crossing the depleted region in the metal contact, is a mechanism intro-
ducing a dependence of @, on V. A typical increase in n from 1, its ideal value,
up to ~ 1.02 is expected due to image force lowering in ordinary forward biased
SCs [46]. However, other mechanisms, like recombination in the space charge
region or tunneling through the barrier, can also cause apparent deviations of »
from unity. Therefore, the main phenomena yielding a voltage dependence of @
can usually not be directly elucidated from ordinary / — V' characterization.

In our case, all the SCs measured (see also attached papers I, II and IV) displayed
the behavior shown in Fig. 4.5(d), with n close to unity (ideal value) at reverse
bias and a substantial increase as the SC is forward biased. The latter suggests
a rather strong dependence of the barrier height on the applied voltage during
forward biasing. As discussed in chapter 3, high ideality factors are quite com-
mon for Schottky contacts to n-type ZnO and mechanism like tunneling through
the Schottky barrier, the presence of interface states and the influence of deep re-
combination centers have been proposed (see [55, 74] and references therein).
Further, such high values of n as shown in Fig. 4.5(d) imply that the current trans-
port through the SC can not be properly described as purely thermionic and hence,
an evaluation of the Schottky barrier height using / — / measurements only is not
valid. Therefore, also capacitance versus voltage measurements (C — V') have

been extensively used in this thesis.
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Figure 4.5: (a) An/—V characteristic as acquired for Pd SC on n-type ZnO. (b)

The

G/I vs. G dependence for determining Rg, a value of (4100 +

200)Q is extracted for Rg in this case. (¢) An /—V characteristic

VS.

the effective voltage bias applied to the metal semiconductor

Jjunction, that is ¥, sy = V' — IRg. (d) the ideality factor » dependence

vs. Verr. All the experimental data shown are for the same SC after

it has been annealed at 200 °C for 30 min.

4.3 Capacitance versus Voltage characterization

Capacitance versus voltage measurements (C — V) are commonly used for elec-

32

trical characterization of SCs as well as of the semiconductor material itself. Thus
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C — V measurements have been employed both for determining the concentration
vs. depth of electrons that are responding to the probing signal at room tempera-
ture and @y, that, hereafter, will be labeled as @S,

The concentration profile of electrons (N,y) responding to the probing signal of

frequency f7 at a depth W is given by [75]:

Negy(#) = —L 4.6)
ST g g A2 %« '
with
ey e A
W= 4.7
C 4.7)

where C is the depletion capacitance.

Nerr extracted from the C — V' characterization accounts for the total amount of
electrons responding to the probe signal, including contribution from both shallow
donors Ny and defects with levels deeper into the band-gap, Di. The effect of Di
on the C measurements depends on the magnitude of the probe frequency fr and
sweep frequency of the applied driving voltage respect to the time constant of the
Di charging-discharging process. Assuming that Di interacts with the conduction
band, as the samples studied are of n-type semiconductor, this time constant can

be expressed as [75]:

. —Ep;
eﬁ” =op; T? Yexp (k—D) 4.8)
3T

with

y= 2@(2@%1(2”%* (4.9)
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where Ep;, 6p; and & are the defect activation energy, capture cross section mod-
ified for the degeneracy ratio, and, the Plank constant, respectively and e’ de-
scribes the rate the electrons are emitted from the Di defects into the conduction
band.

For a n-type semiconductor with a uniform concentration Ny and N, of shallow
donors and compensating acceptors, respectively, and negligible Di, the capac-
itance C is related to the built in voltage Vp; (see Fig. 3.1 and 3.3) according
to [46]:

_ 2 kgT
2= = w4y "B 4.10
<A2e (Nd—Na)eos,.> ( bit e ) (4.10)

and then C — I measurements can be used to establish (DSV considering that [46]:

kT
q>§V:V1+7+(Ec—EF) (4.11)

Meta-semiconductor C
interface ”
\ | ",
o—— | I
| I
1
LT
R,
Space charge region bulk

Figure 4.6: SC equivalent circuit. The space charge region below the SC is
modeled as the depletion capacitance C in parallel with a leakage
resistance R;, while the bulk is contributing to the total device im-

pedance with the series resistance Rg.
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Figure 4.7: Band diagram of the space charge region when a reverse bias (a)
and a forward bias (b) are applied, respectively. In case of reverse
biasing, the Di levels are fully occupied where E1,S~ is higher than
Ep; and completely empty closer to the metal-semiconductor inter-
face where, due to the band bending £ ;E is below Ep;. On the other
hand, by applying a forward biasing, the Ep; levels can be pushed
below EE through the whole space charge region. In this case, the
Di centers, if assumed donor-like defects, are not contributing to the

measured capacitance since all neutral.

where 17 is the intercept with the abscissa when plotting 1/C? against V.

Here it should be emphasized that, in general, the presence of deep defects Di
responding to the probing signal, but not included in Ny, can contribute, to the
measured charge beside Ny and N, and, consequently, affect the d)gV estimate. In
detail, as shown in Fig 4.7(a) due to the band bending E ;? crosses Ep; at a distance

x1 = W — A from the metal semiconductor junction, then for a depth less than x;
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the Di levels, assumed donor-like, are ionized, hence contributing to the charge
distribution in the depleted region. Moreover, in case fr < e, the oscillations
of Eg driven by the probing signal are charging and discharging the Di defects
placed =~ x| that, in this case, contribute to the measured fluctuations in the space
charge as well. However, even when fr < e2’ both these contributions related
to the presence of the Di defects can be minimized by forward biasing the SC.
In this case, the Di levels can be pushed down below Er throughout the whole
depletion region, as shown in Fig. 4.7(b), resulting all neutral and not affecting
the measured capacitance that is exclusively depending on Ny and N,. Therefore
a comparison of the near surface N, s extracted from the C — V' characterization
with the expected carrier concentration n, expected to be equal to Ny — N,, can
be used to establish if the Di are contributing significantly to the measured C.
Hence, the C measurements taken in forward bias, corresponding to probing the
material near to the metal-semiconductor junction are of particular importance if
an accurate analysis has to be done.

A SC is commonly described by the equivalent circuit shown in Fig. 4.6, where the
actual measurements are normally made assuming a negligible contribution of Rg
to the measured values of C and R;. However, this assumption it is not always valid
for the whole forward biasing range since, at some point, with increasing current
flow R; ~ Rg. Hence, particular care has to be taken to establish the maximum
forward voltage that can be applied without affecting significantly the measured
values of C and R;. The validity of the measured C values has been confirmed by

requiring the fulfillment of the following criteria [75]:

Rs < R; (4.12)
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Figure 4.8: (a) An example of N, profiles in the (0001) direction for two rep-
resentative samples A and B. In the same graph the free carrier con-
centration, n, as determined by 7’DH measurements at room tem-
perature is included for comparison. (b) The C~2 — ¥ curves and
their linear extrapolations to determine ¥;. Both the C~2 — J/ char-

acteristics and N, 77 are obtained with fr equal to 1 kHz.

2mfrCRs < 1 (4.13)
d(R)™!
VRs==r— <1 (4.14)

where Ry is the series resistance evaluated from the / — V' characterization, as
previously described.

Upper limits of 5 %/g0, 10 °/¢ and 5 °/gg for the criteria 4.12, 4.13 and 4.14,
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respectively have been used yielding an overall error of <2 9/, for the measured
values of Nrr [75].

An example of N, s/, extracted according to these criteria, is displayed in Fig. 4.8(a),
where N,ss is compared with the free electron concentration, », determined by
TDH measurements performed at 290 K. Within the experimental accuracy the
near surface the values of N,y are in reasonable agreement with » suggesting
strongly that Di is responsible for the loss in responding electrons towards the
surface. Furthermore, evaluation of the 1/C? data against ¥ by using only the
measurements taken under forward bias, as shown in Fig. 4.8(b), yields d)gV equal
to ~ 0.52 and ~ 0.62 eV for sample A and B, respectively, which appear as real-

istic values.

4.4 Thermal admittance spectroscopy

The thermal admittance spectroscopy, 74S, is a characterization method [75, 76,
77, 78] based on the changes in the SC capacitance (C) and conductance (G) with
the sample temperature related to the temperature dependence of the €2’ for the
Di present in the depletion region.

From the TAS spectra activation energies (Ep;) of levels that are crossing Er
within the space charge region can be extracted. In addition, if V};, Er and N, sr
are known the defect concentration (Np;) and capture cross section (Gp;) can be

determined as well, according to the theory hereafter summarized.
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4.4.1 Above the freeze out temperature of the charge carriers

The general expression of the small signal admittance of a SC containing multiple
deep levels has been reviewed in detail by Beguwala et al. [79] and the relationship
between the defect properties and the resulting SC admittance is not straightfor-
ward. However, in case every transition between the occupied and unoccupied
states in the space charge region can be attributed unambiguously to one defect
at the time then the truncated space charge approach [80, 81] can be used and the
one level system analysis can be applied with minor corrections. Therefore, the
following description is limited to the presence of just one deep level D1 beside
the shallow donor with an effective concentration N, .

In this case, an abrupt transition between the occupied and unoccupied D1 states
can be assumed to occur where, due to the band bending, the emission and capture
rate from D are equal [76, 75]:

(EF+kBT In ZfEDl)
Api =

=0 (4.15)
e

where a degeneracy of 1 and 2 in case the level D1 is empty and singly occu-
pied, respectively is assumed. It can be noticed that, in the present case, the
condition Ap; = 0 is fulfilled at a distance ~ x; in the space charge region (see
Fig. 4.7(a)) considering the temperature range of the taken 74S measurements.
When fr < ep; the defects located around x; will respond to the probing signal,
providing a charge change in phase with the driving voltage, i.e., contributing to
the measured capacitance at high temperature Cyr. On the other hand, while the
temperature is decreased the D; defects will start to lag behind the probing signal
determining a decrease in the capacitance from Cyr to Cpr, where the latter is the

low temperature limit. From the step in the capacitance AC = Cyr —Cy 7, if EF,
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Vpi and N, s are known, then Np; can be evaluated according to the equation [76]:

2

—B+)+ ((B+17+4B(F-1))

= 4.16
¢ 2F-1) (4.16)
with
o= No1 (4.17)
Np1 +Neyr
p= otV (4.18)
Api
AC
AC g
F= M (4.19)

(&)

CHr

where V. is the absolute value of the applied reverse bias and a uniform concen-
tration for both N,y and Np; is assumed.

Furthermore, assuming that in the temperature range where the step in C is oc-
curring, the change in the width of the depleted region, W, is negligible, then
the capacitive step is expected to be joined by a maximum peak amplitude in the
G/2n fr versus temperature spectrum, (%)mm, equal to AZ—C with both AC/2

and (G/2nfr), .. occurring at the same temperature 7y, and with an amplitude

max

independent on f7 [75]. This temperature, 7,4y, is related to Ep; according to the

equation [76]:

21 fr 1—-4 —Ep1
—— =2 — 4.20
Tmzwc (1 - O() opryerp (kBT;nwc) ( )

with
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A= (AC) (4.21)

Cur

and where Gp;, the capture cross section modified for the degeneracy ratio, is
assumed to be independent on the temperature and where the entropy change pos-
sibly occurring during the emission process is considered to be negligible. Hence,
an Arrhenius plot of w7 /T2, versus T, yields Ep; directly prior to determine
Np1 and op; in case both o and A can be assumed constant in the temperature
range of interest.

The same calculation can be applied in case more levels are present if an effective
voltage [76] (Vz+ V,)* is introduced to take into account the effect of the levels
not responding to the probing signal, but still affecting 7.

An example of the capacitive part of 74S spectra is shown in Fig. 4.9(a). For this
sample three levels are revealed; a shallow one, D», responsible for the freeze out
step, an intermediate level, Dy, with an unexpected dependence of the step height
on T4 and f7 and a more deeper one, D3. For the latter one, Fig. 4.9(b) shows an
activation energy of (0.29 £0.03) eV. In addition, applying the theory described
above Np3 and op; become equal to (2+1) x 10'® cm™ and (6 +£3) x 1071
cm?, respectively if the values of ~ 4 x 101> cm™3 and ~ 0.4 eV are used for Nerr
and V};, respectively. However, in case of Dy the theory is not straightforward to
use since, as mentioned above, the C step height is expected to depend on neither
Tmax 00T f7. As discussed thoroughly in paper IV, this behavior is attributed to the

negative-U character of the Dy defect.
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Figure 4.9: (a) An example of C — T spectra in case of a sample showing three
main levels labeled as D,, Dy and D3. (b) The Arrhenius plot for
the level Dj evaluated according to the theory summarized in this

section.

4.4.2 The freeze out region of charge carriers

In the freezing region the bulk carrier concentration, due to the main donor level,
decreases and causes a progressive increase in Rg (cf. Fig. 4.6). Hence, at suf-
ficiently low temperature, the final capacitance, Cg will be independent on the
applied bias and equal to the geometric capacitance of a capacitor with the semi-
conductor acting as an insulator between its contact plates, Cg = €o€-4/t where
t is the thickness of the sample. The starting equivalent circuit for the SC, in this
case, is obtained by substituting Ry (see Fig. 4.6) with a series of slices each acting

as capacitor in parallel with a resistor to model the not depleted bulk region [82].
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Figure 4.10: (a) An example of C — T spectra in case of a sample where D3 rep-
resent the main donor level on which the free carriers are freezing
out. (b) In this case the Arrhenius plot for the level D3 has been
evaluated considering a constant mobility in the temperature range

the freezing out is occurring.

Hence, indicating with p the material resisitivity and ox the width of the slices,
the total SC’s impedance is obtained by adding to the space charge region im-
pedance the capacitive and resistive contribution of each slice equal to €og,4/dx

and pdx/A, respectively. On the basis of the previous model, it can be demon-

strated that (2&) = % still holds. Furthermore, in this case, it is shown that
max

Tinax 1s related to fr according to the following equation [76]:

Lo exp (L) (422)
/J( Tmax) max max
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Hence, for determining the temperature dependence of the right hand side of
Eq. 4.22 the mobility vs. temperature dependence has to be known. In general,
a power law of the kind 4o T can be assumed, where the exponent b is chosen
according to the dominant scattering mechanism in the temperature range where
the freezing out occurs. For the sample investigated in Fig. 4.10(a), the D3 defect
represents the main donor providing the free carriers and its position in the band
gap can be established. Furthermore, considering that the freezing out takes place
at the temperature where the mobility maxima have been observed by tempera-
ture dependent Hall effect measurements performed on the same sample prior to
the SCs deposition, b is put equal to 0 in Fig. 4.10(b). An activation energy of
(0.29£0.03) eV is extracted, in agreement with that determined for the sample
displayed in Fig. 4.9(b), where D3 is not the most shallow donor. The resulting
Ep3 and op3 values extracted in these cases are consistent with those of the so

called E3 defect, frequently reported in the literature [34, 83].

4.5 Temperature dependent Hall effect

Temperature dependent Hall effect(7DH) measurements represent a characteri-
zation technique that can be used to determine the mobility of carriers, x , and
their concentration, », in semiconductors. In addition, from the carrier concentra-
tion vs. temperature dependence it is possible to deduce both the concentration
and activation energies of the main donors and acceptors. Moreover SCs are not
needed to perform the TDH characterization and at least in case of ZnO this is
an advantage since high quality Ohmic contacts are accessible and have been re-

ported by a number of groups [15]. On the other hand, results extracted from
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Figure 4.11: (a) Schematic to illustrate the principle of the Hall effect measure-
ment in case of a bar. The numbers are labeling the Ohmic contacts
needed to probe the sample. In (b) the connection configuration in
case the resistivity is measured. In (c) the sample and Ohmic con-

tacts geometry used during this work of thesis is shown.

TDH measurements represent an integral average over the whole sample, while
from other techniques employing SCs, like admittance and deep level transient
spectroscopy, information on the spatial distribution of the levels can be deduced

as well.

4.5.1 Basic relationships

In Fig. 4.11(a) a schematic of the Hall measurement on a bar is shown. In the
following description the bar and the contacts are assumed to be uniform and
Ohmic, respectively; moreover the impedance of the voltmeter to measure the
voltage drop is considered high enough not to perturb the uniform voltage drop
along the bar. In case of a n-type material, the current / forced to flow from contact

1 to 3, constitutes mainly of electrons moving in the opposite direction and due the
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presence of an uniform magnetic field B;, orthogonal to the picture plane, they are
deflected from the side of contact 4 towards the opposite side of contact 2 because
of the Lorentz force. A steady state is reached when the Lorentz force equals the
electric field produced by the charge excesses present on these two sides. Then,

the following equation holds:

1B

(Va—V2)p=p. — (Va—V2)p—0 = Vg = ev,B.Lp =
nyt

(4.23)

where vy, I, ny and ¢ are the electron drift velocity, the current, the Hall concen-
tration of electrons and the bar thickness, respectively, while Lp is the bar lateral
dimension. The difference between the voltage drop (V4 — V2) p=p, when the mag-
netic field is equal to B, and with no magnetic field, (V4 — V2)p—o is taken to
minimize the effects of possible misaligments between the contacts 4 and 2.

Hence, by measuring the Hall voltage, Vi, ny can be determined. In addition, by
exchanging the role of two contacts, as shown in Fig. 4.11(b), the van der Pauw

method [75] can be used to measure the sample resisitivity, p according to [75]:

V. Vi V-
exp (-’”([‘p“)) texp (—’”([“p3)) —1 (4.24)

where V4 — V3 is the voltage drop between contact 4 and 3 when the current in
injected into contact 1 and extracted from contact 2, while V] — V4 is measured as
depicted in Fig. 4.11(b).

Considering that p is related to the Hall electrons’ mobility, xx, according to the
equation p = (e nyuy)~", then uy can be determined as well. Finally, both the
actual carrier concentration » and the drift mobility can be extracted using the
expressions n = nyry and u = pp /ry, respectively, with 7 being the Hall scat-

tering factor [1, 75] introduced to consider the energy distribution of the electrons
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not taken into account in the above argument, where all electrons are assumed to
move with a velocity v,.

It is worth to be noticed that both Eqs. 4.23 and 4.24 hold, indeed, independently
of the sample shape if the material is uniform and the measurements are made
through line contacts placed on the edges, as demonstrated by van der Pauw [75].
Hence, flexible sample shapes can be used for performing the Hall characteri-
zation. In addition, it is standard practice to reverse the current and magnetic
field and interchange the contacts for voltage measurement and current injection
to minimize the effects of possible thermomagnetic effects that could falsify the
results.

For the measurements in this thesis, averaging to reduce thermomagnetic effects
was performed, and square-shaped samples with Ti/Al/Pt/Au multilayer (each
200 A thick) triangular Ohmic contacts deposited at the corners, as shown in
Fig. 4.11(c), were used. The effects caused by a finite contact size were accounted
for in the data analysis, of paper III, following the procedure outlined by Chwang
et al. [84].

4.5.2 The procedure used in analyzing the Hall data

The analysis of the Hall data has been performed using a code written in Matlab®) to
simulate both the measured #ny(7T) and ui(T). The concentration of electrons in

the conduction band 7 is given by the equation [85]:

3
1 (2mm*kgT\ 2 —(Ec)Er
n(T):4<nhz> o (5r) (4.25)

where Ec(T) is the band gap energy relative to the valence band edge with the

variation of Ec with T given in Table 2.1. On the other hand, Er, needed to
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calculate n from Eq. 4.25 to be compared with the measured ny (T), is obtained

by solving the charge neutrality condition:

n+YN;=YNj+p (4.26)
i i

with [85]:

1

Ec(T)—Ep;—Ep(T) )

1—0—287( kT

N = Np; 4.27)
where p is the overall hole concentration in the valence band, N; is the ion-
ized acceptor concentration of type Ai that are providing the compensation, all of
them considered fully ionized, Np; and NE are the total and ionized concentra-
tion of donors of type Di. In detail and, as described in paper III, the measured
ni(T) temperature dependence has been modeled assuming the presence of a
fully ionized single charged acceptor (4) and three s-like donors (Di, i = 1,2,3)
with energy levels Ep; extracted independently (see paper IV) by TAS measure-
ments performed on the same samples. Arbitrary starting values for N, and Np;,
with i = 1,2,3 and rgy equal to 1, are chosen for performing the first fit of the
measured ny and an estimate of Np; and the related quantities Ngi and Ngl. are
extracted. Then the fit of the mobility data is performed using the relaxation time
approximation (RTA). The RTA approach [75, 1] is based on the assumption that
each scattering process () affecting the carrier mobility is uncorrelated and can
be described by a relaxation time t;(£) that may depend on the carrier energy E.
Therefore, in this approximation, the total relaxation time for a carrier with energy
E (T (E)) is deduced from T,/ (E) = (F;1/7;(E))~" (Matthiesen’s rule). Once

Tot (E) is known both 4 and rg can be evaluated according to: [1, 75]
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oo E
p=— (/ Tor(E) E? & RaT dE> (4.28)
mm JO
and
2 ) 3T
- <To> _ Jo Tu(E)E2e %7 dE (4.29)
- 2 E 2 :
< Tror = (fo+°°rmz(E) E3 e ®T dE)

The neutral and ionized impurities, dislocations, acoustic deformation, piezolec-
tric and polar optical potentials have been included as scattering centers during
the analysis of the measured data. According to the detailed description of their
expressions given in paper III, these scattering contributions are fully determined
by using the ZnO constant reported in Table 2.1, the Ngi and N[J,ri previously de-
termined as fixed parameters and N as a fitted value. In this case, the calcu-
lated mobility is directly compared with the measured one after the correction
by ry obtained during the same fitting step. The estimates of N; and ry ob-
tained are, then, used as constraints for starting a new fitting cycle, i.e. to cor-
rect the carrier concentration measured accordingly and determine a better esti-
mate of Np;—13. This procedure has been iterated until consistent results are ob-
tained from both the carrier concentration and mobility vs. temperature analysis.
An example of this procedure is shown in Fig. 4.12. The best fit of the mea-
sured n and ¢ shown in Fig. 4.12(a) and (c) respectively, has been obtained with
Np1 = (1.240.4) x 10" em =3, Epy = (0.0340.01) eV, Npp = (1.5+0.1) x 10'7
em =3, Ep; = (0.0540.01) eV, Np3 = (0.4 —4) x 10'7 ecm™3, Ep3 = (0.29+0.03)
eVand N, = (2.6+0.4) x 10'7 cm~3. In addition, Fig. 4.12(b) and (d) show the
dependence on temperature of both Er and Ep,— 3 with respect to Ec and rg (T)

extracted from the data, respectively.
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Figure 4.12: (a) The measured carrier concentration (squares) corrected for ry

50

and the best fit to it (solid curve). (b) The Er vs. temperature as

determined by the fitting of the experimental data and, for compar-

ison, E¢ and the position of the three main levels Ep;, Ep; and Eps

used to fit the TDH measurements are shown. (c¢) The measured

mobility (squares) corrected for 7z and the resulting fitting curve

(solid curve). (d) The dependence of 7y on the sample temperature.



Chapter 5

Summary of the results, conclusions

and suggestions for further studies

In this chapter the main results of the papers attached are described and some sug-
gestions for further studies based on these findings are exposed. Paper I and II
describe the results of the electrical characterization of the SCs realized according
to the procedure developed during the thesis and its effects both on the surface
morphology, electrical characteristics and SC interface chemical properties. Pa-
pers III and IV deal more with the characterization of the material defects and the
role of group I and III impurities in hydrothermally grown ZnO. Finally paper V
shows an alternative procedure to realize SCs to ZnO based on using highly resis-
tive material and accomplish the #-type doping by H implantation with no need
of any pretreatment prior to the SCs deposition beside ordinary organic solvents

cleaning.
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5.1 Paperl

Different pretreatments prior the deposition of the SCs have been investigated:
cleaning in organic solvent, in H,O; and in 5% HCI diluted in deionized water
(DI), in and ex situ annealing in Oy at 350 °C, annealing in ZnO powder or air
in the 950-1350 °C range, surface sputtering in Ar atmosphere, exposure of the
sample surface to K,O and Cl vapours as well as Ag and Pd as SCs metals. In all
cases, the SCs were deposited on the O-face (0001_) sample surface. It has been
found that SCs with good and reproducible characteristics can be achieved by pre-
cleaning the samples with Aceton and then Methanol for 5 min in ultrasonic bath
followed by a 15 min in total dip in HyO, using Pd as contact metal. Paper I
deals mainly with the effects of this pretreatment on the morphology of the O-
face (0001_) investigated by AF M running in tapping mode and on the electrical
characteristics of the resulting SCs and the material using / — ¥, C—V and TAS
measurements. The effect of the HyO, pretreatment on the O-face (0001_) results
in an increase in the surface roughness up to (2.3 £0.2) nm from a starting value
of ~ 1 nm. Despite this increase in the surface roughness, the SCs deposited on
the HyO; treated surface exhibit up to 9 orders of magnitude in rectification in
the voltage range of -2 to +2 V, which is among the highest reported for ZnO.
In contrast, the reference samples cleaned with Aceton and then Methanol for 5
min in ultrasonic bath with a final dip in DI water show an Ohmic behavior. In
addition, the effect of mild annealing at 200 °C in air for 30 min is investigated.
The majority of the SCs measured immediately after the annealing display either
stable or improved rectification ratio, but fluctuations in time are occasionally

observed indicating changes at the Pd/ZnO interface or on the bare O-face (0001).

Despite these changes in the / — V' characteristics, the SCs still exhibit up to 7
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orders of magnitude in current rectification in the -2 to +2 V voltage range after 80
days. Finally, from the electrical characterization of the SCc an ideality factor of ~
1.8 at a forward bias of +0.5 V is extracted suggesting that carrier recombination,

tunneling and/or an interfacial layer are present.

5.2 Paperll

To investigate in more detail the effects of the HyO, pretreatment on the bare
O-face (0001_) and on the Pd/ZnO interface a combined analysis by X-ray photo-
electron spectroscopy (XPS) and electrical measurements has been performed in
paper II. Here it is shown that both room temperature / — ¥, taken by contacting
the HyOy ZnO O-face (OOOI) with a probing tip, and XPS measurements indicate
the creation of a highly resistive surface layer. On the basis of the XPS results,
the thickness of this layer can be estimated to ~ 30 4 and is attributed to excess
of Oxygen as a consequence of the HyO, pretreatment, as indicated both by the
increase in the [O]/[Zn] ratio from ~ 1.0 to ~ 1.1 and changes in the higher bind-
ing energies Ols peak at ~ 532 eV. In addition, the XPS characterization of the
Pd/ZnO interface reveals that the H,O, pre-treatment, due to the O rich surface,
is promoting the formation of PdO at the interface. Considering that theory sug-
gests that the O terminated PdO work function is significantly higher than that for
Pd (5.12 eV), both the formation of the highly resistive layer, that causes upward
energy band bending and suppresses the surface leakage current, and the higher
work function of PdO are suggested as possible causes of the improved perfor-

mance of SCs to H,O; treated ZnO. In addition, in paper II an estimate of 0.6 eV

for (Dg’/ is extracted from C — V' characterization and 7DH measurements.
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5.3 Paper III

The results obtained by a combined sample analysis using TAS, TDH and sec-
ondary mass spectrometry (SIMS) are described in paper III. The combination
of these characterization techniques gives further insight into the defects and im-
purities present in hydrothermally grown ZnO. The results disclose the existence
of three donor-like defects, two shallow and one deep, and a substantial concen-
tration of fully occupied acceptors in the lower part of the energy bandgap. In
detail, it is found that Al is providing a dominant contribution to a level ~ 60 — 70
meV below Ec. On the other hand, contributions from Ga and In that are giving
rise to levels, according to photoluminescence (PL) measurements, close to that
of Al are ruled out. It is worth to notice that this estimate of the energy level
position for Al is consistent with PL data in the literature, but ~ 10 meV lower
than previous estimate by 7DH. In addition, the role of Li is addressed: it ac-
counts only from ~40% to ~70% of the concentration of compensating centers
and hence, the Li content is not sufficient to account for all the acceptors observed.
Additional impurities, excluding group I elements which are shown to have neg-
ligible concentrations, and/or intrinsic defects are thus of crucial importance as
compensating centers in virgin hydrothermally grown ZnO. Finally, in this work
the measured mobility vs. temperature dependence is analyzed in the RTA ap-
proach. This analysis reveals that the neutral scattering, due the high fraction of
non-ionized deep donors (~ 0.3 eV below E(), is a pronounced contribution to

the total scattering and comparable to the piezolelectric field one.
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5.4 PaperlV

Paper IV presents a comprehensive description of the T4S results obtained for
as-grown hydrothermal samples. The analysis of the levels is performed in de-
tail distinguishing between peaks occurring in the freeze-out region and at higher
temperatures. Beside three well-behaved levels with activation energies of ~ 30,
~ 50 and ~ 290 meV, respectively consistent with the TDH measurements per-
formed on the same samples prior to the SCs, a fourth one, Dy, placed ~ 80 meV
below E¢ and with 6py equal to ~ 6 X 10717 cm? is detected. The Ds peak shows
an anomalous dependence of the conductance peak height on 7,,,,, and/or probing
frequency (fr) not observed by any junction spectroscopy technique employed to
ZnO so far. This behavior is consistent with the attribution of Dy to the ++/+ tran-
sition of a negative-U like defect of donor-like with an energy barrier for atomic
reconfiguration of ~ 0.2 — 0.3 eV. On the basis of the comparison of these findings
with theoretical results recently published, the Dy peak is attributed to the VO+ /++

level and the ~ 0.2 — 0.3 eV barrier to the transition from the Vg T to the Vg state

involving a two electron capture process.

5.5 PaperV

In paper V it is found possible to achieve SCs by using ordinary organic solvents
cleaning when Pd contacts are deposited on high resistivity hydrothermally grown
ZnO samples. First, the samples have been annealed at 800 °C for 1 h. Then, a low
dose H implantation has been used to decrease the material resistivity and form
a n-type doped layer with a width of ~ 4 um and a resisitivity as low as ~ 0.4

Q-cm after a post implantation annealing for 30 min at 200 °C in N,. Finally, af-
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ter organic solvents cleaning Pd SCs have been deposited. This procedure shows
promising results with SCs having a rectification ratio, taking ratio between the
forward and reverse current at +2 V and - 2 V, of up to ~ 3 orders of magnitude.
However, the high degree of compensation and challenge to accurately control the
charge carrier concentration below the ~ 107 cm ™ range is severely limiting the

applicability of this method for these samples.

5.6 Concluding remarks and suggestions for further

studies

In conclusion, a procedure to obtain SCs with high rectification ratio, a thermal
stability up to ~ 200 °C and relatively high long term stability has been established
and the physics behind the effectiveness of this procedure has been investigated.
However, all the results presented have been obtained for Pd, while no systematic
study of the dependence on the metal used for the SCs has been made. The results
shown and present in the literature, so far, suggest that some kind of oxidation
treatment is beneficial to the formation of SCs with high rectification ratios, pos-
sibly combined with the choice of a SCs metal that forms oxides with high work
function. Therefore, on one hand, the investigation of other oxidation agents with
higher oxidation power than H,O,, like Ozone or Flourine treatments, can lead
to interesting results. On the other hand, also keeping the pre-treatments parame-
ters fixed and determine the effects of different contact metals according to their
chemical tendency to form oxides should be of great interest.

Furthermore, this thesis has been focused mainly on the O-face (0001) and only
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few (not successful) attempts have been made to realize SCs on the Zn face, and
the effect of treating the Zn face with HyO; should be studied systematically. All
these studies could lead to SCs with even better performance and to a better under-
standing of the process to achieve high quality SCs to ZnO. In addition, no detailed
investigation of the changes by using H,O, for different oxidation times has been
performed. This is mainly due to the intrinsic differences between the as received
samples used, which are high enough to mask the results of a more detailed study.
Hence, also an optimization of the H,O; pre-treatment has to be performed when
the hydrothermal growth process has become controllable enough to produce sam-
ples with less scatter in physical properties. Finally, the promising results reported
in paper V might be related to the annealings performed prior to the contact depo-
sition and the effect of this pre-treatment deserves further attention.

From a characterization point of view, all the electrical measurements performed
indicate a high sensitivity of the material surface on the ambient where the mea-
surements are taken in. That is, changes of the reverse current by at least 1 order of
magnitude have been routinely observed by acquiring data with the sample placed
in air or in vacuum, and therefore a procedure to increase the ZnO surface passi-
vation, beside using HyO,, represents another important goal to achieve.

In addition, more insight into the nature of the point defects is needed. While,
there is some consensus in the literature on the assignment of the D; level to a
Hydrogen related defect, the nature of E3 (D3) is still unknown. Due to its deep
nature and the high concentration detected in the samples characterized, E3 is par-
ticular detrimental to any possible device application of ZnO, since it can cause
substantial changes in the carrier concentration around room temperature. More-

over, the evidence of a negative-U level has been found and also in this case the

57



Summary of the results, conclusions
and suggestions for further studies

58

nature of the defect has not been established yet. In both cases, performing elec-
trical characterization on series of annealed and implanted/damaged samples to
be combined with techniques like photoluminescence, SIMS and positron annihi-
lation spectroscopy measurements might be useful in determining their chemical
nature and in finding out possible alternatives to limit their concentration in hy-

drothermally grown ZnO.
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