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Chapter 1

Introduction

Motivation and Objectives

Motivation. Since its inception, humanity has gradually sought opportunities to invent
tools for improving its living conditions. Beginning with the Stone Age and the control of
fire, the first metals such as copper, bronze and iron were gradually subdued by humans. The
invention of language and writing allowed to make a qualitatively big leap in the development
of society. Knowledge has become possible to accumulate knowledge and pass it to future gen-
erations. For hundreds of years, humanity has been refining its tools, constantly experimenting
and pushing different theories.

A new round of instrumental development was the great industrial revolution of the XVIII-
XIX centuries, during which there was a mass transition from manual to machine work. The
main consequence of the industrial revolution was industrialization - the transition from a
predominantly agrarian economy to industrial production. This contributed to the invention
of new equipment and devices, as well as the use of new types of energy. Technical achieve-
ments in electricity and magnetism and new advances in chemistry accelerated the development
of humanity and added diversity in instrumentation. A recognized classic expertize of post-

industrialism time, D. Bell, has identified 3 major technological revolutions [1]:

e The invention of the steam engine in the XVIII century;

e The scientific and technological achievements in the field of electricity and chemistry in
the XIX century;

e The creation of computers in the XX century.
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It is worth to note that, the rapid development of technology also requires a large amount
of energy. Finding this energy and being able to minimize its consumption while improving
efficiency has become a new challenge for scientists. In order to replace non-renewable resources
such as coal, oil or gas, renewable sources from water, wind and solar radiation have gradually
been used. This forces scientists to develop materials and structures based on them that can
effectively transfer energy for its application.

In order to open new paths for technological applications now, at the beginning of the XXI
century, there is an active search for materials that could be complementary of the pioneer
semiconductors such as Silicon or Germanium. Thus, interest in the study of mono-, polycrys-
talline films and nanocrystals of different compounds has increased significantly, as for instance
the ones from the A;;By; family. The interest on this family is due to the enormous potential
applications that they could have in different areas like anti-reflective, absorption and window
layers of photovoltaic heterojunction [2, 3], tandem solar cells (SC) [4], base layers of pho-
todetectors [5, 6], hard radiation detectors |7, 8], LEDs, gas sensors, pyro- and piezoelectronic
devices [5,6,9], etc. The compounds of this family make possible to obtain materials with a
band gap from a few hundredths of eV (from mercury chalcogenides) up to 3.72 eV (ZnS) or
even more if we go to MgO based compouds.

Among all the variety of II-VI materials, there are 2 sets of semiconductors that have
attracted particular interest due to their unique features. The first one includes oxides of
group-12, elements like zinc and cadmium with a high transparency at the visible optical
range. They have been widely studied for use in various electro-optical applications, among
other, as Transparent Conductive Oxides (TCOs). The other set is formed by the diluted
magnetic semiconductors (DMS) from the II-VI compounds that, in addition to the ordinary
properties of a semiconductor, have enhanced magnetic properties. Improving the methods to
obtain these interesting materials in a systematic and reproducible form and in-depth studies
of each of them open the door to find new opportunities.

Since TCOs have good conductivity, they can be used as electrodes when the situation
requires low resistance electrical contacts without blocking the light. This ability opens up
great opportunities in the field of solar cells, plasmonic and other applications. The main
requirements for TCOs to be used as contacts in a solar cell are: (i) a high conductivity enough
to minimize resistive losses and (ii) minimal optical absorption over the wavelength range in
which the solar cell absorber is responsive. Typically, as the conductivity of a TCO is increased,
the NIR (near infrared) wavelength range transparency is reduced as a result of enhanced free
charge carrier absorption. Thus, in the design of TCO materials, a trade-off is sought between
these two properties.

Both Zinc Oxide (ZnO) and Cadmium Oxide (CdO) can be TCOs with their strengths and

weaknesses. ZnQ is a semiconductor of the II-VI material family, which has been devoted to a
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large number of scientific works. ZnO thin films have direct band gap, high exiton energy, stable
electrical and optical properties, good electron mobility at room temperature, and depending
on the growth conditions and doping a high carrier concentration [10]. The oxygen vacancies
and zinc interstitials make this material an n-type semiconductor. It is worth to note that
reliable p-type doping of ZnO remains difficult. This problem originates from low solubility of

p-type dopants and their compensation.

Some of the properties of CdO were described long ago [11,12]. CdO has a small indirect
band gap and a larger direct band gap [13]. CdO generally possesses large carrier concentrations
that generate a pronounced Moss-Burstein (MB) effect which can considerably extend the
optical band gap [14]. Doped CdO samples [15] have mobilities and conductivities which
are an order of magnitude (ore more) higher than the typical conductivities of the industry-
standard TCOs. Undoped CdO thin films usually exhibit low resistivity due to native defects
of oxygen vacancies and cadmium interstitials [16]. Thus production of high-quality CdO films

is important in the development and improvement of TCO.

Ternary compounds are an option to modify the properties of binary structures, thereby
expanding the range of application of the material. This results in changes in characteristics
such as lattice parameters, band gap width, carrier mobility, or transmittance. The properties
of ternary compounds are highly dependent on the materials as well as on the growth techniques.
In particular, materials with different lattice parameters or different crystal phases (wurtzite
or zincblende in the case of ZnO and CdO) are difficult to combine. Tensions and impurities
due to low crystal quality result in low optoelectronic properties [17]. Thus an important point
will be the optimization of crystal growth conditions to achieve a good crystalline quality and

consequently better optoelectronic properties.

Obtaining ternary compounds of CdZnO allows changing the properties of the initial binary
compounds, adjusting them at least potentially to the needs of modern materials engineering.
However, CdO has the structure of rock salt, which is different from the structure of wurtzite
Zn0O. Therefore, a high concentration of zinc in the CdO host or Cd in the ZnO matrix is

expected to lead to a phase mixing or phase coexistence.

Due to the difference between the effective ionic radius of Cd** (0.95 A) and the ionic radius
of Zn>* (0.74 A) [18], Zn ions can easily penetrate into the CdO crystal lattice and substitute Cd
ions in their equivalent crystallographic position. The difference between the ionic radii (22 %)
is more than the 15 % required for the formation of a solid substitution solution according to the
Hume-Rothery rules [19]. The material properties will be affected by a large lattice mismatch
between ZnO and CdO, which will cause internal stresses, deformations, lattice distortions, or
defects in films. For these reasons, alloying one material with another is a complex task that

requires the selection of the optimal growth conditions.
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Thin films of Zn,_,Cd,O alloys have been prepared by several physical and chemical de-
position techniques such as spray pyrolysis [18], sol-gel [20], radio-frequency magnetron co-
sputtering [21], pulsed laser deposition [22], atomic layer deposition [23], MOVPE [24], laser
molecular beam epitaxy (LMBE) [25] and electrochemical deposition |26]. Although C'd** ions
can easily replace Zn?" in a crystallographic lattice, it has been shown that the thermodynamic
solubility limit of Cd in ZnO is ~ 2 % in thermal equilibrium condition [27]. Most authors
claim [28-31] that, at a concentration of Zn < 20 %, the ternary compounds retain the cu-
bic structure. Other authors assert that the wurtzite phase in CdZnO films appears at zinc
concentration of ~ 50 — 70 % [23,24,30]. When the content of Zn is in the range from 20 to
50 %, phase mixture will exist, which means the coexistence of the cubic phase of CdO and the
hexagonal phase of ZnO in thin films of the ternary compound CdZnO. A typical scheme for
the formation of different phases is shown in Figure 1.1. The existence of a two-phase region
can be a hindrance to stable operation when micro- and optoelectronics devices are the goal.

Regarding Semi-magnetic semiconductors (SMSC), also called diluted magnetic semicon-
ductors (DMS) these are semiconductor compounds II-VI, IV-VI and III-V, in which part of
the non-magnetic cations are replaced by ions of a magnetic transition metal or rare earth
metal, such as Mn, Fe, Co, Cr, Ni, Sm, Er, Dy, Gd [32]. Due to its properties, DMS combine
elements of the physics of semiconductors and magnetism, which is a unique opportunity for
research [33| and technology. Compared to classical semiconductor alloys, the random distribu-
tion of magnetic ions leads to the appearance and development of individual magnetic phases

depending on the concentration of magnetic ions [32].
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Figure 1.1: Crystalline phases formation depending on the Cd concentration [30].



Among alloying elements, the inclusion of Mn atoms in the II-VI lattice demonstrates phe-
nomena such as negative magnetoresistance, giant Faraday rotation, and spin glass behavior.
This element (Mn) may be part of different alloyed structures, but our attention will be drawn
by the Mn alloy with thin films of ZnS and ZnTe, due to the wide band gaps and optical features
of these binary compounds, some of which will be commented below. Changing the alloying
parameter allows to change the spectral optical characteristics when applied in optoelectronics.

The optical properties of ZnTe are well known [34]. This compound is an interesting ma-
terial for use in optoelectronics because it has high radiation efficiency. The synthesis of a
ternary alloy based on it can offer a band gap adjustment for wider applications. In particu-
lar, the resulting compounds of semi-magnetic solid solutions Zn;_,Mn,Te thin films present
interesting photoluminescent, magnetic and magneto-optical features making possible to use
these compounds for designing devices of micro- and optoelectronics, photovoltaics and spin-
tronics [35,36]. The authors of reference [37] showed that the total photoluminescence intensity
for a ternary sample with a content of 4.5 % Mn is approximately five times higher than for a
pure ZnTe film. This means that the probability of nonradiative recombination processes will
nonlinearly depend nonlinearly on the concentration and increases with increasing Mn content.
In this case, the bonds for free light hole excitons in pure ZnTe are 12.7 meV, which is less than
in ZnSe and ZnO, which are 21 meV and 60 meV at room temperature, respectively [37].

Like ZnMnTe, the ternary compound ZnMnS also belongs to DMS family. ZnS is a typical
wide-gap (~ 3.8 eV) II-IV semiconductor material with a direct band gap. ZnS is chemically
more stable and technologically more suitable than other semiconductor materials, so it is
considered a promising host material for Mn?* ions that can exhibit a broad emission peak.
Manganese is usually used as a dopant in applications as displays, electronic devices, laser
devices, as optical coatings, solid state solar window layers, optical sensors, photocatalysts,
light sources, photocopy lamps, etc. [38-40.

Mn alloyed ZnS and ZnTe films have been fabricated by using different physical and chemical
methods such as metal-organic vapor phase epitaxy (MOVPE) [41], molecular beam epitaxy
[42], pulsed laser deposition [43], chemical bath deposition [44], radio frequency magnetron
sputtering [45] and others. As substrate for obtaining nanocrystalline Mn alloyed thin films, it
is possible to use different materials among them glass, silicon, or quartz [44].

Cadmium Telluride (CdTe) is another typical representative semiconductor of II-VI group.
Due to its optoelectrical properties, it can be used like an n-type material in simple and cheap
thin film CdS/CdTe solar cells [46,47]|. The conductivity of CdTe can be changed depending on
the growth conditions. CdTe grown under Cd-rich conditions is n-type due to the Fermi-level
being pinned at or near the midgap by the compensating donor defect C'd; to meet equilibrium
conditions. On the other hand, in the Te-rich limit, CdTe has p-type conductivity, since the

Fermi energy is pinned close to the valence band maximum [48].
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Chapter 1. Introduction

Over the past 40 years, the effectiveness of CdTe in solar cells field has increased significantly.
Kodak in 1981 received CdTe cells with an efficiency of 8 % [49], and in February 2016, First
Solar, the largest manufacturer of thin film technology CdTe, announced that it had reached
a record 22.1 % conversion efficiency in its CdTe cells [50]. G. Kumar and K. Rao [46] made
a comparison of CdTe with other semiconductor materials with optimum band gap energy in
the range of 1.0-1.7 eV, to present power conversion efficiency as a function of semiconductor
band gap.

Despite the wide range of use of CdTe as a semiconductor (wich will be briefly described in
Section 2.2), the search for heterojunctions and compounds based on it continues. Heterojunc-
tions CdTe/CdS and CdTe/CdSe have been well studied [51]. Nevertheless, heterostructures
with TCOs, in particular the p-n heterojunction of CdTe/CdO has been less studied. Over the
past 20 years, the problem of obtaining and studying the structure of CdTe/CdO was considered
only in a few papers [52-54]. Complexity in the formation of this structure is due, between
other factors, to the lattice mismatch between the lattice parameter of CdO (4,69 A) and
CdTe (6,49 A). Another difficulty is the control of the preferential orientation of the layer when
growing on the underlying one, in which the lattice parameter is mismatched, these difficulties
makes the study of the CdTe/CdO heterostructure an attractive challenge for fundamental

research.



Objectives. In the context of the above commented interest on the II-VI materials the
main goal of this thesis is to study of crystal growth of some A;;By; functional materials,
determining the structural, optical and electrical properties, as well as surface morphology and
the study of the influence of different growth parameters on the structural properties of the
obtained materials.

Thus we will have carried out not only an in-depth study of growth but also the character-
ization of the studied materials. Obtaining films of binary and ternary compounds with good
crystalline quality requires the choice of a suitable method and growth parameters, but to do
that a correlation between growth conditions and properties must be established.

In order to a better understanding about the solubility limit and how the transition from
one phase to a mixed one affects the structural properties of the CdZnO ternary compounds,
we have conducted growth and characterization correlated studies of these films. Among other
techniques of growth, the MOCVD method was chosen for this research. MOCVD is a techni-
cally complex and expensive method, but has great versatility and reproducibility, as well as
easily scaled to production.

To obtain ZnMnTe and ZnMnS films, we have chosen the close space vacuum sublimation
method (CSVS). Design features of this method allow obtaining films, under relatively well-
controlled process in conditions close to thermodynamically equilibrium [55-57]. The simplicity
and the low cost make possible to carry out a large number of experiments for a detailed analysis
of compounds alloyed by Mn.

As in the case of CdZnO, in order to obtain the CdTe/CdO heterojunctions, the MOCVD
method was used. The scarcity of information about this heterojunction increases interest
in its research. Previously, our group had already analyzed these binary compounds of the
heterostructure [58,59], and these studies have been the starting point of our research.

I would like to comment that the two growth methods cover two approaches to the growth
methodology: a more accurate, multiparameter-controlled system (MOCVD) and consequently
expensive methodology, and one not too much expensive, and less parameter controlled as the
CSVS without renouncing to offer good layers for some applications.

In accordance with the objectives, the following methods for the characterization of the
samples have been used: AFM, scanning and transmittance electron microscopy, X-ray diffrac-
tion analysis, energy-dispersive X-ray spectroscopy, Particle Induced X-ray Emission (PIXE)

and optical spectroscopy for transmittance, reflectance and absortion measurements.



Chapter 1. Introduction

Structure of the tesis

The work consists of six chapters, which include the introduction, main information, con-
clusions and the list of references. The thesis is posted on 255 pages, contains 128 figures and
25 tables. The list of used references contains 331 publications.

In Chapter 1 motivation, object and subject of study of this thesis work are presented.

Chapter 2 shows a detailed description of the methods for obtaining films of A;;MnBy
chalcogenides and oxide-based film, as well as general information on the growth parameters
and conditions for the growth of these materials.

Thereafter, in Chapter 3, the different characterization methods for the study of morphol-
ogy, structural and substructural properties, electronic and optical features are described.

Oxides of A;; By group, ZnO and CdO in particular, and their heterostructure are presented
in Chapter 4. In it, the influence on the morphology of films of growth temperature, deposition
time, amount of precursors and used substrate is shown. The influence of Zinc concentration
on the composition of films CdZnO is given. Also in this chapter the heterostructures based
on CdTe/CdO will be analyzed.

In Chapter 5 we present the structural properties of chalcogenides alloyed with Mn, in
particular, ZnMnTe and ZnMnS. The morphology of the formed structures, the change in the
lattice parameter and the final content of Mn in the deposited films are shown. The orientation
of the films, the crystallite size and the density of dislocation will be described.

Finally, in Chapter 6 we summarize the main conclusion resulting from this work.

The results obtained in the work have both a fundamental and an applied significance. The
new information on the crystalline structure and substructure, the chemical composition, the
film surface morphology, their optical characteristics, depending on the physical and technolog-
ical growth conditions, should contributes to the development of materials based on the A;; By

binary compounds.
Publications. The results of the thesis work are published in 8 articles, 7 of them indexed in

the Scopus and WoS databases. They will be referenced at the end of the thesis in Related

articles.
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Chapter 2
Materials and growth technique

This chapter is devoted to a brief description of the materials and crystal growth methods
used in this thesis. In the first part of the chapter, we will consider the characteristics of the II-
VI oxides (ZnO, CdO, CdZnO), and other II-VI materials like CdTe and ZnTe and ZnSe, these
two last showing magnetic properties when alloyed with Manganese (ZnMnTe and ZnMnS). In
the second part of the chapter, two methods for producing thin layers of these materials such
as the chemical vapor deposition method MOVCD and the close space sublimation CSVS will

be presented. The growth parameters and used substrates will be analysed.

It should be noted that, despite the fact that we will talk about the some of the properties
of materials which justify the interest on them, our work has been focused mainly in terms of

crystal growth and morphological and structural characterization.

2.1 Zn0O, CdO and ternary alloys

Nowadays, probably the most widely used TCO in the industry is indium tin oxide (ITO).
However, due to the fact that the primary metal of the film (indium) is expensive and not too
much abundant, and the fragility and insufficient flexibility of the ITO layers, alternative mate-
rials are being investigated [60]. As alternative compounds, oxides like zinc oxide and cadmium
oxide has been proposed, consequently in recent years they have played an important role in
the field of TCO. In the first Subchapter 2.1, we briefly consider the physical properties of these
oxides of the II-VI group and the ternary structure based on them. The main characteristics,
production methods and problems inherent in these materials, which we have studied during

our research, will be described.
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Chapter 2. Materials and growth technique

2.1.1 Zinc oxide (Zn0O)

Depending on the growth conditions, ZnO crystallizes in three forms: the hexagonal struc-
ture of the wurtzite, the cubic structure of zinc blende (sphalerite) and the cubic structure
of rock salt. The wurtzite structure is the most stable under environmental conditions and
therefore the most widespread [61]. In this structure, the atoms are far away to compensate for
their repulsions. Thus, each zinc atom is surrounded by a tetrahedron of 4 oxygen atoms and
vice versa, as can be seen in Figure 2.1. Zinc blende can be stabilized when ZnO is grown on
substrates with a cubic lattice structure [62] and finally the structure of rock salt is obtained

only at relatively high pressures of ~ 10 GPa [63].

Zinc blende

Wurtzite

Rocksalt

(a) (b) ()

Figure 2.1: Stick-and-ball representation of ZnO crystal structures [64]:
(a) Cubic rocksalt, (b) cubic zinc blende, and (c) hexagonal wurtzite. Shaded grey and black spheres denote

Zn and O atoms, respectively.

The lattice parameters at the wurtzite structure are a ~ 3.250 Aand ¢ ~ 5.205 A; and their
ratio ¢/a ~ 1.60 is close to the ideal value for the hexagonal cell ¢/a = 1.633 [65]. ZnO has
a predominantly ionic bond, as most of the IT-VI compound semiconductors. Some physical
characteristics of the material are shown in Table 2.1.

Although sapphire is one of the more suitable substrates for the growth of ZnO layers, high-
quality ZnO crystalline layers can be obtained on different substrates [69]. Different growth
methods have been used to obtain ZnO as spray pyrolysis (SP) [61], physical vapor trans-
port (PVT), hydrothermal, chemical vapor deposition (CVD), molecular beam epitaxy (MBE),
pulsed laser deposition (PLD), or chemical vapor deposition from the vapor phase of metal-
organic precursors (MOCVD) [64].

12



2.1. ZnO, CdO and ternary alloys

Property Values
Stable phase at 300 K Wurtzite, P63mc
Lattice parameter a, A 3.250 [66], 3.2495 [67]
Lattice parameter ¢, A 5.205 [66], 5.2069 [67]
Density, g - cm ™3 5.642 [66]
Melting temperature, °C’ 1975 [67]
Energy band gap, eV 3.37 (at 300 K) [66,67], 3.437 (at 4 K) [68]
Exitation binding energy, meV 60 (at 300 K) [66,67]
ag: 6.5 x 1076 [67]

Linear expansion coefficient o , °C~1 6
co: 3.0 x 10

Table 2.1: Physical properties of Zinc Oxide (ZnO)

ZnO is a non-toxic and biocompatible material [70]. Due to the wide band gap (£, = 3.37eV),
ZnO has a high optical absorption in the UV (320-400 nm) region. On the other hand, due to
the high energy of the excitons (60 meV), it is possible an effective laser generation at room tem-
perature (RT) [71,72]. Combination of the ZnO optical, electrical and piezoelectric properties
are used in piezoelectric devices [73], Li-ion batteries [74], light-emitting diodes (LEDs) [75,76],
gas sensors |76, 77|, chemical sensors, biosensors, UV sensors or pH sensors [78].

Zn0 is a material that can be grown in a wide variety of morphologies. Structures such as
nanorods, nanowires, nanonails, nanobelts, nanorings, nanospirals and nanohelixs have been
synthesized and studied [79], in addition to the growth of bulk and layers.

Mostly, ZnO is a semiconductor of n-type conductivity due to excess of zinc atoms, which
results in the presence of such inherent defects as oxygen vacancies (Vp) or zinc interstitials
(Iz,). The un-doped ZnO obtained by the chemical vapor deposition technique is characterized
by a typical room temperature carrier concentration of ~ 10'6 e¢m =3, that can be increased with
doping by different elements up to 102! ¢m™3 [80]. It was found that electron concentration
changes from 5.9 x 10'" em™ to 4.0 x 10" em ™2 resulted in a reduced mobility and carrier
scattering time, as electron effective mass varied from 0.23 my to 0.26 mq [81]. In addition, other
common defects include zinc vacancies (Vz,), oxygen interstitials (Ip), as shown in Figure 2.2.
This scheme qualitatively represents the energy levels of intrinsic point defects in ZnO and

energy transitions that can occur.
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Figure 2.2: Schematic diagram showing possible radiative transitions in ZnO due to various defects, such as

Zn and O interstitials, and vacancies [82]]

In the wurtzite structure, the difference in electronegativity between Zn and O atoms,
in combination with a low degree of symmetry, leads to spontaneous polarization in some
crystallographic directions. From the point of view of obtaining thin ZnO layers with a flat
surface morphology, nonpolar orientations become the best option. In this sense, nonpolar
oriented ZnO obtained using MOCVD on R-sapphire are of particular interest. Moreover, the
optimization of the growth parameters is very important in heteroepitaxy processes in order to

obtain films without significant loss of crystalline quality.

2.1.2 Cadmium Oxide (CdO)

CdO crystallizes in the rock-salt structure consisting of a face centred cubic (fec) lattice
with a two atom basis, Cd at (0,0,0) and O at (1/2, 1/2, 1/2), with a lattice parameter
~ 4.695 A [83] as shown in Figure 2.3. The fundamental band gap of CdO is indirect at
~ 0.84 eV (~ 1480 nm) [84], and this is much too low for optical transparency (380 to 740 nm),
therefore transmission of visible spectrum occurs at the CdO direct band gap of ~ 2.28 eV
(~ 500-560 nm) [85]. Heavy carrier concentration leads to a Moss-Burshtein shift, which can
increase the band gap to 3.25 eV (~ 380 nm) [86]. CdO has a high carrier concentration
( > 10%' em™3) [86, 87], which can also lead to a high conductivity. Table 2.2 shows some
characteristics of the material.

Due to the characteristics listed above, CdO can be used as material for gas detectors [88,89),
solar cells [90], photodetectors [91], and other photo-optical and optoelectronic devices [92-94].

There are many ways to obtain thin films and nanostructures of CdO. This wide range
of processes includes MOCVD [83,95], PLD [84], SP [96], thermal evaporation (TE) [97],
PVT [92], radio frequency magnetron sputtering (RF) [93] etc. Different growth parameters
will affect the structural properties of the material, leading to differences in optical and electrical

characteristics.

14



2.1. ZnO, CdO and ternary alloys

Figure 2.3: Crystal rocksalt structure of CdO [98].

Property Values

Lattice parameter a, A 4.695 [13,83], 4.689 [85]
Density, g - cm ™ 8.15 [13,85]
Melting temperature, °C’ > 1500 [13,85]
Indirect band gap, eV 0.84 [13,85]
Direct band gap, eV 2.28 [85,95]

Linear expansion coefficient o , °C~1 4 x 107° | at 27 ... 497 K [85]

Table 2.2: Physical properties of Cadmium Oxide (CdO)

Zuniga-Pérez et al. [99] showed that the morphological and structural properties of the
micrometric layers of CdO largely depend on the orientation of the substrates. The MOCVD
method allowed to obtain [002] oriented CdO compounds on R-sapphire with high crystalline
quality and flat layer morphology.

Despite the high number of articles devoted to CdO, there are few publications where the
layers had good crystalline quality and thickness of the order of 100 nm or lesser, which could be
used in some optical devices. In the works of A. Huerta-Barbera et al. [100,101], CdO films on
R-sapphire with a threshold thickness of the order 40 nm, below which island-shaped structures
appear, were achieved. Using chemical etching to increase the density of inherent nucleation
points on the substrate they managed to get very thin films with truly flat morphologies with
thicknesses up to 20 nm. So we want to carry out an in-depth study of this well-known material
in order to find the growth conditions at which the compounds has good crystalline quality and
able to be used in various heterostructures, like CdTe/CdO.
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2.1.3 Ternary compound of CdZnO

Due to the properties of ZnO and CdO they can be used in various fields. In addition,
the synthesis of ternary compounds based on these binary semiconductors will further expand
the scope of applications. Structures of ZnCdO (hexagonal Zn rich compound) will lead to a
redshift of the band gap of ZnO and the ability to cover the visible light range. In the case of
CdZnO (cubic Cd rich compound), the direct gap of CdO will be extended by the presence of
Zn. In both cases, the properties of the resulting compound will depend on the content of the
alloying element, but several problems will appear due to the difference in the cubic structure

of CdO and wurtzite structure of ZnO, depending on this content.

7Zn ions can enter into the CdO crystal structure in a substitutional position, and the Zn
content will affect the structural, optical, and electrical properties of the material. Influence
of the alloying element on optical characteristic was shown [102] in Cd;_,Zn,0 (x < 10 %)
thin films prepared on glass substrates by the spray pyrolysis technique at 470 °C. At higher
concentrations (20 % < x < 80 %) the films presented a mixed structure of cubic and hexagonal
phases. When the concentration of Cd increases from pure ZnO one can observe in addition
to the variation of the film colour (from transparent to yellow), a variation in the average
transmittance, which is about 60-70 %, which is lower compared to pure ZnO (~ 90 %) [31]. On
the contrary the introduction of more zinc in the CdO structures will increase the transmittance
and the width of the band gap due to the blue shift of the edge of the bandwidth [18].

In CdZnO ternary compounds, depending on the Zn concentration, X-ray patterns associ-
ated with the (200) and (111) planes corresponding to the cubic crystal structure of pure CdO
will gradually shift to higher angles and will be replaced by peaks related to the (100), (002)
and (101) planes of hexagonal structure of ZnO |31, 103].

In reference [102] was showed that, under its experimental conditions, if the threshold of
3 % solubility of Zn in CdO films was exceeded, the intensity of XRD peaks decreased, which
indicated a decrease in the crystallinity of the compound when defects appear in the crystal

structure due to an excess of Zn inclusions in the lattice structure.

With a decrease in the concentration of Cd in the ternary compound CdZnO, the size
of the crystalline grains usually decreases. Theoretically, an increase in grain size, thickness
and packing density of the film should have a negative effect on the transmittance, which
has an opposite dependence to them [104]. An increase in polycrystallinity when it is alloyed
with an additional element will lead to unevenness in the lattice and therefore scattering and
absorption increase and the transmittance must inevitably be reduced. Earlier, our research
group showed [29] that at a low concentration of Zn (C'dg.95Zn¢.050) the mobility of compounds
increases, with a gradual decrease at a higher concentration of Zn. The initial rise of mobilty

indicates the good crystalline quality of the CdZnO layers, but with increasing of Zn content into
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2.1. ZnO, CdO and ternary alloys

the cubic crystals, they start to be oriented in different directions with futher phase mixing
of the cubic and wurzite crystal structure. Degradation of electron mobility led to rise in
the resistivity of CdZnO alloy. Along with growth of the Zn content, carrier concentration
has upward trend that can be responding to the formation of intrinsic defects. At a certain
concentration of zinc atoms, the oxygen vacancy (V) will begin to decrease, since the Zn?*
ions tend to form separate ZnO centers with O?~, and, consequently, the resistivity begins to
increase [18].

The growing method, growth time and temperature, substrate and other conditions of the
synthesis of the compounds will affect the properties of the resulting films. The authors of
ref. [20,24,105] showed that increasing the growth temperature, the Cd content in the CdZnO
ternary compounds can decrease. A high growth temperature contributes to the formation of
large crystal grains [23]. On the other hand thermal annealing (as 450 °C for SP or 300-600 °C’
for RF magnetron sputtering method), is an important way to improve the quality of crystals
and the optical properties of thin films. In the papers [102,106] it was presented that annealing
can favor a better crystallinity of the material.

A simplified equation (E,;=3.36-0.063z) for the band gap of the w — Zn,_,Cd,O compound
at 10 K, was proposed in [24]. A more complex expression for the optical band gap was
presented in [22,107]:

EngZnO _ (1 _ I)EQZ” + ngCdO - b$(1 - I) (2'1)

where, z is the Cd content, b is the bending parameter, and E¢®?° and E¢%"© are the band
gaps of the CdO (~ 2.28 eV) and ZnO (~ 3.37 eV), respectively. In their work Bakke at el. [23]
gave approximate equations for the parameters of the crystal lattice for the wurtzite phase of

CdZnO ternary compounds at a high concentration z of Zn (z > 50 %):

Uhesagonal = 358 — 0.332; Chezagonat = 5.85 — 0.54z (2.2)

In recent years, there have been many publications devoted to CdZnQO, but the overwhelm-
ing majority of the obtained compounds were polycrystalline. Most ternary structure studies
focused on compounds rich in Zn with a wurtzite phase. A. Huerta-Barberd in her work [101]
investigated the inclusion of cadmium in the hexagonal lattice of ZnO and Zinc into the cubic
one of CdO. For the first case, the study of the structural parameters as a function of the growth
temperature made possible to optimize the temperature at which is possible to introduce Cd
more than 8.5 % into the hexagonal lattice. For C'dy_,Zn,O compounds with different growth
times and Zn content, a maximum Zn incorporation of 10.4 % into the cubic lattice was found
at which a unique out-plane orientation [002] remains and for higher zinc concentrations the
coexistence of phases appear. Also for 10.4 % of Zinc content a very low value of resistivity was

shown, which is, not only a record value for this type of material, but also comparable to other
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transparent conductive oxides that dominate the market today, opening up new possibilities

for optoelectronics.

2.2 Cadmium telluride (CdTe)

CdTe has a crystal structure of zinc blende [85]. This structure is formed by two intersecting
face-centered cubic sublattices (one for Cd atoms and the other for Te atoms), with the unit
cell shifted by 1/4 along the [111] direction between each other. Its common unit cell contains
8 atoms, 4 of Cd and 4 of Te. Atoms are located in such a way that around each atom there
are four atoms of the other element that are located at equal distances from each other are
located at the vertices of the tetrahedron with the center in the other element. The structure
of CdTe does not have a center of symmetry, as in the case of the structure of diamond, since
the atoms that form the basis are different. The view of the CdTe unit cell and the coordinate

system are shown in Figure 2.4.

Figure 2.4: The unit cell of cubic zinc-blende crystal structure for CdTe. Dotted lines define the boundaries

of the unit cell, and solid lines represent Cd-Te bonds.

CdTe is a direct-band-gap E,; ~ 1.49 eV material, which is close to the optimal band gap,
theoretically established, for solar cells (1.28 V) [108|, and a high optical absorption coefficient
(> 5x10° cm™1) above the gap [109]. Some of the basic structural properties of CdTe are listed
in Table 2.3. Depending on the process of obtaining the material, some of the characteristics of
CdTe can vary, especially the electrical properties are very sensitive in respect to doping and

presence of defects in the material.
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2.2. Cadmium telluride (CdTe)

Property Values

Lattice parameter a, A 6.481 [59,110], 6.46 [85]

Density, g - em™ 5.85 [59], 5.87 (at 4K) [85]

Melting temperature, °C’ 1092 [59, 85]

Energy band gap, eV 1.49 (1.606 at 4K) [59], 1.475 [85], 1.512 [110]

4.932 x 1079 +1.165 x 10797 + 1.428 x 10~ 127>

Linear expansion coefficient o , °C~1
at -253 ... +147 °C' [85]

Table 2.3: Physical properties of Cadmium Telluride (CdTe)

CdTe provides a good performance over a wide temperature range and it is used as infrared
optical material for optical windows and lenses [111]. Besides it can be used in various science
fields, such as solar cells [112,113], LED [47], [114], some biological application [115,116], X-
ray and gamma detectors [117]. CdTe can be alloyed with mercury to make infrared material
detector (HgCdTe) [118]. CdTe, alloyed with a small amount of zinc (up to 20 %), is an excellent
solid-state X-ray and gamma-ray detector (CdZnTe) [118,119].

CdTe films can be obtained by different physical and chemical method, such as space subli-
mation [120], SP method [121], chemical bath deposition (CBD) [122], MOCVD [123], thermal
evaporation [124], PLD [125, 126|, sputtering [127], electrodeposition [128, 129] and others.
CdTe is shown as a semiconductor of particular interest, both for its applications and for its
capabilities, although the devices produced with it are below its theoretical characteristics and
potentialities, often due to defects whose control, probably, has not been optimized in the

growth process.

I. Mora-Ser6 in his work showed [59] that the polarity of the surface and the orientation
of the substrate affect both the texture of the layer and the growth rate. Thus, the substrate
orientation is of great importance in the growth of layers. The study showed that, GaAs can
be adequated for the preparation of CdTe . Depending on the growth condiions one can grow
CdTe with (111) or (100) orientation over (100) GaAs, while growth over (111) GaAs always
gives (111) oriented CdTe by using MOCVD. Obtaining layers of one or another orientation on
GaAs, as well as polycrystalline layers with grains with both orientations or even with different
ones, will depend on the previous treatments to which the substrate is subjected.

Despite the wide variety of substrates (GaAs, Si, InP, InSh, sapphire, and others), as well
as the possibility of creating heterostructures of the CdTe/CdS or CdTe/CdSe type, the search
for alternative substrates and compounds for heterostructures continues. In [130] authors used
bi-layer TCO structures CdO:Sn/SnO as substrate for the fabrication of CdS/CdTe solar cells
that exhibited a conversion efficiency of 14.3 %. The TCO layers were deposited using MOCVD,

and closed-space sublimation was used to prepare the semiconductor layers - CdS and CdTe.
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Chapter 2. Materials and growth technique

Other authors [131] fabricated C'dy9Zng15/CdTe photovoltaic device on substrates of different
TCOs: fluorine doped tin oxide (FTO), ITO and CdO. The device layers on the CdO substrate
delaminated but devices with 0.8 um CdTe absorber layer were successfully made onto 240 nm
thick CdS onto CdO and compared favourably with the silmilar device on ITO. Solving the
growth problem, fabrication and optimization of C'dTe/CdO and CdO/CdTe heterostructures
could be of great interest for applications in short-wavelength optoelectronic devices, where CdO
can be chosen as window material and CdTe as absorber for the fabrication of n—CdO/p—CdTe

heterojunction solar cells.
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2.3. A;;MnBy; chalcogenides

2.3 A;;MnBy; chalcogenides

The concept of DMS materials was known for a long time, but only at the end of 80’s of
the last century such materials were presented on the example of GaAs and InAs films alloyed
with Mn [132]. These new DMS materials have high potential for creating new electronic
magnetic devices. There must be some form of ordering among the magnetic moments of
a material, in order to exhibit magnetic properties. For an antiferromagnet the moments are
aligned anti-parallel throughout the material, whilst for a ferromagnet the moments are parallel
aligned. An important parameter for this ordering is the temperature, since if the thermal
energy is larger than the ordering energy, then the material will lose its magnetic properties.
For antiferromagnets, this temperature is the Néel temperature, whereas for ferromagnets it
is the Curie temperature. The main disadvantage of current DMS materials is that their
Curie temperature is below room temperature and results in a loss of magnetic ordering in
everyday applications under ambient conditions. Another key issue is the suitable growth
process for synthesis and chemical stability of the materials with added magnetic ions. For
instance, manganese has a low solubility in GaAs and at large concentrations, x > 0.1, results

in metallic-like conduction, eliminating the semiconducting behaviour [133].

CdTe

CdSe CdS

Cub

ZnSe ZnS

Figure 2.5: A diagrammatic overview of the AL Mn,BY! alloys and their crystal structures. The bold lines
indicate ranges of the molar fraction x for which homogeneous crystal phases form. ”"Hex” and ”Cub” indicates

wurtzite and zinc blende, respectively [134].
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As a rule, ternary alloys formed by substituting Mn for the group IT element in the A;; By
lattice retain the crystal structure of the "parent" A;; By compound [134]. Exceptions to this
rule are Zn,_,Mn,S and Zn,_,Mn,Se, which exhibit the structure of the cubic A;; By host
for low Mn content, but above a certain value of x show the wurtzite structure. In the case of
Zny_zMn,S, the ZB structure is maintained at a Mn concentration of 10 % or less (Figure 2.5).
A natural upper limit on the Mn mole fraction z in DMS is imposed by the fact that MnBy
does not crystallize in the zinc blende or wurtzite structures [134].

Next we will consider some characteristics of ZnMnTe and ZnMnS compounds, as mate-

rials for potential use in modern electronics.

2.3.1 Zinc manganese telluride (ZnMnTe)

One of the most typical representatives of DMS is Zny_,Mmn,Te , which can be considered
as mixed of crystalline systems between two zinc-blended materials, ZnTe and MnTe [135]. In
this compound, Zn?* ions are replaced by Mn?* ions. The Figure 2.6 shows a primitive cell
of ZnTe containing 32 atoms in equal proportion, where one of Zinc nodes is substituted by an
Mn atom. The crystal ionic radius of Znt? is 0.88 A, but Mn*2 is depends on the spin state,
therefore can be 0.81 Afor the low spin state and 0.97 A for the high spin state [136]. The
increase in the Mn content will lead to an increase in the lattice parameter of the compound
Zny_Mn,Te, in addition to an increase in the band gap, and the generation of a certain
density of punctual defects of the vacancy and interstitial types which can disturb the lattice
parameter. Vacancy and their more complex systems based on should, as a rule, decrease the
lattice parameter, and atoms in interstitials positions should increase it [137].

In references [134,138] it was shown that Zn;_,Mn,Te exhibits the zinc blende (ZB) struc-
ture with the composition x < 0.86. In respect to the band gap, it changes from an energy
band gap of 2.28 eV (ZnTe) to 2.9 eV (zincblende MnTe) [139].when the Zn** ions are replaced
by Mn?** ions.

The authors of ref. [140] showed relation between the lattice constant and Mn content x
measured by RBS and EDX for Zn,_,Mn,Te epilayers, where with increasing Mn content the
lattice parameter varied from 6.1037 to 6.3595 A. The result is consistent with the Vegard’s
law, according to which the lattice parameter of a ternary alloy should be linearly proportional
to the chemical composition.

The lattice constants perpendicular to the interface (a L) of the Zn;_,Mn,Te layers grown
on GaAs (100) were found by using the separation between the GaAs substrate (400) peak and
the Zny_,Mn,Te (400) peak of double crystal rocking curves [141] and turned out to be equal:

a L (z) = 6.1056 + 0.2403z (2.3)
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Apart to spintronic applications, ZnMnTe compounds can be used in other fields where
non-magnetic properties of the material can be useful. It was reported that ZnMnTe alloyed
with O could be considered as a suitable material for photovoltaic [142]| or thermoelectric [143]
devices. On an other hand, ZnMnTe alloyed with Cr may be a good candidate for solid-state
infrared lasers [144].

Figure 2.6: Representation and labeling of unit cell structure for Zn;_, Mn,Te crystalline solid state [145]

There are many different methods for preparing ZnMnTe compounds, among which metal-
organic vapor phase epitaxy (MOVPE) [41], molecular beam epitaxy [42], pulsed laser deposi-
tion [43], Bridgman method [146], hot-wall epitaxy [140], etc.

In some methods, a temperature of the order of 400 °C is required to obtain the Zn,_,Mn,Te
compound, but sometimes this value is higher. Thus, the temperature of the Brigman furnace
should be maintained at about 1000 °C' and for low Mn concentrations, good quality large crys-
tals of Zny,_,Mn,Te can be grown, but with high contents of Mn the quality of the crystals is
worse [134]. Taking into account the potential applications of this material, the use of relatively
low-cost growth methods which could make possible to obtain films of good crystalline quality,

is an interesting challenge.
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2.3.2 Zinc manganese sulfide (ZnMnS)

Manganese alloyed zinc sulfide (ZnMnS) is a semiconductor with transparency in the UV-
visible region. It is used as main material for thin film phosphors devices [45], cathode-ray
tubes [117], antireflection coatings [148], light-emitting diodes [149], thin film electroluminescent
displays |150], and photonic technologies |[151]. Unit cell of pure ZnS with alloyed Mn atom at

Zn-site is shown in Figure 2.7.

ZnS exists in two different crystal structures: cubic zinc blende and hexagonal wurtzite
structure. In the cubic crystal structure of ZnS, the optical properties are isotropic. The
crystal structure of the zinc blende is a face-centered cube with a ~ 5.4093 A, beloging to the
space group F43m. The transition from ZB to the wurtzite structure occurs at 1020 °C. The
hexagonal space group is now C6mec with lattice parameters of a ~ 3.811 Aand ¢ ~ 6.234 A
[152].

The a-MnS phase is a stable form of MnS. It has a rock salt structure with a lattice
parameter a ~ 5.2236 A. On the other hand,3-MnS is a metastable form that has a cubic
zince blende structure with a ~ 5,600 A, while the ~v-MnS phase is a metastable form with a
hexagonal wurtzite structure with a ~ 3,976 A and ¢ ~ 6,432 A. Metastable forms can be

stabilized by the formation of solid solutions with ZnS, in wich Mn atoms are substitutional at

0. 0 0,
b, 6

some 7Zn sites.

66&

Figure 2.7: The relaxed wurtzite structures of ZnS alloyed with Mn. The gray, yellow and purple balls
represent the Zn, S and Mn atoms, respectively. [153]

24



2.3. A;;MnBy; chalcogenides

The lattice parameter of the films of the Zn;_,Mn,S samples obtained at different levels
of alloying, can be calculed using the equation for the determination of average distance of
cations-cations (d.) [154]:

do(Zny_M,S) = (3.8300 % 0.0005) + (0.1391 & 0.0010)z (2.4)

providing a value of d.=3.843 Afor £=0.10. The lattice parameters a and ¢ for a wurtzite
crystal are then obtained from the relations [154]:
8

a=d.c= (g)(l/ch (2.5)

Mn alloyed ZnS thin films have been obtained by using different physical and chemical
methods such as resistive thermal evaporation [38], chemical bath deposition [44], radio fre-
quency magnetron sputtering [45], vapor phase [155], chemical co-precipitation [156], liquid-
solid-solution (LSS) [157], molecular beam epitaxy [158|, metal-organic chemical vapor deposi-
tion [159] and hydrothermal method [160]. As a substrate for obtaining nanocrystalline ZnMnS
thin films, it is possible to use different materials among them, glass, silicon, and quartz [44]
are frequently applied.

It was shown in [160] that the crystal size of Mn*T-alloyed ZnS nanoparticles synthesized
by the hydrothermal method and treated at 90 °C' were in the range ~ 2.8 + 0.1 nm and the
size had no the apparent change with the content of Mn*2 ions from 1 % to 20 %. On the other
hand, the crystal sizes of ZnMnS(10 %) nanoparticles prepared by this method slight increase
in the range 2.5 ~ 3.4 nm when synthesis temperature rise from 70 °C' to 110 °C. Authors in
reference [161] presented that an increase in the Mn concentration from 1 to 40 % leads to a
gradual decrease in the lattice parameter from 5.402 to 5.316 A. Moreover, as in the previous
work, the particle size did not depend on the Mn content and it was in the range of 1.8 +
0.2 nm. Therefore, obtaining high-quality compound films by low-cost methods is a promising
way to produce switching devices, creation of buffer layers for photodetectors and sensors,
resistors, transparent heating elements, electro-optical modulators, electromagnetic protective

layers, optical coatings, window photoconverters, etc.
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2.4 Metallorganic chemical vapor deposition technique

2.4.1 Metallorganic chemical vapor deposition system

Metal Organic Chemical Vapor Deposition (MOCVD), sometimes called Metal Organic
Vapor Phase Epitaxy (MOVPE), is a method that is based on the gas-phase transfer of consti-
tutive elements (usually in the form of the precursor) to a substrate where they will react. The
deposition ultimately occurs through a chemical reaction on the surface of the substrate and
usually leads to high-quality deposition of thin films under optimized growth conditions. This
method is well suited for the production of layers with high-quality surface morphology and
precise control of the thickness and uniformity used for different types of devices: lasers, LEDs,
photocathodes, heterostructural bipolar transistors, thin-film transistors, transparent conduct-
ing oxides, photodetectors, and solar cells [80,162,163]. Although there may be some discussion
in the name of the method, it is not significant. If MOVPE can be represented as epitaxial
growth with a given relationship between layer and substrate structures, then MOCVD will
have a more general meaning, which includes the growth of both epitaxial and non-epitaxial
layers.

In this section, we briefly describe the MOCVD growth technique. The main processes
occurring inside the MOCVD reactor will be considered, and the features of the system used
during this work will be emphasized. Growth conditions that were used to grow ZnO, CdO,

CdTe films and structures based on them will be presented.

Basic concepts of the growth process

Figure 2.8 is a diagram of the processes that occur inside the MOCVD reactor. The growth
process takes place by introducing precursors into the main gas flow. Material grows at the
reactor, where heated substrates are located. The precursor are driven by an incoming inert
gas, usually Hs, Ny, He, or Ar. Although the use of hydrogen is not always the best choice since
hydrogen can react with organic radicals. After entering the reactor, diffusion and convection
processes take place; the precursors will pyrolise and reach at the surface of the substrates
where adsorption will occur. As the precursor approaches to the substrate and it is broken (py-
rolised), they can be adsorbed onto the surface of the substrate. Under adequate conditions,
when there is an energetically favorable sites for the growth, chains of physical and chemical
reactions can occur at the surface. The processes of adsorption, diffusion, chemical reactions
and the introduction into the lattice leads to the formation of units of ZnO, CdO, CdTe or other
materials, depending on the growth parameters. As a result, a growing film and a by-products
are formed, which should be removed from the reactor in the main flow, to limit the effects on

the further film growth process [58].
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2.4. Metallorganic chemical vapor deposition technique

All processes that occur sequentially in the reactor can be listed as [164]:

1. Transport of precursors to the growth zone of the reactor.

2. Transfer of precursors from the main gas flow onto the substrate surface.

3. Adsorption of precursors on the surface of the substrate.

4. Superficial diffusion, chemical reactions including pyrolysis, nucleation and crystal for-
mation.

5. Desorption by-products, unadsorbed or unreacted reagents.

6. Transfer of reaction by-products from the substrate surface into the main gas flow.

7. The exhaust of reaction-products outside the growth region.

Main Gas Flow

—_—
o
—
0 Gas Phase Reaction @
Desorption of Volatile
\ Surface Reaction Products

Transport to Surface Desorption of
precursor

D—- OO0 Substrate

Surface diffusion Step Growth

Adsorption of
Film Precursor Nucleation and

Island Growth

Figure 2.8: Precursor transport and reaction processes in the CVD system [165].

Since these steps are performed sequentially, the overall speed of the growth process will
be determined by the speed of the slowest process. On the other hand, although the slowest
process limits the speed, when a balance is reached, the crystal growth occurs in stationary
conditions. Jones in his work [165] showed that the growth rate depends on the temperature
of the substrate during the growth of the material (Figure 2.9).

At low temperatures, the surface processes take place slowly due to the speed of the surface
reactions, which are sensitive to temperature; therefore, the growth process is kinetically limited
by the surface reaction. This region is normally called the region of kinetic growth control and
the growth rate increases exponentially with the rising of substrate temperature according to
the Arrhenius equation [165]:

E

Growth,qe exp(—R—;) (2.6)
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where F/4 is the apparent activation energy, R is the gas constant and T is the temperature in
Kelvin. Since the growth rate of the film is controlled by chemical kinetics, the uniform film
thickness can be achieved by minimizing temperature fluctuations over the substrate surface.
In this growth zone, the substrate is of great importance, since its nature and morphology

largely affects the surface processes that limit the reaction.
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Figure 2.9: Plot of the normalized MOCVD growth rate as a function of growth temperature [165].

As the temperature increases, the dependence of the growth rate on temperature shifts to the
diffusion-limited region, since the growth temperature increases the reaction rate exponentially,
while the reaction rate of the diffusion process slows down until the diffusion process becomes
limiting. The transition from one region to another occurs gradually. In this region, the growth
rate changes relatively little with temperature and mainly depends on the process of gas-phase
transfer to the substrate surface, therefore, in this region, hydrodynamic conditions play a
decisive role in the growth rate [164].

In addition to these two regions, a third region is observed where the growth rate decreases
with increasing temperature. This decrease can be associated with various phenomena that
become energetically favorable at high temperatures, such as the formation of a "parasitic"
homogeneous reaction, a decrease in the amount of reagents due to their deposition on the
walls of the reactor, re-evaporation of material from the layer, or desorption of reagents from

the solid surface. This region is called a zone limited by thermodynamic processes [164].
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MOCVD System Description

For a successful crystal growth using the MOCVD method, it is necessary to use a complex
experimental system that guarantees the quality of the material obtained and the safety of
working with hazardous substances, such as metallorganic precursors. Therefore, the MOCVD
system is not only the reactor where crystal growth reactions take place, but also a complex net
of valves and pipelines that control the exhaust gases and precursors entering the reactor [166].

In our case thin films of materials of II-VI group were obtained in a horizontal quartz
reactor (Quantax 226) of the VENT-RUN type. The MOCVD system consists of the reactor
itself, the gas transfer system and the gas exhaust system. Figure 2.10 presents a simplified
diagram of the MOCVD system of the Vent-Run type, gas transfer lines, evacuation path,
location of the reactor and bubblers with metalorganic (MO) precursors. The flow of each of
the lines is controlled by Mass Flow Controllers (MFC), which we will briefly describe in the

next subsection.

. MFC
Coil RF OO T =] VENT
_l_l. 5 3 Carrier for MO
Reactor } T =1 Carrier for TBA
ot {1} TBA
Bubbler
Exit e@—(1+—MO1
Valve MO2
{} Dummy
=] Sweep

Figure 2.10: MOCVD horizontal cell configuration

At rest condition, the system is purged by Hydrogen with high purity, which due to its
potential danger, must be outside in a well-ventilated area.

All processes during the experiment are controlled by console. The console controls the
valves with compressed air that are closed or opened, depending on the growth step. Differ-
ent carrier gases can be used depending on the objectives of the experiment. During system
operation, the gas is distributed to two transport lines: VENT and RUN.

The VENT branch is sent directly to the exit of the system, without passing through the

reactor, and is used as an auxiliary gas line for drive out the carrier gas and precursors that do
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not have to pass through the reactor at some particular growth stage. In turn, with the help
of the RUN branch, various flows inside the reactor are controlled. The step of the experiment
defines which of the lines will be activated. To ensure stable operation of the system, it is
necessary that the pressure in both lines be maintained at the same level, due to pressure
compensation by other lines throughout the entire growth process. This allows avoiding the
possible formation of vortices in the main gas flow or the appearance of reverse voids when
redirecting the Run-to-VENT line or vice versa. For this purpose, an electronic regulator is
used, which controls the branch output and the pressure in the branches, as well as two SWEEP
and DUMMY compensating gas lines. The SWEFEP line allows gas to directly enter the reactor
through a side inlet to balance the flow in the reactor and helps to hold the precursors inside the
reactor. DUMMY line is used in the steps before and after growth when we do not introduce
precursors into the reactor. DUMMY line will always be displayed as the sum of the injection
lines of the precursors involved in the growth and we can always keep the same amount of flow

inside the reactor and avoid possible turbulence or vortices during the growth stage.

Figure 2.11 shows the appearance of the MOCVD system reactor used to grow the thin
films presented in this thesis. The reactor has several inlets for the delivery of precursors and
lines for stabilizing the gas flow. The top inlet is used for the intake of metal precursors and the
bottom inlet for the entrance of the oxygen precursor. This prevents or reduces the interaction
and preliminary reactions in the vapor phase in the internal lines. Precursors are located in
special containers called Bubblers. The name is due to the fact that the carrier gas enters
the container with the precursor through a tube and forms bubbles that are saturated with
precursors vapors and then transported by the carrier gas to the outside. Bubbler’s outlet lines

are heated to temperatures above 50 °C' to avoid possible condensation along them.

aal I
Radiofrequency generator

Figure 2.11: Side (a) and Rear (b) view of the reactor, with the designation of independent inputs.
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Inside the reactor are two fundamental elements, such as the deflector and the susceptor.
The deflector is a rectangular cover made of quartz, which is used to conduct the gas flow
inside the reactor, while the susceptor is the element, constituted by graphite, wich will heat the
substrate to the desired growth temperature . Heating is provided by an external radiofrequency
generator. The surface of the susceptor is coated with a layer of silicon carbide (SiC') to prevent
any diffusion of impurities from the graphite, as well as the absorption of gas by graphite pores.
The substrate holder is made of molybdenum, which, due to the high thermal conductivity,
ensures uniform temperature at the substrate, which is controlled from the control panel using
two K-type thermocouples. The distance between the thermocouples and the substrates and
the corresponding temperature difference make necessary to pre-calibrate the temperature.

Finally, all gases, including those that have passed through the VENT line and which,
therefore, have not passed through the reaction chamber, are collected in a common pipe under

the reactor and removed to the atmosphere after passing through the appropriate filters.

2.4.2 Electronic system of MOCVD

The carrier gas, together with the precursor, enters to the reactor chamber to provide the
formation of films of the necessary materials. The amount of flow entering the reactor is
controlled with the help of valves called Mass Flow Controllers (MFC). The value is measured
in units of Volume/Time and under standard pressure and temperature conditions the units are
scem(standard cubic centimeters per minute) or, in the case of main branches, slm (standard
liters per minute). Mass flow controllers consist of a flow sensor, bypass, valve, and control
circuit, as shown in Figure 2.12 [167].

MFC in working position directs the flow of gas from the bubbler to the reactor. A portion
of the main carrier gas flow is introduced into the valve through the base. In the VENT
position, the flow is directed to the external circuit connected to the gas outlet, which allows
stabilizing the flow of precursors before transferring it to the reactor. To achieve optimum
system performance, the pressure on the vent side and entrance side must be balanced.

During MFC operation, the gas flow is divided into two parts, so that one part passes
through the sensor and the other through the bypass. The amount of gas that passes through
the sensor is proportional to the total amount of gas, so by measuring it, we get an indicator
of the total flow that passes through the MFC. The sensor consists of a capillary tube with
two thermistors that surround it at the inlet and at the outlet. When the gas begins to flow
into the sensor, a temperature difference occurs between the inlet and the outlet thermistors,
thermal balance is lost and the temperature distribution of the sensor changes. This change
causes the change in the resistance and it is measured as a change in a signal from 0 to 5 V.

The signals at the input and output resistive elements are compared and the circuit acts on
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the control valve, so the difference between these two signals is zero. This circuit in the form
of a loop with feedback provides protection against changes in pressure and temperature in the
environment and ensures stable operation. In other words, MFC always maintains the target
value by opening or closing the valve. The difference in temperature created between the two
elements depends on the mass flow and the specific density and heat capacity of the gas. The
accuracy of the MFC we use in the MOCVD system is 1 % of the full scale.

3 Compariso

jJau]

Qutput signal : . Input signal
S -t l e 4 0mA
-
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Flow sensor

circuit
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i1 1 Control valve

GAS IN =) =) GAS OUT

Figure 2.12: Structure of Mass Flow Controller [167]

Thermocouple-based MFCs typically use nitrogen as a reference for calibration. In the case
using the other gases, their specific heat capacity and density may not match, what will affect
the value of conversion factor (C.F) and the actual flow rate and can cause abnormal operation
or abnormal flow. Table 2.4 shows the multipliers that should be applied to the MFC readings
for the different gases used in the MOCVD processes.

Gas Ny He Hy Oy Ar Air
Conversion factor 1.0 14 1.0 0993 14 1.0

Table 2.4: Conversion factor for MFC application for various gases [167].
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2.4.3 Our working system

For optimal growth of layers of II-VI group materials, a modified MOCVD Quantax 226
system was used by our Crystal Growth group at the University of Valencia. The working
system has two horizontal reactors of the Vent-Run type (Figure. 2.13), which work alternately
to grow different materials. The system is controlled by a control panel (Figure 2.14), which
regulates the transport lines, as well as the opening and closing of various system valves and
the growth temperature. The transport lines connect the bubblers with the precursors to
the reactor chamber. The bubblers themselves are located in thermostatted baths, where the

required temperature is maintained depending on the task in hand (Figure 2.15).

Figure 2.14: Control panel of MOCVD Quantax 226 system
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Figure 2.15: Photographs of thermostatic baths for precursor cooling

Figure 2.16 shows the components that are located inside of the reactor during the material
growth. To prevent contamination during the formation of films, it is necessary to get rid of the
residual deposition of the previous experiment. The precipitate formed after the experiment
is removed using aqua regia (a mixture of hydrochloric and nitric acid HCl : HNOj3 in a
volume ratio of 3:1) in a well-ventilated cabinet, after which each part is rinsed abundantly
with ultrapure water. Finally, the pieces are dried for at least 12 hours to avoid the remaining

moisture entering the reactor.

Figure 2.16: View of the pieces on which we place the substrate inside the reaction chamber
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2.4.4 Precursors

The molecules used to grow the material in the MOCVD system are usually formed by
atoms of groups II, III, V, or VI associated with one or more organic radicals and /or hydrogen.
The most common designation used in MOCVD to designate precursors are M, E, NP, IP, NB,
IB, TB and A to designate methyl, ethyl, n-propyl, i-propyl (or isopropyl), n-butyl, isobutyl,
tert-butyl and allyl radicals. The chemical nature of these molecules allows their pyrolysis to be
low at relatively high temperatures, releasing the atoms of interest and causing layer deposition,
leaving various organic molecules as a residue [59]. There are different molecules of the same
element, therefore, the choice of precursor must be made depending on the conditions specified

in obtaining the desired material.

In the process of crystal growth, a very important parameter is the amount of material
- precursor that is fed into the system. As we already described above, the precursor was
introduced into the reactor of the system using a carrier gas. The carrier gas passes through a
bubbler with the precursor (Figure 2.17) and blows and extract the molecular fractions of the
required material through the transport tubes to the substrate surface in the reactor. Precursors
may be present in both solid and liquid phases [168,169|. To change the amount of material
produced, it will be necessary to take into account different parameters as the temperature of

the precursor, the pressure in the bubbler, and the flow of gas flowing inside it.
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Figure 2.17: Bubbler for the precursors of MOCVD [168].
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Let us use the work of R.J. Betsch [170], who carried out a parametric analysis of control
in the MOCVD system. Suppose that the gases, we work with, follow the laws of an ideal gas.
Thus, the gas inside the bubbler and the precursor vapor are in perfect balance:

NPre PP;:
- % (27)
Ngzzs Ppar

where the variables N and P,,, represent the number of moles and the partial pressure, respec-

tively, superscripts pre and gas represent the metal precursor and the carrier gas, respectively.
In this case, the pressure of the system, or more precisely, the pressure at the outlet of the

bubbler (FPy) is equal to the sum of the partial pressures of the carrier gas (P9.) and the

parcial pressure of the precursor (PP¢). But since the pressure in the system is much greater

than the partial pressure of the precursor (Pyy, » ngﬁ), and, taking into account that we are

in a situation of dynamic equilibrium, the expression will have the form:

pre pre
pre __ gas vap _ gas  __vap
NPTE = o ot — o (2.8)
bub — {4 par bub
where (PIre = PI¢) - since we are in a situation of dynamic equilibrium, that is, the gas

mixture is saturated and, therefore, the precursor partial pressure is equal to its vapor pressure.

If replace the number of moles by the amount of flow we need, the expression will be written

as:
prre
pre _ gas va
Flux(mol/time) - Flux(mol/time) ) Pbub (29)

If we know how much carrier gas is supplied, its pressure and pressure in the bubbler with
a precursor, we can calculate the number of moles of the precursor, which we extract per unit
of time. Since control takes place with the help of MFC, which measures in sccm or slm, and
taking into account that 1 mole of ideal gas takes up 22.4 liters under standard conditions, we
have a direct relationship between measuring MFC and the number of moles per unit time in

the carrier gas:

gas Flux?gcscm)
Flux(mol/mm) = TOO (210)

Substituting equation 2.9 into equation 2.10, we obtain an expression for calculating the
number of moles per unit time for a precursor:
prre Flux(l,

Fluz®®, = = (scem) 2.11
W mat i) = P, 22400 (211)

36



2.4. Metallorganic chemical vapor deposition technique

. P at 298 K (Torr) Melting Boiling  Density Molecular
Metalorganic precursor Constans (A/B) . . .
LogP=B-A/T point (°C') point (°C) (g/mL) Weight(g/mol)
(C3H7)oTe Te 3,46 2309 / 8,288 [171] N/A 49 1.365 213.778 [172]
(CoHs)2Zn Zn 8,53 2109 / 8,280 [165,168] -28 117 1.205 123.50 [173]
(CHj)2Cd Cd 35,64 1850 / 7,764 [168] -4,5 106 1.985 142.484 [174]
(CH3);COH 0O 56 2545 / 10,14 [101] 25 82 0.775 74.123 [175]
Table 2.5: Physical properties of precursors.
HaC, CHs CHs HsG,
H,C—Zn—CH, L HC CH3 H3C%—OH
+
CHy HsC~ Te  CHs Cd HsC
(a) (b) (¢) (d)

Figure 2.18: Precursors: (a) Diethylzinc (DEZn) [173], (b) Diisopropyl telluride (DIPTe) [176], (¢) Dimethyl-
cadmium (DMCd) [177] and (d) tert-Butanol (¢-butanol) [178].

Table 2.5 presents the main parameters of the precursors that we applied in this work.
We used Diethylzine (DEZn), Diisopropyl telluride (DIPTe), Dimethylcadmium (DMCd) and
tert-Butanol (¢-butanol) as precursors for Tellurium, Zinc, Cadmium and Oxygen, respectively
(Figure 2.18).

The vapor pressure of a material depends on the nature of the material and its temperature.

Using the August equation [165,168,171], we can have an expression for each material:

B
LogipPressure(mmHg) = A — T (2.12)

where A and B are two given constants for each material, and T is the temperature of the
termobath with precursor’s bubler in Kelvin. The temperature control will determine the vapor
pressure of the precursors, which will make possible to control the amount of the substance
entering into the working chamber of the reactor.

To recalculate the pressure in Pascal, the equation will take the form:

101.325
760
where 101.335 is the standard atmospheric pressure in kilopascals, and 760 is the equivalent of

(2.13)

Pressure(kPa) = Pressure(mmHg) -

atmospheric pressure in mmHg (Torr) |179)].
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2.4.5 Substrates

During the films growth using MOCVD, the nature and surface state of the substrate is very
important, because the layer nucleation depends on the arrangement of the surface atoms and
their availability to be bound. Moreover, ideally, the substrate should be inert under growth

conditions in order to avoid diffusion into the layer or reaction with the precursors.

The substrate will play the role of support for the thin layer of the obtained material. In
the case when the grown material reproduces the crystal structure of the substrate we have
epitaxial growth. The easiest way to induce epitaxial growth occurs on a substrate of the same
material with a well-defined orientation at the face on which the layer will grow. But it is
not always possible to find substrates of the same material for growing crystals with sufficient
quality or affordable cost, so in many cases, it is necessary to choose alternative substrates that
closely match, as fast as possible, the required conditions. This can affect the structure and
orientation of the resulting layer of material that grows on it. In this case, we are talking about

heteroepitaxy.

During heteroepitaxy, it is important that the lattice parameters of the substrate and the
layer be as similar as possible. Achieving a certain critical thickness, so large that the layer is
forced to relax to its lattice parameter, will lead to the creation of defects, such as dislocations.
The coefficient of thermal expansion of the substrate and the layer should be as close as possible
in order to avoid an additional introduction of defects during the cooling process after growth.
Optimization of the growth process will minimize defects, which will increase the crystalline

quality of the sample.

Using the previous experience with materials of the II-VI group |58,180], sapphire and GaAs
were used as substrates for the growth of materials under study in this thesis. Some parameters
of the substrates are shown in Table 2.6. Thus, oxide films (ZnO and CdQ) were prepared onto
sapphire substrates [180|. This material has probably been the most commonly used substrate,
not only for the growth of layers of these materials but also in obtaining nanostructures. Sap-
phire, or a-AlyO3, is the only aluminum oxide thermodynamically stable at room pressure and

temperature conditions, although there exists a polymorph phase v-Al,Os.

Sapphire crystallizes on the corundum structure and, thus, presents rhombohedral symmetry
(figure 2.19 a). To improve the sapphire surface, chemical polishing and/or chemical etching
processes are carried out. Sapphire plates can be cut to a desired orientation with small
miscuting (less than 0.5°) or others miscuting, and it can be commercially accesible polished
for one or both sides. Sapphire has different natural planes, as the C, M, A or R - planes, which
are used for the production of various materials, including oxygen sublattices with hexagonal

symmetry (Figure 2.20).
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Property Sapphire GaAs

Lattice parameter, a (A) 4.758 [181], 4.763 [182] 5.6515 [183], 5.653 [184]
Lattice parameter, ¢ (A) 12.991 [181], 13.003 [182] -

Density (g - cm ™) 3.98 [181], 3.99 [182] 5.3176 [183]
Melting temperature (°C') 2040 [181], 2053 [182] 1.238 [183]

Band gap (V) 9.5 [185] 1.441 [183), 1.43 [186]

Linear expansion coefficient o, °C' 5.8 x 1075, at 20°C to 50 °C' [181] 5.39 x 107°, at 0 to 30 °C [187]

Table 2.6: Physical properties of sapphire and GaAs

)

(a)

Figure 2.19: Crystal structure of (a) trigonal crystal of sapphire [188] and (b) ZB GaAs [189].
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Figure 2.20: Sapphire crystal planes [190]
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It have been shown [59] that a suitable substrate for CdTe is GaAs (figure 2.19 b). GaAs
is the third semiconductor most widely used in industry after silicon and germanium. in our
case, GaAs with a (100) £+ 0.5° orientation (from ATX) was used as a substrate with one of
the faces polished with "epyready" quality, with a surface roughness of ~ 0.3 nm, which was
measured using AFM. The substrates were supplied in the form of a two-inch "plate" with a

thickness of 500 mm. These substrates, like sapphire, were cut to obtain smaller substrates
that were used for the growth of CdTe, CdOfilms and the CdTe/CdO heterostructures.

2.4.6 MOCVD growth parameters

In order to obtain films with the desired characteristics, it will not be enough just to use a
suitable substrate. Important factors to be taken into account during the growth of the layer
are the susceptor temperature, the molar ratio and flow of precursors, the flow of the carrier gas,
the reactor pressure and the growth time, in addition to the reactor design, chosen precursors,
carrier gas, etc. Any change in them will affect the physical properties of the obtained films, in
particular, their structural characteristics (crystal quality, lattice parameters, etc.) and their
morphology. All of these changes will be measured using several characterization techniques,
which will be discussed in the next chapter.

As described in Section 2.4.1, the separation into two branches of the injection lines of MO
precursors (DEZn, DMCd or DIPTe) and oxygen precursor (t-butanol) helps to avoid or reduce
parasitic reactions before the precursors arrive onto the substrate. The used growth conditions
are shown in Tables 2.7 and 2.8. Mostly, high purity Nitrogen (6N) was the usual carrier gas,

but sometimes Hydrogen or Helium were used. All films were grown at atmospheric pressure.

ZnO CdO CdTe CdZnO

Parameter
Values

Fluxes (sccm) Carrier 11 1900 1900 2800 1900 (2700)>
Carrier VI 300 300 200 300 (426)?
Dummy 200 150 50 250 (355)2
Sweep 2000 2000 1250 2000 (2840)3
Reactor preassure (Torr) 760
Prec. Ratio (VI/II) 5.04 5.17 0.12-5.25 (10.5)1 5.10
Substrate temp. (°C') 300-400 304 284-380 304
Growth time (min) 1-90 15 602 3.75-15 3
Substrate R, M, A-sapph R-sapph or CdTe  GaAs or CdO R-sapph

Table 2.7: The growth parameters of ZnO, CdO, CdTe layers and structures based on them in the MOCVD
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Precursor Bath temp.(°C') Preassure (Torr) Carrier gas (sccm)  Precursor flux (umol/min)
ZnO
DEZn 16 9-35 2.85-19.91
tert-butanol 28 700 9-35 14.35-100.40
CdO
DMCd 12 25 7177
tert-butanol 28 760 12.5 13.87
CdTe
DIPTe 15 25-475 1.16-52.54
DMCd 12 700 9 (4.5)1 9.99 (4.95)!
CdZnO
DEZn 16 5 5 (7.71)?
DMCd 12 760 20-96 10-48 (14.2)?
tert-butanol 28 25-98 25-98 (35.5)2

Table 2.8: Parameters of precursor fluxes during growth of ZnO, CdO, CdTe layers and structures based on
them in the MOCVD system

1 - In the last experiments with Ratio(VI/II)=10.5, 2-step growth was made with 1 and 6 min for the steps, respectively, maintaining
the DIpTE flow and decreasing the DMCd one.

2 - Due to the use of He as carrier gas, growth parameters like gas and precursor flow were changed (see Conversion factor in
Table 2.4)

3 - In experiments with higher nominal Zn content, the growth time increased

To obtain ZnO thin films, we applied the previous experience of our scientific group [180].
From this experience, several changes in the values of precursor fluxes, growth temperature
and time were tested to have a film with the lowest thickness and surface roughness. Sapphire
with different orientations (see cut planes in Figure 2.20) was used, and a chemical treatment
of the substrates in some experiments was carried out. Two different positions at the susceptor
were used for placing there the substrates. The first position of the substrate holder is at a
distance of 5.1 cm from the entrance to the cell, and the second is at 16.3 cm. The results of

the experiments will be shown and analyzed in Chapter 4.1.

For the growth of CdZnO ternary compounds, R-sapphire, was the choice as substrate,
because the ability of this cut plane to produce CdO films with good structural quality [100,191]
and considering that the cubic phase of the ternary should be similarly matched as CdO. High
purity Nitrogen (6N) was the carrier gas, but for the sample with high Zn content (20 %),
Helium was applied too. In this case, the flow parameters were corrected taking into account

the conversion factor (see Section 2.4.2).
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As mentioned above, GaAs and R-sapphire were used as substrates for the growth of C'dTe
films and CdTe/CdO heterostructures. We used the data obtained in a previous work [59] as
starting point to grow C'dTe thin films. After finding the optimal parameters of the experiment,
a growth series of CdTe/CdO and CdO/CdTe heterostructures were carried out. Since it was
not possible to obtain monocrystalline films with a single orientation, before the beginning of
CdTe films growth, the short time growth (2.5 min) with a reduced temperature (295 °C') was
performed to create more nucleation points. Ultimately, the growth time was reduced and the
ratio of precursors VI-II increased to 10.5. The results of the experiment and their analysis are

given in Section 4.3.
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2.5 Close-spaced vacuum sublimation technique (CSVS)

2.5.1 Close-spaced vacuum sublimation system

It is widely believed that the growth of bulk monocrystals from the vapour phase is of little
practical importance due to the relatively low growth rates inherent at this method. Indeed,
the growth rate of bulk single crystals from the vapour phase is usually equal to tens of pm/h.
Nevertheless this method can be successfully used for growing thin films. The processes of
growing layers from the vapour phase are very sensitive to changes in growth conditions and
the composition of the feed phase. However, the influence of these factors is significantly
smoothed out due to the low growth rates, which contribute to be near of the equilibrium
growth conditions [192].

The advantages of growing crystals in a vacuum (107°-107% Torr) with subsequent conden-
sation on a substrate include the cleanliness of the conditions for obtained materials. Due to
the fact that usually the reactions in the gas phase proceed at relatively low temperatures, a
number of compounds that melt incongruently can be grown by using the vapor phase methods
at temperatures significantly lower than the melting temperature.

Among the methods from the vapour phase there are the thermal evaporation methods.
Despite the advantages of an vacuum thermal evaporation process, as simplicity, low cost, fast

process, and others, this method has some disadvantages, among which we should note that:

e 1) it is difficult to strictly have the same conditions in different processes, as a result of

which the chemical and phase composition from sample to sample can vary;

e 2) the films cannot be grown at high substrate temperatures, as a result of that they
could consist of small crystallites of 0.02-1 um in size and consequently have a carrier

mobility 1-2 orders of magnitude lower than in monocrystals.

To reduce these shortcomings at the synthesis of films, it is possible to use thermal evapo-
ration at short distances from the substrate which is called the close space vapour sublimation
(CSVS), which offers some advantages. The method produces samples in which, after adequate
selection of the growth conditions the composition of the growing crystal can be near to the
composition of the source, and the vapour phase consists only of atoms or molecules that form
the source and crystal.

In this section, we briefly describe the CSVS growth technique. The main processes occur-
ring inside the working volume of chamber under vacuum will be considered, and the features
of the system used during this work will be emphasized. Growth conditions that were used for
growth of ZnMnTe and ZnMnS will be presented.
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Basic concepts of the growth process

To obtain films in modern microelectronics, there are many mechanical, chemical and con-
densation methods. Among them, the growth of crystals from the vapour phase is considered
one of the important methods for obtaining stoichiometric crystalline materials. Vapour phase
deposition is convenient for large scale operations (from the coating of turbine blades to growing
epitaxial layers of semiconductor materials), it can be used to coat irregular-shaped substrates,
including growth on inside surfaces, and offers maximum control of materials properties such
as thickness and composition. Another practical advantage is that it does not involve the con-
tacting of the growing surface with a liquid or solid phase, thus avoiding numerous potential

problems during and after the growth process [193].

Growth from vapour is the preferred phase transition to obtain thin layers, while the growth
of bulk crystals from vapour is more likely an exception as before said, applicable only in case
of unavoidability of other options [194]. The process of crystal growth from the vapour phase
consists of the same steps as the crystallization process from the liquid phase: 1) supply of the
crystallizing component to the growth surface (mass transfer processes); 2) surface diffusion
(migration along the growth surface and the incorporation of atoms into the crystal); 3) diffusion
in the crystal (migration in the crystal); 4) removal of crystallization heat from the growth

surface (heat transfer processes).

From a technological point of view, the methods for growing crystals from the gaseous phase
are divided into three large groups, differing in the way atoms are delivered from the source to
the growing crystal [192]:

1) sublimation-condensation method;

2) chemical reactions of decomposition - reduction method;

3) chemical transport method.

In modern semiconductor technology some technological processes for producing single crys-
tals from the vapor phase in systems with reduced pressure (in vacuum) are used. Mass transfer

in vacuum includes the following three main stages:

1) transition of a substance from a condensed (solid) phase to a gaseous one;

2) transfer of this substance from the source to the substrate under a reduced overall gas
pressure;

3) condensation of vapors of the substance on the substrate.

The transfer of a substance from a condensed phase to a gaseous phase is mainly carried
out by thermal evaporation, which consists in heating the substance to a temperature where
the energy of the surface atoms of the substance becomes higher than their binding energy with
neighboring atoms, as a result of which they acquire the ability to be transfered to the vapor

phase.
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Depending on the relationship between the mean free path of an atom or molecule in a
vapor, [, and the distance from the vapor source to the substrate L, there are two main modes
of mass transfer of the substance in vacuum. At [ < L, the vapor from the surface of the
evaporated substance moves in the form of a continuous flow, which is characteristic of chemical
vapor deposition (CVD) methods. At [ > L, the vapor moves from the evaporation surface in
the form of molecular beam within which atoms or molecules propagate along straight paths,
which is more characteristic of physical vapor deposition (PVD) methods. Consequently, PVD
processes usually proceed under vacuum conditions to maintain the flow in the form of a
beam, while CVD processes usually take place at atmospheric or only slightly reduced pressure
(105 Pa > P > 10? Pa) [194].

The borders between the two classes of vapor phase growth techniques are not sharp. Even
in the processes generally considered as typical physical vapor deposition processes, in most
cases chemical reactions take place.

When growing from the vapour phase, it is customary to isolate diffusion and kinetic growth
regime. If the limiting stage of the process is the supply of material to the growth surface, then
this growth process is spoken of as going at diffusion regime. If the limiting stage is the processes
of migration and incorporation of atoms onto the growing surface, then the growth process is
goberned by the kinetic. If the rates of supply of crystallized material and migration processes
are comparable, then it can be said that the process proceeds in the transition regime.

It is customary to distinguish at least three simultaneously proceeding stages:

1) transfer of reacting substances to the interface - the reaction zone;

2) chemical interaction in the reaction zone;

3) removal of reaction products from the reaction zone. The overall speed of the process
will be determined by the speed of the slowest (limiting) stage.

The main parameters affecting the equilibrium of chemical reactions are temperature, pres-
sure and concentration of reacting substances. In practice, these parameters are usually used
to shift the equilibrium in the desired direction, that is, to regulate the equilibrium degree of
conversion in accordance with the law of mass action.

The sublimation-condensation method can be used to grow congruently evaporating
semiconductor compounds and solid solutions based on them, the components of which have
sufficiently high vapor pressures (= 1 mmHyg), as well as in cases where their growth by other
methods is complicated or leads to crystal degradation. Growth by evaporation and subsequent
condensation is used widely to make thin layers and bulk crystals, as for instance compounds
of cadmium or zinc with sulfur, selenium, or tellurium [195].

Chemical reactions of decomposition - reduction method turns out to be very effective
for growing single-crystal ingots of some compounds from the gaseous phase, the components

of which have low vapor pressures at acceptable growth temperatures. The source consists of
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gaseous molecules containing atoms of a crystallizing material. A crystal of a given composition
is formed as a result of a chemical reaction proceeding on the substrate (or near it) and leading
to the release of atoms of the crystallizing material.

The growth of crystals from the vapor phase by the chemical transport method is based
on chemical reactions, the same as chemical reactions of decomposition - reduction method.
Crystal growth occurs as a result of decomposition reactions of gaseous molecules. When a
gaseous reagent X interacts with a solid, non-volatile substance A at certain temperatures and
vapor pressures X, volatile compounds of different compositions can be formed. Under constant
conditions, a certain state of equilibrium is established between them. If the temperature of
the system will be changed, then the state of equilibrium will be violated and the composition
of the mix components will change. By choosing the conditions under which the formation
reaction of the volatile compound XA predominantly takes place in the source region, and its
decomposition with the release of component A in the crystallization region, it is possible to
provide conditions under which the transfer of A from the source to the growing surface and
the growth of a crystal of substance A will occur [192].

As evaporation in the vacuum, CSVS method allows getting layers with a thickness of a few
angstroms to several tens of microns. At the same time, uniformity and a maximum purity of
the material are achieved, the film growth conditions are easily controlled and it is possible to
use masks for the manufacture of layers of a given configuration. The use of a two-temperature
control (evaporation (7,) and substrate (T;) temperature) allows a better control of the film
growth process. A schematic representation of the working vacuum chamber for evaporation
is shown in Figure 2.21. In some cases to prepare A;; By films two sources can be used. In
this case, a three-temperature control method is used: a substrate (T) and 2 independent
evaporators (T.), one of which contains metal, and the other a chalcogenide. [55].

The quality of the deposited films (chemical composition, degree of structural perfection,
electrical, optical properties) is determined by the evaporation processes of the initial material,
the difference in vapor pressure of the components, the processes and conditions of condensation
on the substrate, and the integrity of the layers is determined by the design feature of the
evaporator.

The vacuum (1 x 107 to 1 x 1077 Pa or 1x1073 to 1x10~Y Torr) allows the growth process
to be carried out at evaporator temperatures lower than when atmospheric pressure is used, in
addition vacuum conditions significantly reduces the film contamination, but the low density
of the material in the vapour phase leads to low growth rates.

The advantages of vapor growth methods can be summarized as follows [194]:

e Crystallization proceeds at temperatures much below the melting point.
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e Also "difficult" materials, wich are complicated to be obtained by other methods (for
example, owing to large differences in the segregation coefficients of the constituents of

an alloy) can be synthesized.

e Mixed crystal composition and dopant concentration can be held constant or changed in

almost any desired manner during growth.
e Generally, the source materials for the synthesis process can be provided with high purity.

e The thickness of crystalline layers to be deposited can be controlled with an accuracy of

one atomic monolayer.

e The crystalline material generally shows good surface morphology, high purity, good

crystallographic perfection and uniform layer thickness.
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Figure 2.21: Schema of a vacuum chamber for condensation of a film by two-temperature method [55]:

1 - Glass or metal cap; 2 - Heating element for heating the substrate; 3 - substrate; 4 - thermocouples for
measuring the temperature of the substrate; 5 - step shutter; 6 - quartz plate; 7 - support for a substrate and a
heater; 8 - shutter; 9 - evaporator; 10 - tungsten or molybdenum spiral for heating the evaporator; 11- handle

for moving the shutter 5.
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Our CSVS system overview

The scheme of the original device for depositing thin films in the CSVS is shown in Fig-
ure 2.22. The main constructive element of the device is a ceramic monolithic cylinder (1),
which forms a compartment for the evaporation of the semiconductor substance (2). At the
bottom of the compartment there is an evaporator, made in the form of a thin tungsten tape (3).
By adjusting the amount of current flowing through the tape, it is possible to change the evap-
oration temperature and, accordingly, the rate of evaporation of the films. The substrate (4)
on which the layers of the three-component compounds are growing is secured to the holder (5)
with the heating element (7). In the process of growing films, the substrate with the help of
a manipulator was pressed to the CSVS sealing it. The substrate was fixed at a distance of
about 25 mm from the evaporator. To reduce the condensation of the evaporating substance
on the CSVS walls, they were heated by means of a heating element (8). The temperature of
this heater was chosen in such a way that the condensation of the substance occurs only on
the substrate (4). To monitor the temperature of the evaporator and the substrate, chromel-
aluminium thermocouples (6, 10) were used, the signal from which comes to the multimeter,
which determine the temperature. To prevent heat dispersion when heating the CSVS, the
walls of the ceramic cylinder with the heating element was surrounded by an auxiliary metal
screen (9), which separated the system from the rest of the vacuum chamber. In the process of
evaporation of the material, the condensation volume is "locked"”, and the gases of the residual
atmosphere do not get into the film.

The temperature of the evaporators, the walls and the substrate was controlled by chromel-
alumel thermocouples < THA-5041300> (6, 10 in Figure 2.22). The signal from which was
driven to ADC multimeters APPA-108N and UT70B.

2.5.2 Temperature control system

Stabilization of the temperature of the substrate, in other words, the temperature of depo-
sition, plays a crucial role for obtaining samples with repeating characteristics. This is due to
the fact that the size of the crystallites and the structure of the condensate is determined by the
temperature of the substrate. At low temperatures, the size of the crystallites can be very small,
with the increase in the temperature of the substrate, the size of crystallites increases. In case
of homoepitaxy during the condensation on monocrystalline substrates there is a temperature
at which the epitaxial growth of the film begins (epitaxy temperature). That is why, for the
production of high-quality samples of semiconductor films, a proportional-integral-differential
(PID) controller, in our case an "OVEN TRM10", for the control unit of the TRIACs and
thyristors (CUTT) is a necessary technological element for obtaining good-quality samples of
semiconductor films (Figure 2.23) [196].
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Figure 2.22: Diagram of the device for the synthesis of chalcogenides by the CSVS method:
1 - CSV walls; 2 - evaporation compartment; 3 - evaporator; 4 - substrate; 5 - holder of the substrate; 6, 10 -

thermocouples; 7, 8 - heating elements; 9 - thermal screen [197].
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Figure 2.23: Functional scheme for obtaining A;; By semiconductor film compounds by condensation in a

vacuum environment with temperature stabilization by using a ?7OVEN TRM10” PID-controller [196].
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The microprocessor programmable TRM10 type regulator with an input sensor (thermal
converter or unified source) is intended for control and management the technological processes,
which requires increased accuracy of the value of the measured parameter [198].

The parameters of the device are set by the user and stored when the power is turned off

in the non-volatile memory of the device.

2.5.3 Our working system

The growth of samples by the CSVS method was carried out at the laboratory of the
"Research of nanoelectronics material" group at the Sumy State University. As charge, ZnMnS
(7 %) and ZnMnTe (5 %) were prepared in Chernivtsi National University in laboratory of
Fochuk P.M. by sublimation of elementary components of these materials. ZnMnTe and ZnMnS
compouds were deposited in the vacuum system VUP-5M (OJSC Selmi, Sumy) (Figure 2.24).

The residual gas pressure in the chamber was no more than 5- 1073 Pa.

Figure 2.24: General view of equipment VUP-5M.

The getting of ZnMnS and ZnMnTe layers was carried out in the CSV in several stages, the

main of which are:
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1) loading of material charge at the evaporating compartments;

2) closure of the ceramic cylinder by the substrate;

4

5) direct evaporation of the loaded substance;

)
)
3) creation of a vacuum in the working volume;
) warm up of ceramic walls and substrate;

)

)

6) cooling the substrate with the film to room temperature.

Structural and optical studies were performed for the obtained samples, the results of which

are given in Section 5.

2.5.4 Substrates

As before commented substrates play an important role in obtaining high-quality deposition,
and the best substrate would be one that ideally matches the lattice of the resulting material,
as in homoepitaxy. Nevertheless, the achievement of homoepitaxy is not always possible, there-
fore, other materials, resistant to chemical reactions and/or diffusion processes are chosen as
substrates. With the development of the solar cell industry, there has been an increase in
the need for low-cost transparent substrates that can grow highly textured polycrystalline thin
films. Glass as such type of substrate, which is widely used for growing various materials. Some

parameters of some glass substrates are presented in Table 2.9.
Glass is an amorphous material (Figure 2.25), that lacks a long range periodic crystalline
structure [199]. At ordinary temperatures, glass is solid with high heat and electrical insulating

properties and is very resistant to many aggressive environments. To obtain glass, the most

Property Soda-lime Silica Borosilicate Phosphate

Si0 (73 %), Na2O (14 %),
Primary compounds CaO (7%), MgO (4%), Si0y, By03 Psos

Al,Os (2%) [200]

Density (gem™2) 2.49 2.23 2.6 [201]
Max. service temp. (°C) 500 550 -
Softing point (°C) 750 820 -
Termal-expansion coefficient «, °C~! 85-95 x 1077 33 x 1077 15 x 1077 [201]
Thermal shock resistance Low Average-High Low
Chemical resistance Average High Low, exept high resistance

to hydrofluoric acid
Application Food containers, windows, Industrial equipment, labora- Bone scaffolds, optical

lamp envelopes -tory and kitchen glassware fibers, heat absorbers

Table 2.9: Some properties and applications of 3 most common commercial glass slider [199,202]
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common method involves heating raw materials into a molten liquid and then rapidly cooling
the liquid in such a way that the atoms remain in a randomly arranged atomic state. In this
case, the atoms are less densely packed than in the quartz crystal, leaving large interstitial

spaces or holes between the atoms, which reduce the density [202].

In the process of glass formation by melting/cooling, mixtures of several raw material pow-
ders are often added (Figure 2.26), which consist of many different components, each of which
plays a role [199]. The addition of components not only increases the density, but also affects
the physical properties and characteristics of the formed glass. One of these characteristics is

the expansion of the glass during heating and compression during cooling.

Although most glasses contain charged metal ions that can carry electric current, the high
viscosity of the glass at room temperature prevents their movement and electrical activity.
Thus, glass is an effective electrical insulator - although this property varies with viscosity,
which in turn is a function of temperature [202]. The high throughput of glass is explained
by the fact that electrons in glass molecules are confined to particular energy levels and they

cannot absorb and reemit photons.

Unlike Soda-lime silica and Phosphate glasses, Borosilicate glasses are usually used in harsh
and demanding conditions. They have good thermal shock resistance and can withstand ex-
treme thermal cycling with minimal effect. For instance, Pyrex, a commercial borosilicate
composition created by Corning, Inc., is commonly used for baking at home or performing
experiments in the lab. Low coefficient of thermal expansion allows the glass to develop fewer

internal stresses during the heating and cooling processes that cause cracking or breaking [199].

(a) (b)

e Si
O

Figure 2.25: Crystal structures of (a) an amorphous SiOs - glass and (b) a crystalline SiOz-quartz [203].
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Calcium

Sodium

Oxygen
Silicon

Figure 2.26: 2D representation of a soda-lime silicate glass with random atomic nature [199].

Thin films of ZnMnTe and ZnMnS were prepared onto borosilicate glass substrates. Before
the growth of the films, the glass substrates were ultrasonically cleaned. Each glass plate had a

size of 75 x 25 x 10 mm and was cut to obtain smaller substrates for the growth experiments.

2.5.5 CSVS growth parameters

A suitable substrate makes easier to obtain films with the desired properties, but the se-
lection of growth parameters also affects the formation of films. Any change in the growth
parameters will influence the structural features of the obtained films, which in turn will affect
the optical and electrical characteristics. The used growth conditions are shown in Tables 2.10.

Thin films of ZnMnS and ZnMnTe films were grown by using CSVS method by sublimation
of the prepared charge in the form of powder after grinding the synthesized materials with the
required Mn content. An important advantage of synthesizing films of ZnMnS and ZnMnTe
by this method is that the vapor phase is in a small volume limited by heated walls. The
high vapor pressure of chalcogenides during condensation significantly exceeds the pressure of
residual gases in the external working volume of the installation by a value of about 10 Pa. This
leads to a decrease in the contamination of the layers of the materials obtained by uncontrolled

impurities from the residual gas atmosphere [197].
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ZnS:Mn ZnTe:Mn

Parameter

Values
Growth time (min) 15 4 and 10
Substrate temperature (°C) 100-450  350-650
Evaporation temperature (°C') 1000 800
Nominal Mn content at the source (%) 7 5
Chamber preassure (Pa, x 1073) 5
Substrate Borosilicate glass
Distance evaporator-substrate (mm) ~ 25

Table 2.10: The growth parameters of ZnMnTe and ZnMnS thin films obtained by CSVS method

In the selection of the growth parameters, we applied the previous experience of our scientific
group with ZnTe [197] and ZnS [204], respectively. Several series of samples were obtained over
a wide range of substrate temperatures. The evaporation temperature remained constant. The
condensation time was usually 10 minutes. Cooling of the resulting films to room temperature

was carried out in vacuum. The results of the experiments are given in Chapter 5.
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Chapter 3
Characterization techniques

For the synthesis of crystals, whose high-quality needs to be tested, it will be necessary to
use adequate growth conditions. Thus characterization of the obtained material is fundamental,
because allows to adjust the growth parameters in order to obtain (if possible) or to be near
of the desired requirements. Therefore, by using an iterative process of synthesis and charac-
terization of the samples, it is possible to advance in optimizing the process for the selected

material.

In this chapter, we will present various methods used in this thesis to characterize the

obtained layers, the results of this characterization will be presented in the following chapters.

Thus, firstly, electron microscopy methods and used equipment will be shown, later the
basics of particle induced X-ray emission and X-ray diffraction, then the method of measuring
the optical transmittance, and finally, the contact potential difference and surface photovoltage

based on atomic force microscope instrumentation system will be presented.

3.1 Scanning Electron Microscopy (SEM)

Traditionally the optical microscope, often referred as the light microscope, is used to obtain
enlarged images of objects (or details of their macroscopic structure), invisible to the naked eyes.
Nevertheless, the spatial resolution is, in some cases, not sufficient, remember that unaided eye
has a resolution ~ 0.1 mm, and light microscopy showing a resolution of ~ 0.2 pm. With the
improvement of technical capabilities it has been possible to develop instruments with higher
spatial resolution, as the electron microscopes (EM), with resolutions in the order of ~ 1.0 nm
in the case of scanning electron microscopies (SEM) or ~ 0.1 nm for transmission electron
microscopies (TEM). Electron microscopy is a general term to characterized by the use of an

electron beam, which is impinging on the testing samples.
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Focusing now on scanning electron microcopies, when a beam of primary electrons impinge
on the surface of a sample, the electrons penetrate and propagate through the material. The
depth of interaction or the decrease in the electron beam energy is related with the properties of
the material [205]. In this process, the primary electrons can interact inelastically with atomic
electrons or elastically with atomic nuclei, and generate various types of signals. Detecting and
analyzing these signals [206] allow to get various types of information, as we will see in next
sections.

Figure 3.1 shows the interaction of the incident beam with the surface of the material.
They involve different kind of electrons and consequently generate different types of signals and

information about the materials:

e FElastic interaction: primary electrons, which can have an energy more than 50 eV, de-

pending on the microscope, do not lose energy when interacting with the material.

— Dispersed and retro-dispersed electrons are electrons that are deflected by the atomic

nuclei of the sample. Retro-dispersed electrons show a large scattering angle.
— Transmitted electrons that cross the material without losing energy.

e [nelastic interaction: the primary electrons transfer energy to the electrons of the mate-

rial.

— Secondary electrons (SE) are electrons from the surface of the material (less than 10 nm),
which are rejected as a result of the incidence of a beam of primary electrons. SE have

an energy lesser than 50 eV.

— Auger electrons (AE) are electrons emitted from the inner layers of the sample that

interact with the primary beam.

— Cathodoluminescence (CL) is an electromagnetic radiation, from the ultraviolet to the
infrared spectrum, which is associated with the emission of photons from relaxation of
the excited of the energy levels at the material that occurs when interacting with the

primary electron beam.

Light elements allow deeper penetration of the beam, while the scattering volume of heavy
elements lies closer to the surface. It should be noted that in addition to the signals described,
other phenomena such as continuous X-ray emission or heat generation also occur. At the same
time, depending on the information collection technique and the type of secondary radiation,
various types of microscopes are used. Below we describe the methods and equipment for

microscopy used in this work.
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electron beam
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surface atomic composition topographical information (SEM)
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Scattering

Transmitted Electrons
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Figure 3.1: Interaction volume or electron beam showing different generated signals [207].

3.1.1 The principle of the scanning electron microscope

Using the scaning electron microscope, we can study the morphology of the samples. That is,
scanning microscopes are magnification system that allows to observe the surface characteristics
of the investigated materials. The combination of higher magnification, greater depth of field,
greater resolution (~ 1 nm ) and simplicity of observation of the sample makes SEM a very
useful tool with which we can get a first information about the morphology of our samples.

In the scanning electron microscopy, an electron beam accelerated by a potential difference
of some kV (usually < 30 kV, but it could be higher) focuses on the sample using a set of
electromagnetic lenses. Higher accelerating voltage implies smaller wavelength of electrons and
higher possible achievable resolution.

We can imagine how the wavelength of the incident beam will depend on the applied voltage.
Louis de Broglie showed that every particle or matter propagates like a wave. The wavelength

of a particle or a matter can be calculated as follows [208].
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A=o (3.1)

where )\ is the wavelength of a particle, h is Planck’s constant (6.626x1073* J-s), and p is the
momentum of the particle. Since the momentum is the product of the mass and the velocity

of the particle,

A= L (3.2)

moU
The velocity of the electrons is determined by the accelerating voltage (V), giving a kinetic

energy eV. The potential energy must equal the kinetic energy, thus

1
eV = §mov2 (3.3)

The velocity of electrons can be calculated by

o[ o

Therefore, the wavelength of propagating electrons at a given accelerating voltage can be

determined by

h
A= — 3.5
V2mpeV (38:5)

Since the rest mass of an electron (myg) is 9.109 x 1073! kg and the charge of the electron is
e =1.60 x 107 C,

—34 —10
\ 6.62 x 10 _1225x 1070 15 (3.6)
V2x91-103T x 1.6-10-9 x V VV %4

On the other hand, equation 3.5 does not take into account relativistic effects and for

transmission electron microscopes (TEM) at energies > 100 keV relativistic effects cannot be
ignored because the velocity of electrons (as particles) becomes greater than half the speed of

light. In this case, to be precise, equation 3.5 must be modified [209],

B h
\/2moeV(1+ )

A (3.7)

2moc?

The resolution of the SEM is determined by the electron wavelength and the interaction
volume. Compared with the distance between atoms, these parameters are large; therefore,
SEM cannot be used to analyze information about individual atoms.

As described above, the interaction of the electron beam with the sample causes the emission

of electrons and photons. A significant proportion of the emitted electrons will be detected,
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3.1. Scanning Electron Microscopy (SEM)

which will provide us information about the sample. Using a number of magnetic coils, the
primary beam is scan the sample in the x and y directions. Thus, information is obtained
about its radiation, with the help of which the obtained images are created after processing.
SEM equipment, in order to eliminate electron beam scattering in collisions with air particles,
operates in high vacuum (~ 107¢ Torr). Figure 3.2 shows a schematic representation of the

scanning electron microscope.

e

electron gun

electron beam ~u

~ Tands g
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magnetic lens .l ==

backscattered e
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/L—l\’/ electron detector
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Figure 3.2: Schematic representation of the design of the scanning electron microscope [210].

A microscope of this type is used to form an image of the signal corresponding to the
secondary electrons and retro-dispersed electrons. They come from the area closest to the
surface of the sample, since the secondary electrons generated in the inner part lose energy
on the way to outside, being absorbed and interacting with the atoms of the material itself.
The number of secondary electrons depends on the angle of collision of the electron beam with
the sample surface, that is, on the topography. Therefore, the signal of secondary electrons is

applied to reproduce the morphology of the sample [211].

3.1.2 Sample’s preparations

In order to prepare the samples for SEM measurements, the samples are placed in a con-
ductive aluminium holder specially designed for the simultaneous placement of various samples
both horizontally and vertically. The used microscope allows us to automate movements, such

as displacement along three axes, in addition to rotating or tilting the sample holder.
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In our case, the samples were glued to the holder using a carbon tape and small silver
contacts were placed between the sample holder and the surface of the sample in order to
avoid the accumulation of electron charge on the layer, that makes easy to obtain optimal and
sharp images. For the same reason, the samples with low electrical conductivity were subjected
to an electroconductive coating of conductive material, a metal such as an alloy of Gold and
Palladium (Au-Pd) in composition 4/1 of the order of 2 nm. This coating is also very useful

for increasing the signal-to-noise ratio [212].

3.1.3 Used equipment - Experimental set-up

Hitachi S-4800 scanning electron microscope

To measure the surface morphology of the oxides and heterostructures studied in this thesis
we used a Hitachi S-4800 electronic microscopic scanning device belonging to the Servei Cen-
tral de Suport a la Investigacio Experimental(SCSIE) of the University of Valence (Figure 3.3).
This equipment has a prechamber access for the introduction of samples in order to avoid rup-
ture of vacuum in the microscope column and, thus, ensures optimal working conditions. The
voltage in the microscope column was ~ 20 kV and an approximate working distance of 8 mm
for obtaining images with good resolution. The degree of image magnification was in the range
of 250 to 800,000. In addition, the microscope has a retro-dispersed electron detector, a Bruker
X-ray detector, and a Quantax 400 software, which can be used to perform microanalysis of
samples. The ability to move along three axes, rotating or tilting (-5 to +60°) the sample

holders together with automatic control of the system makes a very versatile and useful.

REMMA-103-1 scanning electron microscope

To measure the surface morphology of ZnMnTe and ZnMnS, as well as the cross section of
these samples, a REMMA-103-1 scanning electron microscope of the “Nanoelectronics materials
research” group of the Sumy State University was used (Figure 3.4). The accelerating voltage
was 30 kV with a secondary electron imaging (SEI) mode resolution of 5 nm. The pressure
in the column of the microscope was not more than 1.33x 1072 Pa. The microscope has a
console, which allows X-ray electron probe microanalysis from beryllium (4) to uranium (92)
using a wave dispersion spectrometer with a sensitivity of 10-100 ppm for both bulk and thin-
film samples. The microscope chamber allows the installation of a sample with a maximum
diameter of at least 100 mm. The sample is moved along the z and y coordinates by 4+ 50 mm
with steps no more than 0.5 pym. The tilt of the platform gives access to a range from —20° to
48°.
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Figure 3.3: Scanning electron microscopy Hitachi S-4800.

Figure 3.4: Scanning electron microscope REMMA-103-1.
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3.2 Transmission Electron Microscopy (TEM)

Unlike SEM, the information in TEM is obtained from the primary beam of electrons inci-
dent on the sample. Due to the high voltage, reaching up to 1 MeV, research with atomic-scale
resolution of tenths of nm can be carried out. Since these microscopes use very high accelerating
voltages, TEM equipment must operate under ultrahigh vacuum conditions (10~7-107° Pa) to

prevent damage of the filament.

3.2.1 Measurement technique

Transmission microscopes mainly operate in two modes: in the parallel beam mode and
in the convergent beam mode. The first mode is the most used and it is applied to form an
image from the signal of electrons transmitted through the sample. On the other hand, the
convergent beam regime is usually used to analyze the chemical composition of a sample using
X-ray dispersive energy spectroscopy. In this thesis, the first mode of operation was used.

For the formation of an imaging of the samples, the TEM detects and processes the electrons
of the beam that has passed through it. Currently, many microscopes make possible to obtain
high-resolution images (HR-TEM) using structural interference of signals from the sample in
the so-called face-contrast imaging [209]. Image of the crystal structure of the sample obtained
by this method allows determining the crystal defects of the material, such as dislocations or
stacking fault. The atomic resolution of these microscopes also makes possible to obtain images
on which atomic lines are observed and values of interatomic distances can be obtained. To
do this, the software applies Fast Fourier Transform (FFT) methodology for processing digital
signals with Fourier transform used in processing analogue signals.

In crystalline samples, part of the primary electron beam is diffracted forming diffraction
patterns (Figure 3.5). These diffraction patterns consist of a series of points formed by different
diffractions of the crystal, around a central point (000), corresponding to a beam that passes
through the sample without any deviation. When studying a polycrystalline sample, these
figures will concentrated circles due to the multi-directional orientation of the single-crystals
of the sample [213]. By analyzing the diffraction patterns, one can determine the structural
characteristics of the samples, since the radius of the r,y,; rings and the corresponding interplanar

distance dp;; are related by the expression:

Thil = Akt = Lg = A (3-8)

where, L, is the distance to the sample and L, - A\ = 1 is the camera constant of the used
transmission electron microscope. By calculating the radius of the diffraction rings (rpx) and

using the transformed equation 3.9 we can determine the interplanar distance of the material.
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3.2. Transmission Electron Microscopy (TEM)

Figure 3.5: a) Diffraction patterns obtained in a conventional 100-kV TEM: a) an Al single crystal,
b) polycrystalline Au [209].

1
dp = — (3.9)
T'hkl

In equation 3.9 it can be seen that the interplanar distances are obtained from the reciprocal

of the measured radius between the point under consideration and the central point.

3.2.2 Sample’s preparations

The HRTEM method is very sensitive to the sample thickness. In order to be able to carry
out measurements, it is necessary that the thickness of the material studied be < 100 nm, so
that the electron beam can pass through them. There are several ways to achieve this condition.
One of them is the process of cutting and polishing samples, which is very useful for a detailed
observation of the interfacial characteristics between the substrate and the sample. But this
method is slow, time-consuming and costly, and can also lead to a partial loss of information
about the material studied. If we are only interested in the properties of the material and not in
the interface with the substrate, an easier way to prepare the sample is to scratch the material
from the substrate.

The sample is usually placed in standard grating adapted for the microscope (Figure 3.6).
The TEM grid is an ultra-thin disk whose surface consists of a pattern of nanometric windows
that are transparent to electron radiation. The grid is made of conductive material to avoid
charge accumulation in the sample. Silicone or copper are the usual materials for the manu-
facture of these nets. Usually these nets have a standard diameter of 3.05 mm and a thickness

lesser than a tenth of a millimeter [214].
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R Grating
Gaskets for vacuum

Figure 3.6: Schematic image of the sample holder and grating for TEM [214].

3.2.3 Used equipment - Experimental set-up

Analysis of samples were performed by high resolution transmission electron microscopy
(HRTEM) with a field emission gun TECNAI G2 F20 S-Twin microscope (Figure 3.7) operated
at 200 kV , having the capabilities of selected area electron diffraction (SAED) and energy
dispersive X-ray spectroscopy (EDX) in the facilities of the SCSIE at the University of Valencia.
Vacuum level was 1 x 107° Pa for the specimen chamber, and 1 x 1077 for the electron gun zone,
respectively. Digital Micrograph software was used to collect and post-process data, making
Fast Fourier transforms (FFT). TEM measurements were conducted by Dr. Said Agouram,

who is a member of our research team and the person in charge of the TEM at SCSIE.

Figure 3.7: Microscope FEI Tecnai G2F20 S-Twin.
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3.2.4 Energy Dispersive X-Ray Spectroscopy

Although Energy dispersive X-ray spectroscopy (EDX or EDS) is not an electron microscope
method, it was included in this section, since most electron microscopes provide the ability to
perform such measurements, including both X-ray detectors and relevant informative tools for
the quantitative determination of the composition of the material. Thus, in this thesis, EDX
measurements were carried out in the SEM 54800 Hitachi and TEM FEI Tecnai G2F20 S-Twin.

As shown in the introduction of this section, the interaction of the primary electron beam
of an electron microscope with the atoms of the material under study gives different types of
secondary signals. Among these signals, we can find the emission of X-ray characteristics of
each element caused by the release of electrons or the inner layers of an atom (Figure 3.8).
That is, the energy of this radiation is characteristic of each chemical element and therefore

gives us information about the composition of the sample under study.
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Figure 3.8: Scheme of electron scattering mechanisms [213].

Qualitative analysis in the EDX system is used to identify the elements present in the
sample and quantitative analysis is used to determine the composition. In principle, all chemical
elements with an atomic number greater than 4 (Be) can be detected using this characterization
technique [215,216].

Finally, in addition to quantifying the chemical elements, compositions can be performed at
a specific point in the sample. That is, SEM-based EDX allows comparing the morphology with
the composition of the sample. Another very useful tool, for determining the characteristics of
heterostructures, is the possibility of carrying out quantitative analysis along the sample cross
section |217].
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As was shown above, the accelerating voltage of electrons determines the depth of the
interaction volume. In SEM microscopes, when thin layers are analyzed in order to avoid
masking information about a material layer with information from a substrate, a compromise
must be reached between the electron energy and the depth of interaction. That is, the more
energy in the electron beam, the deeper the interaction volume and, therefore, there is a fraction
of the detected signal that comes from the substrate. On the other hand, if the accelerating
voltage is low, the detected information will come from a superficial layer, but it may not be
enough energy to detect the heavier atoms.

Taking this into account, an accelerating voltage of 10 kV was used for the EDX analysis in

this thesis, to detect the cadmium and zinc content on unmetallized samples.
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3.3 Particle Induced X-ray Emission (PIXE)

Modern scientific achievements in the field of microanalysis and a high level of technology
in this field of activity have made possible to find a solution to many macro tasks by studying
the laws of the microworld. The elemental composition of the substance and the location of
elements in it determine its physicochemical properties. Among the wide variety of methods
that allow determining the distribution of elements in the samples under study, methods using
focused beams of charged particles have several advantages. And, first of all, this is due to
the possibility of non-destructive quantitative microanalysis with a high spatial resolution. In
the past few decades, microanalysis methods using nuclear scanning microprobe (NSMP) have
been developed. The main principle of the microprobe operation is that an accelerated beam
of light ions up to energies of several megaelectron-volts (using electrostatic accelerators, as
a rule) is focused on the surface of the test sample into a spot with dimensions of about one
micrometer. As a result, scanning with the beam and recording the interaction of the particles
of the beam with the atoms of the sample, it becomes possible to determine both the elemental
composition of the tested substance and the map of the arrangement of elements. In contrast
to a scanning electron microscope, there are no fundamental physical restrictions on the spatial
resolution in the NSMP, which is associated with the size of the beam spot due to its small

expansion during passage through the substance.

3.3.1 Principle of PIXE (Particle Induced X-ray Emission)

When a charged particle with sufficient energy (of the order of several MeV'), passes through
a material, it loses energy due to ionization of the inner shell of the atoms through which it
passes. This creates X-rays with wavelengths characteristic of a particular element. This
phenomenon is called Particle Induced X-ray Emission (PIXE) [218].

When the ion interacts with the electrons in the inner shells of the atoms (mainly the shells
K and L), the electrons can get enough energy to throw them out (see Figure 3.9). Quantum
theory states that the electrons of an atom should occupy discrete energy levels in order to be
stable. X-rays are emitted due to the filling of free vacancies with the electron of the outer
shell, but only certain transitions are allowed. The energies of these X-rays are characteristic
of the element, and therefore, if an appropriate energy-dispersive detector is used, spectra can
be recorded and measured to identify the elemental composition of the sample exposed to the
beam.

PIXE is relatively simple and multielemental analytical technique that can be used to iden-
tify and quantify elements ranging from Na to U. Due to the high signal to background ratio,
PIXE is also a nondestructive technique and very sensitive for a wide range of measured ele-

ments with detection limits close to 1 ppm (part-per-million) [219]. Typically, analysis takes
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place in a vacuum chamber using protons and/or a-particles. Due to the large mass of protons
with respect to electrons, the deflection of the beam in the transverse direction is smaller, which
is an advantage and important for proton recording. The lower detection limit for a PIXE beam
is given by the ability of the X-rays to pass through the window between the chamber and the
X-ray detector. The upper limit is given by the ionization cross section, the probability of
the K electron shell ionization, this is maximal when the velocity of the proton matches the
velocity of the electron (10 % of the speed of light), therefore 3 MeV proton beams can be
optimal [220]. Due to its longer probe depth (tens of ym) scanning ion beams can be used not
only to obtain the surface maps measuring, but also the spatial distribution of elements in the

sample.
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Figure 3.9: X-ray nomenclature based the shell of the hole and the number shell above it from which an

electron comes to fill the vacancy [221]

Usually 2 detectors are installed in the working chamber. Silicon drift detector (SDD) is
used for the analysis of light elements (Na and above). On the other hand, a Si(Li) detector
having large solid angle and a Mylar filter is optimized for the heavy elements (K, Ca and above)
as shown in Figure 3.10. Since protons can interact with atomic nuclei in a sample through
elastic collisions, Rutherford backscattering (RBS) can occur when a proton is repelled at
angles close to 180 °. Backscatter provides information on the thickness and composition of the
sample. This technique is powerful for studding the depth profiling of heavy elements in light
substrates. When RBS is done in combination with PIXE, it can be used to determine light
element concentrations, which is not possible by PIXE. Combination of two methods allows a
better analysis. RBS spectra quantification can be done by the SIMNRA software [219].
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Figure 3.10: Schematic representation of the working camera:
1) secondary electron detector; 2) annular surface-barrier detector for RBS; 3) semiconductor detector for PIXE;

4) target; 5) optical microscope with CCD (x100); 6) scanner.

Since the PIXE analysis method is simple and can be used to analyze almost all elements at
the same time with high sensitivity, it is currently used in a wide range of applications including
medicine, materials science, pollution monitoring, mineral exploration, metallurgy, a criminal
investigation, food, and more. In particular, in archeology, geology and art, the method helps

to answer questions about origin, dating and authenticity.
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3.3.2 Used equipment - Experimental set-up

The analysis of the films was carried out, in ZnMnTe and ZnMnS samples, by using char-
acteristic X-ray radiation induced by the proton beam [222]. The investigations were made by
means of the electrostatic accelerator "Sokil" with a proton beam energy up to 3 MeV (In-
stitute of Applied Physics, NAS of Ukraine, Sumy) as present in Figure 3.11 [223]. Summary
spectra from several areas of the sample surfaces (PIXE) were scanned and point-by point
studied using the micro-beam (u-PIXE). The typical region size was about 200 x 200 pum. The
cross-section of the probe was 4 x 4 um?, the charge Q = 4 x 107'° C/pixel, the scan region
was about 50x50 pixel, the scanning step was 4 pm, the proton energy was £, — 1.5MeV.
Under «pixel» one means a stationary position of the probe at discrete scanning. These studies
resulted in a map of the distribution of the alloyed element (Mn) on the surface area and the
element composition in some regions of the films. The working-out of the PIXE spectra was

carried out by using the program GUPIX 3.

Figure 3.11: Electrostatic accelerator (a) and microanalytical accelerator complex “Sokil” of the IAP NAS of
Ukraine (Sumy) (b)
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3.4 X-Ray Diffraction (XRD)

In 1895, Wilhelm Conrad Rontgen discovered a phenomenon that was later called X-ray
radiation. Tt soon becomes known that X-rays have wavelengths in the range of 1072 — 102 A,
are energetic enough to penetrate into solid materials, and are well prepared to study their
internal structure. Based on these results, many useful tools and techniques for the analysis
and evaluation of materials were developed and tested. This section discusses some of the basic

principles of XRD and the hardware that was used to study the samples described in this thesis.

3.4.1 X-ray diffraction

To perform X-ray diffraction measurements, in addition to an emitter and a detector of
this type of radiation, it is also necessary to have a positioning system of the samples. In this
sense, commercial diffractometers have more or less complex systems that allow the angular
movement in different axes to perform different types of measurements.

In the geometry of Bragg-Brentano, with which we have worked to identify the structural
phases of the materials considered in this thesis, the incident beam and the diffractometer form
an angle 26, being 6 the Bragg angle, the angle between the incident beam and the surface
of the sample. Thus, scans 26-0 are those in which the intensity of the diffracted beam is
measured as a function of the diffraction angle, keeping constant this relationship between the
angles. We can find instruments in which the X-ray source is already fixed while the sample
rotates on angle # and the detector an angle 26 in the same direction. In this case, we talk
about the configuration 26-6. On the other hand, other diffractometers have the configuration
6-0 in which they fix the sample and rotate the X-ray tube and detector at an angle 6, but in

opposite directions.
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Figure 3.12: Basic features of a typical XRD experiment [215].
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Figure 3.12 shows the diffractometer geometry, where the beam from the X-ray tube interacts
at some angle with the sample surface. This angle can vary depending on the position of the
sample and its rotation. The detector measures the intensity of the diffracted beam and can
also be rotated to position it in the desired angular position. The intensity of diffraction as
a function of 20 and the orientation of the sample gives diffraction patterns that allow the

identification of the crystalline phases and crystallite size/microstrain analysis.

3.4.2 Basic principles

Using Miller indices, the distances between the plans of a certain family (hkl) can be related
to the lattice parameters of the crystal structure. This ratio depends on the type of the structure
and can be a complex expression in structures with low symmetry, such as Rhombohedral or
Triclinic. To work with hexagonal lattices, it is convenient to use four Miller - Bravais indices
(hkil), in which the third element i denotes a convenient but degenerate (carrying no additional
information) component equal to -h -k. The angle between the h, ¢ and k components of
the index is 120°, so they are not orthogonal. The [ component is perpendicular to all three
directions h, i, and & [224]. For hexagonal crystals, as for instance ZnO, the interplanar distance

is given by

P4+ k2+102 12

- _>
3a%/4 2
In the case of a cubic structure, such as the structure of CdO, CdTe, ZnMnTe or ZnMnS,

the relationship between the interplanar distance dpy; of the (hkl) plan family and the lattice

N

dhkl = ( (310)

parameter of the structure is determined by

W+ k2412

)

Figure 3.13 shows the Miller indices of lattice planes and indices of directions depending on

[SIES

At = ( (3.11)

a?

the intersection of the line with the face of the unit cell.

On the other hand, for the analysis of diffraction phenomena we have another very useful
tool, such as the Bragg’s law. This law relates the angle of diffraction, with the interplanary
distances d and the wavelength of the incident radiation. Thus, in Figure 3.14 we have a flat
wave that affects a lattice of atoms that spread it in all directions. Due to the difference in
paths of the waves diffracted by the different atoms, depending on the angle of observation
we can find constructive or destructive interferences. The condition for which a constructive

interference is produced is known as the Bragg’s law:

n-A=2-d-sinf (3.12)
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where n=1.2.3.... is an integer representing the order of diffraction, A it is the wavelength of
the radiation, d is the distance between planes and 6 is the Bragg angle, that is, the diffraction
angle for which the constructive interference occurs. Finally, if we introduce in the Bragg’s

law the first order diffraction, the indexation of the interplanar distances dp,; we can express
as [225]:

A=2- dhkl : sz’n(@hkl) (313)

C —
I b [233]
a

b)

Figure 3.13: (a) Miller indices of some lattice planes; (b) Indices of directions. The distance dp; is the (hkl)
plane spacing [226].

Figure 3.14: The geometry of constructive and destructive interference arising in the crystal lattice, which

generates the Bragg law. Image retrieved from [227].
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3.4.3 Coherent scattering size and microdeformation

During the growth on the surface of a substrate, a kind of crystalline layer forms. The
mosaic model is one of the most commonly used models for describing the crystal layer, which
consists of a set of coherent scattering domains (CSD), also called crystallites (Figure 3.15).
These single crystal domains do not have a perfect orientation, so they can be tilted or rotated
relative to each other. Thus, the length of these domains in the direction perpendicular to the
surface, is called length of vertical coherence L, , whereas in the direction parallel to the surface

we call it the length of the horizontal coherence L.
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Figure 3.15: Illustration of a mosaic structure with characteristic parameters [228].

Since each crystal can grow with its own unique orientation, this leads to a relative mis-
orientation between crystalline domains. When there is an out-plane misorientation of the
single-crystal domains (that is, relative to the axis perpendicular to the sample), we call it as
tilt. On the other hand, we call twist the rotation of domains about the same axis, or, in other
words, in-plane misorientation. These characteristics of crystallites (limited size and misorien-
tation) are produced by defects, as dislocations which are a linear or one-dimensional distortion
of the structure. In the layer, each type of dislocation is associated with a local distortion of
the lattice. There are 2 types of dislocations (Figure 5.10). First type is represented by an
additional part of the plane of atoms or a half-plane, the edge of which ends inside the crystal.
They are called edge dislocations and are represented by the symbol 1, which also indicates

the position of the dislocation line. Another type of dislocations, called screw dislocations, can
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be considered as formed by shear stress, where the upper front region of the crystal is shifted
one atomic distance to the right (or left) relative to the bottom. Most dislocations found in
crystalline materials are probably neither a clean edge nor a clean screw, but have components
of both types, then they are called mixed dislocations. The magnitude and direction of the
lattice distortion associated with the dislocations in a crystal lattice are expressed in terms of
the Burgers vector, denoted by b. In addition, even if the dislocations change their direction
and nature inside the crystal (for example, from the edge to the mixed screw), the Burgers

vector is the same at all points along the dislocations line [229].
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Figure 3.16: Schematic representation of a dislocation having an edge, a screw and a mixed one. At point
A, the dislocation is a clean screw, and at point B is a clean edge. For regions in between where there is the

curvature in the dislocation line, the character C' is mixed edge and screw [229].

In addition, single crystals may have a deviation in the interplanar space, whose statistical

value is called microstrain of the lattice and can be expressed as:

e== (3.14)

where d is the interplanar distance and Ad is its statistical variation.

All these factors, in addition to the instrumental ones, contribute to the broadening of

diffraction peaks (ideally Dirac’s deltas) and therefore can be detected.
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3.4.4 Williamson-Hall plot

The kinematic theory of X-ray scattering shows that crystallite size and lattice distortion
are diffraction order independent or dependent, respectively, enabling the separation of the two
effects. Williamson and Hall suggested [230] that the broadening AK of peak profiles in the

reciprocal space due to these two broadening effects can be written as

0.9
AK =+ 2K (3.15)

where 0.9 is dimensionless shape factor used for domains approximated to be roughly spherical,
K = 2sinf/\ is the module of the scattring vector, AK = A(26) cosf/\ is the broadening in
the reciprocal space A(26) is the full width at half maximum (FWHM) of the diffraction peaks
in the 260-0 scans, 6 the Bragg angle, A\ the wavelength of radiation, D the average crystallite
size and 1 = (€2)1/2 the square root of the quadratic lattice microstrain (or microdeformation).
The classical Williamson-Hall plot (WH) follow this equation and is a linear function of K.

When there is no microstrain, equation 3.15 can be rewritten as the known Debye-Sherrer’s
formula [231] :

0.9\
D=——" d
A(260) cos (316)

where the shape factor of 0.9 can vary with the actual shape of the crystallite, A is the wave-
length of the X-ray and A(26) is the line broadening at half the maximum intensity in radians.

This approach is useful in isotropic cases which can be interpreted with simple spherical crys-
tallite shapes and isotropic microstrains. However anisotropic situations require further efforts.
When strain broadening is caused by dislocations, line broadening is generally anisotropic [232]
and it depends on the hkl reflection, that is, it depends on the orientation and the length of
the diffraction vector. In this case, line broadening can be described in terms of a logarithmic
series expansion of the Fourier coefficients of a peak profile and the average contrast factor
of dislocations Chy [233]. As a consequence, the proper scaling factor of breadths of peak
profile is Kﬁflﬁ, instead of merely K. This is known as the modified Williamson-Hall plot
(MWH) [234-236].

If crystallites are non-spherical, then an additional anisotropy has to be considered [237].
In such a case, the crystallite size must be described by multi-dimensional lengths, with
their lengths dependent on the order of diffraction. With these considerations, the modified

Williamson-Hall method can be adapted and the line broadening can be written as:

0.9 —
AK =—+ OéKQChkl (317)

hkl
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where Cl,y; is the average contrast factor of dislocations for the Bragg reflection (hkl), Dy the
average crystallite size for the Bragg reflection (hkl) and « is a constant that depends on the
Burgers vector and the density of dislocations.

The mean contrast factor for a cubic crystal is related to the mean contrast factor of the

Bragg reflection (h00) as given by the equation

Chrt = Choo(1 — gH?) (3.18)
where H? = (h?k* + h?1* + k?1?)/(h* + k* + [?)? and ¢ is a parameter which depends on the
elastic constants and type of dislocations.

The value of ¢ can been obtained by inserting eq. 3.18 into eq. 3.17

AK —0.9/Dpp
K2
and by solving this equation in H? by the least-squares method.

= aCho(l — qH?) (3.19)

3.4.5 Density of dislocations

As said, the CSD size boundaries are formed by dislocations located at their boards, but at
the same time, dislocations in the subgrain are responsible of microdeformations in the material.
To determine the CSD size and microdeformation in chalcogenide films, the used method of
approximation consits in the representation of the X-ray line by triple convolution [238|. The
relationship between the parameters of the film substructure can be found from the equations:

A tB; —cB
L= St B (3.20)
costh  t0% — Oty
&2 CB?1B2 - 5]20231
16t991 (CBQ — tBl)

(3.21)

where, ,
tan® 6, cos 0,

= a2, ¢ M’Bﬁ =V (Bi)* — (b:)?

0, and 0, are the diffraction angles of the pair of analyzed X-ray lines (for example, [111] and

[222])

B;, b;, By are the measured, instrumental and physical broadening of the respective X-ray lines.
The CSD size L in the films and the microdeformation value ¢ allow to determine the

averaged density of the dislocations (lines - m~2) formed at the subgrain boundaries. This

density of dislocations assuming a cubic-shaped CSD with size L is [239,240]:
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3n
Iz
where n is the mean number of dislocations at each face of the six planes of the block.

PL = (322)

If the dislocations are mostly located in the middle of the subgrains and creates microde-

formation, the dislocation density (lines - m~2) is obtained from the expression:

Y 2,
= f(?) (3.23)

where 2¢ is the width of the microdeformation distribution; b is the modulus of the Burgers

Pe

vector; F' is a constant taking into account the increase of the dislocation energy under interac-
tion with other dislocations; Y is a constant depending on the dislocation distribution function.
Y and F are dimensionless constants. In this approach, ¥ =25 for the Cauchy function and
Y =4 for the Gauss one.

Accepting n=F=1, equations 3.20 and 3.21 give an estimation the lower limit of p;, and the
upper limit of p.. Somewhat other equation for estimation the total dislocation concentration
(lines - m™2) in the material is given in [241] as:

15¢
p= Ol (3.24)

Thus, equations 3.22-3.24 make possible to estimate the concentration of dislocations in the
CSD bulk, at their boundaries, and the total concentration.

Supposing that the CSD’s are of equal axes and the additional broadening of (111) and
(222) X-ray lines compared with (200) and (400) lines is due to the staking fault (SF) presence,
one can calculate the total concentration of the deformation and growth defects (in %) in the
films [239, 240]:

1

1
0/ = 1.5« + B == 304( + )dlll (325)
Lnooy L)

where o’ is the deformation defects concentration, 3 stands for the growth defects concentration,

and d(117) is an interplanar distance.

3.4.6 Pole figures

Pole figures are 2D stereographic projection of distribution of the orientation of crystal
presents in the sample. For a single crystal, these projections will be points that indicate the
symmetry of the considered plane. In the case of polycrystalline samples, each grain has or
may have a different crystallographic orientation, thus exhibiting a randomly distribution of

points. For crystals with a preferred orientation, points tend to be grouped with respect to
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Figure 3.17: Schematic representation of scan patterns and some pole figure with the definition of angles [242].

some particular orientation. Since pole figures give the mean orientation of grains relative to a
given reference system, the orientation of both substrate and film can be determined relative
to the same reference system and, therefore, it will be possible to establish epitaxial relations
between them.

For obtaining pole figures, the rotation angle (¢) of the diffractometer (see Figure 3.17) was
changed from 0 to 360 ° and the inclination angle (1) was changed from 0 to 90 °, while the
diffraction angle 26 was held fixed for the reflection of interest. The stereographic projection
of the three-dimensional intensity distribution is constructed as a function of two types of
quantities, one of which is represented by the distance from the center of the projection, and
the second of which is represented by the distance measured along a circle of constant radius

from a given radial axis.

3.4.7 Vegard’s law for ternary compounds

Sometimes, to change the properties of binary material it is alloyed making a ternary com-
pound from the host material but with some changes in the lattice parameters and properties.
It could be supposed that the lattice parameters of the ternary compound can be found by a
linear interpolation. This empirical rule is known as Vegard’s law [243,244]. Structural, optical
and electrical properties, however, can deviate from this linear approach. For a compound of
the type ABC, where AC and BC are the initial binary compounds, the expression for the

lattice parameter would be:

aAzBl—zC = - aAC + (1 — .CE) . aBC (326)
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This law is partially fulfilled in some binary compounds having a crystalline structure of
the same type. In the case of materials such as CdO and ZnO, a change in the structure of the

material from rock salt to wurtzite does not allow the direct application of this interpolation.

Similarly to the lattice parameter of a semiconductor we can also write a linear dependence of
the band gap energy £, in respect to the band gap of its binary constituents. Sometimes linear
interpolation between the band gap energy is not accurate enough, and therefore an additional
term is added to take into account the curvature of the band gap energy as a function of the
composition. Empirically, the band gap of the composite semiconductor alloy A,B;_,C' could
be fitted [245] as:

Az B1_.C __ AC BC
EABr—=C = . EAD 4 (1 — ) B +br - (1 — 1) (3.27)

where b is the deflection (nonlinearity) or bowing parameter.

Vegard’s law is rarely fully observed, and more often, deviations from linear behavior occur.
However, it can be used in practice to obtain approximated values when experimental data are

not available for the system of interest.

3.4.8 Used equipment - Experimental set-up

Bruker D8 Advance A25

Bruker D8 Advance A25 diffractometer (figure 3.18) was used to measure the diffraction
peaks of ZnO, CdO and CdTe films obtained using the MOCVD method. Configurations of
Bragg-Brentano geometry was used. The configuration of the 26-0 angles was obtained using
an X-ray tube with a Cu anode (K, = 1.54056 A) and a fast Lynz-eye detector, which allows
us to simultaneously measure an interval of 3° from the angle of 20. In addition, diffractometer

has an automatic sample changer where 45 samples can be loaded.

The diffractometer (Figure 3.18 b) consist of a goniometer (1), the tube, tube stand (2),
the slit system (3 and 5), the sample holder (4) and the detector (6).

The unit is installed horizontally or vertically in a radiation protected housing. A lead glass
window at the front of the radiation protection housing enables the samples to be changed or
the diffractometer mounts to be modified. The window shutter of the tube stand closes auto-
matically when this window is opened. The equipment available allows the characterization of
a wide range of materials of diverse nature such as minerals, plastics, semiconductors, ceramics,

pigments and in general powdery products obtained from chemical synthesis.
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a)

Figure 3.18: Diffractometers of laboratories SCSIE of the University of Valencia:
a) Bruker D8 Advance A25 diffractometer; b) D8 diffractometer, vertical installation [246].

Diffractometer DRON-4-07

The structural investigations of the ZnMnTe and ZnMnS films were performed by using the
diffractometer DRON 4-07 (Figure 3.19) with Ni-filtered Ko radiation of the copper anode in
the range of angles of movement of the Bragg’s angles 26 from 5° to 90°. This unit is designed
for X-ray diffraction studies of polycrystalline materials. The Bragg-Bretano configuration is
used. The step of the angular movement of the detection unit in automatic mode is from
0.02°. The signal accumulation time for each angle of movement of the detection unit is 2 sec.
Qualitative and quantitative phase analysis can be carried out using open structural databases
and packages (GSAS, PSW, XPOWDER et al.). The appearance of the laboratory setup is
shown in the figure.

XRD patterns were used for determining the coherent scattering domain (CSD) size and
the microdeformation grade ¢ in thin films by the broadening of the XRD lines. To resolve the
diffraction broadening caused by physical (/3;) and instrumental (b;) effects Cauchy and Gauss
approximations were used [247]. Besides that, the above mentioned parameters were found
by the threefold convolution method [248]. All procedures of the working-out the X-ray line
profiling (background removing, smoothing, K, doublet resolution) were performed using the
software DTFWIN.
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Figure 3.19: X-ray Diffractometer DRON-4-07 [249)].

PANalytical X’Pert MRD

For a more detailed study of the layers of ZnMnTe films, we used the High resolution
diffractometer PANalytical X’Pert Pro (Figure 3.20 a). Williamson-Hall plots and pole figures
were obtained. This diffractometer has a parabolic mirror, which converts a divergent beam
from the X-ray source into an almost parallel beam. The difractometer has a high resolution
goniometer with four rotation axes and a sample holder, which allows to program movements
along different axes and angles of the system with a resolution of 0.01° for ¢» and w, and 0.0001°
for 20 and w, respectively (Figure 3.20 b). Unlike a conventional diffractometer, K,; is the only

radiation source in this line, thanks to a monochromator of four Ge (220) crystals.

The ability to move along the z, y, and z axes allows to make measurements of samples
at different points. For obtaining pole figures, the rotation angle (¢) of the diffractometer was
changed from 0 to 360 ° and the inclination angle (1)) was changed from 0 to 90 °, while the

diffraction angle 26 was held fixed for the reflection of interest.

Thus, this device allows to get measurements with a high level accuracy, but a longer
measurement time. The instrumental contribution to the broadening of diffraction peaks in

this difractrometer is considered not significant.
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Detector 20

Figure 3.20: High resolution diffractometer PANalytical X’Pert Pro (a), goniometer with rotation axes (b)
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3.5 Optical transmission measurement

The response of semiconductors to electromagnetic radiation is the basis for the implemen-
tation of optoelectronic devices. The search for optimal compounds for their use as optical
sensors, photodiodes, optical coatings, or active layers of solar cells is a priority task, so long
as productivity increases, so do energy costs. The synthesis of new materials with a high in-
teraction of light with the surface should help to obtain compounds for optoelectronic devices
that can operate in the range from infrared to ultraviolet radiation.

The optical characteristics of the studied films were determined using transmittance and
absorbance spectra by optical spectrophotometry. This characterization method determines
which part of the monochromatic light beam is absorbed and which part is transmitted through
the sample, depending on the energy of the incident light beam. The results makes possible to
obtain absorption curves depending on the beam energy with the help of which we determined

the optical band gap of the compounds.

3.5.1 Basic principles

When a beam with a certain energy hr incide on the surface of semiconductor material with
band gap energy F,, the beam can be transmitted, reflected, absorbed, or scattered. There are

2 situations:

— When hv > Eg, that is, when the energy of the light ray is greater than the energy of the

band gap, photons can excite electrons from the valence band to the conducting band.

— When hv < E;, photons do not have enough energy to excite electrons and pass through

a semiconductor, which will behave as if it were transparent to these electrons.

To determine how much light passes through the investigated material, the transmittance
is used. This parameter shows the ratio of the intensity of the light beam that crossed the

sample, and is calculated as:

(3.28)

where, I(d) is the intensity of light that passes through the sample of thickness d, I, is the
intensity of light without the sample.

On another hand, the amount of absorbed light will depend on the probability of the tran-
sition of the electrons of the valence band to the conducting band. The absorption coefficient
() that characterizes the amount of absorbed light depends on the band gap of the material
and the energy of the incident light, as shown in equations 3.29 and 3.30 for direct and indirect

transitions, respectively:
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hv — E,)z

O{OC(Vh—Vg)Q (3.29)
hv — E,)?

M% (3.30)

It is known that the absorbance coefficient of one layer of a certain material can be found

using the relations:

A= /0 (o) (3.31)

where A and d are the absorbance and layer thickness, respectively, and a/(z) is the absorption

coefficient at z. It should be noted that the units of the absorption coefficient are em ™!

and,
therefore, the absorbance has no units. If the absorption coefficient is uniform along the path

z, then we get the absorbance [250]:

A=axd (3.32)

On the other hand, using the absorption coefficient, it is possible to calculate the depth of
the material, since the light intensity of which will decrease with a depth of 1/e (and 1/10).
This dependence is expressed by the Lambert-Beer law:

I(z) =1y x e™@® (3.33)
I(z) = I, x 107°° (3.34)

where I(z) is the beam intensity at point z, and I is the incident beam intensity.
Comparing equations 3.28, 3.32 and 3.34, we derive the dependence of the transmission and

absorption coefficients using the expression:

T=104=¢* (3.35)

The logarithm of all parts of the equation gives the expression Beer’s law:

A= 10g10(%) = 10%10(%) =2 — logyo %T (3.36)
where %T is the transmittance expressed in percent by doing %T=100xT.

Equation 3.36 shows that from measuring the transmittance as a function of the wavelength
of the incident light beam, we can determine the absorbance and, therefore, the optical band
gap. That is, from the transmission spectrum we can determine for what energy the layer of
a certain material absorb radiation, and for what other energies this layer is transparent. The

boundary between transparency and absorption marks the energy of the band gap.
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To obtain the absorption coefficient of a semiconductor, we will measure the transmittance
of teh sample with plane-parallel faces and thickness d. The transmittance of the specified

sample will be determined by the equation:

](d) B (1 . R>26_ad’
Iy 1—R2~e—20‘d—2R'e—ad'cos4’:\%’l

(3.37)

where the R is reflectance of material than can be find from the Fresnel equations for waves

with normal incidence as:

R~ @ (3.38)

where n is reflective index of material.

The cosine term that appears in equation 3.37 in the denominator reflects the interference
between waves successively reflected from both sides of the film and leads to the appearance of
maxima and minima in the transmittance spectra for low absorption coefficients. Obviously, this
term tends to zero at high absorption coefficients. Usually, this term is removed by averaging
over the oscillation period, getting:

r D) _(-RF-e (3.39)
I (1 - R?.e2d

When the absorption coefficient is zero, the transmittance of the sample is reduced to the

equation:

(1-R)?
1—R?
In this case, equation 3.39 gives the absorption coefficient as a function of transmittance:

o= I V(%y R (3.41)

One of the most commonly used methods for quantifying the energy of the optical gap
1/x

Ty = (3.40)

band of samples is the linearization of absorption curves representing (ahv)'/* as a function
of the energy of the photon beam, where depending on the type of transition, takes the value
1/2 (for direct transitions) or 2 (for indirect) [251]. This curve linearly depends on photon
energy hv and, therefore, the extension of the straight line to the energy axis makes possible
to determine the band gap of the material [252]. Another option for calculation optical band
gap is based on determining the point of maximum slope of the absorbance curve, since it will
be more accurate and eliminates the human factor when converting the tangent to the slope of
the absorption curve.

When calculating the transmittance spectra of the material, the transmittance curves of

the samples were normalized to the value of the transmittance spectra of the substrate on
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which they were grown. After that, all spectra were normalized in such a way that their
maximum curve value corresponded to 100 % of the possible transmission. This was done so
that, when calculating the absorption spectra from the transmittance spectra, the curves had a
minimum value at low energies. If the transmittance curves have an oscillating character at high
transmittance, then the average value between the maximum and minimum of the transmittance
curve was taken and this value was used to normalize the spectra. This method can be used
only for materials with a direct band gap because, for materials with indirect transitions,
normalization can affect the slope of the transmittance spectra and distort the correctness of
the calculated results. For direct transitions, similar to those studied in this thesis, according
to equation 3.29 we find that the point of maximum slope is exactly at hv = Eg. For this, after
calculating the numerical derivation of the absorbance curves, the maximum of their derivatives
was determined and, thus, we obtained an estimate of the energy of the band gap. Only for
a series of CdZnO samples that have indirect transitions the extension of the straight line of
the tangent to the maximum slope of the absorption curve to the energy axis to determine the

band gap of the material will be applied.

3.5.2 Used equipment- Experimental set-up

Jasco V-650 spectrophotometer

Spectral studies of the transmittance were obtained using a Jasco V-650 spectrophotometer
in the ISOM laboratories of the Polytechnic University of Madrid. This equipment has two
radiation sources: a Deuterium lamp, which covers a range of 190-350 nm, and a Halogen lamp
in a range from 330 to 900 nm. By changing lamps during the study, any wavelength between
330 and 350 nm can be selected. Wavelength repeatability is £+ 0.05 nm.

The monochromator generates monochromatice light rays for measurements. Before making
a study of the material of interest to us, a check is carried out without a sample to determine the
reference value [ (\) in the selected wavelength range. Then, placing the samples in the system,
the transmitted radiation intensity 7(d; \) is determined. The detector of the photomultiplier
detects the emitted radiation and, using computer software, calculates the transmittance of
the material depending on the wavelength of the incident radiation T'(\) = I(d;\)/Io(N).
These values are substituted into equation 3.38 and absorption curves are constructed, the
derivatives of which allow calculating the optical band gap of the material. A picture of the

spectrophotometer is shown in the Figure 3.21.
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Figure 3.21: Spectrophotometer Jasco V-650

Spectrophotometer SF-2000

Investigation of the spectral transmittance coefficient of ZnMnS and ZnMn'Te was carried
out at room temperature by using the spectrophotometer SF-2000 at the National Technical
University “Kharkiv Polytechnic Institute” (Figure 3.22). This device allows to measure the
spectrum from 190 to 1100 nm in just a few seconds with a speed of ~ 9100 nm/min. Spec-
trophotometer has a single-beam optical scheme with an aberration-corrected concave rifled
grating as a monochromator. As sources of UV radiation, high-quality Hamamatsu deuterium
lamps were used, and Philips halogen lamps were used in the visible light channel. The ac-
curacy of the reproduction of the wavelength is 0.004 nm. The hole for optical measurement
of the samples of the spectrophotometer has a diameter of 1 cm, the size of the light slit for

ultraviolet light is 0.5 nm and the smallest spectral slit width for visible light is 1.0 nm.

- ":w—-"t e
(nnc <@ _2000

Figure 3.22: Spectrophotometer SF-2000
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To expand the functionality of the spectrophotometer, a SFO-2000 console for specular and
diffuse reflection was developed and used, which allows recording spectra of specular and (or)
diffuse reflection of various objects. The size of the light spot on the sample can be in the
range of 2-5 mm. The spectrophotometer allows the analysis of the spectra of both liquid and
solid samples. The measurement of the reference sample and several (up to 9) samples can
be carried out automatically by one command from the operator of the device. It supports
to use of several reference samples with respect to the measurement of two or more studied
samples in a single measurement session. This spectrophotometer allows not only to automate

measurements but also to plot measurement curves for a series of samples.
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3.6 Kelvin probe force microscopy (KPFM)

In this section we have turned to an electrical technique, which uses a modification of
the conventional atomic force microscope based on the observations that the Scottish scientist
William Thomson (later Lord Kelvin) performed in 1861 while studying metals. He constructed
a capacitor using two plates made of different metals. By using an electrometer, he observed
that there was an exchange of charge between the two metals when they were approached. This
exchange of charge leads to an electrical force between the plates of the capacitor.

We know that the interaction between the capacitor plates is due to the different values of
the work function of the metals. Lord Kelvin described, as well, a technique for measuring this
work function difference by applying an adequate external bias voltage to the metals which
cancels the force. In this way, he measured the contact potential difference between the two
metals.

Kelvin probe force microscopy (KPFM) was introduced as a tool to measure the local
contact potential difference between a conducting atomic force microscopy (AFM) tip and the
sample, thereby mapping the work function or surface potential of the sample with a high
spatial resolution [253].

Figure 3.23 gives a rough idea of an atomic force microscope set up.

Computer 1 Mechanics
* software * AFM head

XYZ Laser

FyFLE Cantilever
oL TmRTw Photodiode
Y
] FyFLE
DSP | FyFLE
~ y \ - Piezotube
XYZ ) i
XYZ (High voltage
(Low voltage) High voltage e 0%

" electronics

Figure 3.23: Components of a standard atomic force microscope. (FN) and (FL) vertical and lateral deflections
of the laser beam and (X) its total intensity [254].

The principle of operation consists of scanning the sample surface using a tip with a nanome-
ter radius and determining the force resulting from tip-sample interaction [255]. The main

elements of the microscope are:
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— Cantilever-tip system: This is a probe, which consists of a tip with a 20-30 nm radius
attached to the end of the cantilever beam of micrometric size. When an image of a
surface is obtained, the distance between the tip and the sample is kept constant by
means of a feedback loop. The signal obtained by the interaction of the tip with the

sample is used as a source of feedback.

— Laser beam detection system: As a result of the interaction of the tip with the sample, the
cantilever beam deflects, which, in accordance with Hooke’s law and taking into account
the cantilever spring constant (¢jeper), creates a normal force (F,) that can be measured
as [256]:

F, = Clever - AZ (3.42)

The laser beam is focused at the end of the cantilever, and the reflected beam is detected
in a split photodiode, which has 4 segments (see Figure 3.23). When the position of the
cantilever changes, the angle of the beam reflection changes, which leads to a change in the
position of the spot on the photodiode. By changing the photocurrent on the photodiode

segments, you can accurately measure the deflection of the beam.

— Piezoelectric Ceramics: This is a high-resolution position element that is used to adjust
the tip-sample distance, as well as to change the relative position bet