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General introduction

General introduction

In recent years, great efforts have been made in the field of developing thin films of
transparent conductive oxides (TCOs) [1]. They constitute a unique class of materials, which
combine two physical properties together: high optical transparency and high electrical
conductivity. TCOs like ZnO and Cr20s films have attracted the attention of many research
workers due to their wide range of applications such as solar cells and gas sensors [2].

Metal oxides are generally wide gap semiconductors, they divide into two large families,
the first concerns the n-types (conduction by electrons) and the second family includes the
p- types (conduction by holes). They are known because they are environmentally friendly,
exist in abundance in the earth, easy to synthesize and less expensive [3]. They are known to
be relatively unstable because of their tendency to exchange oxygen from their network easily
with air [4].

Zinc oxide (zinc white or zinc flower) is known as zincite, it is an n-type semiconductor,
transparent in the visible whose refractive index in bulk form is equal to 2 and has a large direct
optical gap (3.3 eV) and a large exciton binding energy (60 meV), their electrical conductivity
is very high (107 — 102(Q2.cm)™1). The stable phase of ZnO is the compact hexagonal
structure of wiirtzite type (hc), their lattice parameters are a = b = 3.2499 A and ¢ = 5.206 A
[5,6]. Zinc oxide has interesting electronic, electrical and optical properties for optoelectronic
applications, particularly in the photovoltaic field [7,8].

Chromium oxide is an inorganic compound and it has many structures such as: CrO, CrO»
but the most famous and useful one is Cr203 [9]. It is found in nature in the form of a rare
mineral known as Escolaite, where it is considered one of the most important chromium oxides,
due to its distinction in several properties including: Cr203 comes in the form of a green powder
and is a p-type semiconductor with a direct bandgap (3 eV) [9-11]. In fact, chromium oxide can
be used in metallurgy in making refractory bricks, so it is added to annealed glass or as a
magnetic pigment in magnetic video and audio tapes to store information. Cr20s is also used as
a polishing agent for various purposes such as gemstones, diamonds, glass and eye glasses [12].
Though undoped zinc oxide and chromium-doped zinc oxide thin films may be prepared by
various techniques, such as: sputtering, electron beam evaporation, sol-gel, chemical vapor
deposition, and spray pyrolysis. The methods that are used more often for depositing oxide thin

films were spray pyrolysis being one of the most cost-effective methods due to its ability to
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deposit large uniform area with low fabrication cost, simplicity and low deposition temperature
[2,13,14].

The objective of this work is the elaboration of undoped and Cr-doped ZnO thin films onto
glass substrates heated at 400°C, by ultrasonic spray pyrolysis technique, from precursor
solution of zinc acetate dihydrate (Zn(C2H302)2:2H>0) and chromium chloride hexhydrate
(CrCl3-6H20) at two different nozzle- substrate distances, and the study of the effect of Cr-
doping percentage and nozzle-substrate distance on the properties of ZnO thin films. The
deposit was made at the level of laboratory of material and structure of electromechanically
systems and their reliability (LMSSEF) of Larbi Ben M’hidi University of Oum El Bouaghi.
These films are characterized by UV-Visible-NIR double beam spectrophotometer and four-
point probe technique to determine their optical and electrical properties, respectively.

Our work is divided into three chapters as follows:

e In the first chapter, we present overview on thin film, the definition of metal oxides, the
essential properties of zinc oxide and chromium oxide (structural, optical, and electrical)
and the field of their applications. Also, we mentioned the deferent deposition
techniques which used to develop TCOs thin films, such as spray pyrolysis, which is
very attractive for making functionally graded thin films.

e The second chapter is devoted to the elaboration of undoped zinc oxide and Cr-doped
ZnO0 thin films.

e In the third chapter, we present the discussions of the experimental results obtained of
undoped and Cr-doped zinc oxide thin films.

In the last, we conclude our work with general conclusion that summarizes the different

steps and results achieved in this work.



==
-

Sol-gel Precursor Spin-coating

P T

\ = [}] =
Template deposition

.JE%

i ﬁ N
% =
%
%, © 60
% .0
“ ¢

© ¢ © Nanoparticles

N

Thin films

Atomizer

Atomizer
control

Droplttransport [Techénism

‘Spray soluton

Substrate

/

Temperature
controller

I Chapter I

thermometer

water or oil bath

magnetic bar

hot plate stirrer
© 0 0 |

Bibliographic studies of zinc oxide and

chromium oxide thin films




Chapter I Bibliographic studies of ZnO and Cr,O; thin films

Chapter I. Bibliographic studies of ZnO and Cr,0O; thin films

1.1. Overview on thin film

The thin films of metal oxides are remarkable materials in the last years since they have
several fields of industrial applications. Among these oxides, zinc oxide. This chapter is devoted
to the bibliographical study on thin film and their deposition methods. According to the
deposition processes detailing the general properties of zinc oxide citing its structural, optical,

electrical properties and their applications.
I.1.1. Thin film concept

In principle, a thin film of a given material is an element of this material of which one of
the dimensions called the thickness has been greatly reduced in such a way that this small
distance between the two limiting surfaces remains order of the um, which gives the layer the
quasi-two-dimensionality, which leads to a disturbance of the majority of the physical
properties. The essential difference between the material in the bulk state and that in thin films
is related to the fact that in the bulk state one generally neglects with reason the role of the
limits in the properties, while in a thin films it is on the contrary the effects related to boundary
surfaces, which are preponderant. It is quite obvious that the lower the thickness, the greater
this two-dimensional effect, and that conversely, when the thickness of a thin film exceeds a
certain threshold, the effect of minimal thickness and the material will regain the properties

well known from bulk material [15].
1.1.2. Thin film applications

The implementation of thin film manufacturing technologies has led to many applications

in very diverse fields which it shown in Figure I.1.

Microelectronics Mechanical Surface protection

Chemical ) o .
emica Thin films Optic

Figure I.1. Thin film applications [16].
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Modifying the surface of a substrate makes it possible to couple the properties of the core
material (or substrate) and of the surface material: the latter can be either directly derived from
the substrate in the case of a surface treatment or a filler material for a surface coating. The first
surface modifications had an aesthetic purpose (painting, gold plating, enamelling, etc.), while
more technical applications concerned metallurgy (cementation, nitriding,...etc). During the

20" century, more advanced applications have diversified into the following areas [5,6,16,17]:

e Microelectronics: PN junction, Transistor, Piezoelectric material, LED lamp,
Superconductor, etc.
e Optics: Anti-reflective layers in solar cells, Mirror staining, Anti-reflective treatment
of camera lenses, Photo detection, Flat screen displays, Ophthalmic applications,
Optical guides, etc.
e Mechanical: Dry lubrication; Resistance to wear, Diffusion barriers, etc.
e Chemistry: Waterproof film (corrosion resistance), Gas sensor, Catalytic coatings,
protective films, etc.
e Thermal: Thermal barrier layer.
e Micro and nanotechnologies: Mechanical and chemical sensors, Micro fluidics,
Actuators, Adaptive optics, Nano photonics, etc.
e Magnetic: Information storage (computer memory), Security devices, Magnetic
sensors, etc.
e Decoration: Watches, Glasses, Jewellery, Household equipment, etc.
1.1.3. Mechanism of thin films formation

The formation of thin films is one of the aspects of such development where the restriction
as dimensional growth rules out the existence of two-dimensional thin films. This has vast range
of applications in different areas. Thin films can be prepared from variety of materials such as
metals, semiconductors, insulators or dielectric. For the deposition of thin films various
preparation methods have been developed as well as new methods are also being evolved to
improve the quality of thin films deposit with maximum reproducible properties and minimum
variation in their compositions. In the thin film deposition process, following basic steps are to

be considered [15,18,19]:

e The initial materials used for the deposition is prepared in the atomic, molecular or finest

particulate form before the deposition,
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e The finest form of materials is transported on the substrate in the form of vapor stream,
the solid, or the spray,
e Deposition of the material on the substrate and the film growth by nucleation-growth
process.
I.1.4. Classification of thin film deposition techniques
The process of thin film deposition occurs by multiple techniques with its requirement of
being single or multicomponent, alloy/oxide/compound coating on substrate of different shapes
and size (Figure 1.2). Depending on the nature of way used for the thin films, deposition the

technique can be broadly classified as [2]:

e Physical deposition techniques,

e Chemical deposition techniques.

Qﬁ] Film Deposition TechniqD

Chemical Deposition
Techniques

Phvsical Deposition

Technigues
(P.D) (C.D) -
o g
Vacuum In solution phase In vapor phase
Rt
. -FALCVD
-D.C -Joule heating -Sol-gel -PECVD
2 i aji -AMOCVD
-R.F h“;]’;;?}ln“uu -El&mﬂdepﬂs“lﬂn _APCVD
-El i
kit e;zr;utu:am -Spray pyrolysis LPCVD

Figure 1.2. Diagram of the different techniques of thin film deposition.

1.1.4.1. Physical deposition techniques

The physical deposition techniques are those in which the material required for deposition
is made available in the atomic, molecular or particulate form before deposition. This is usually
done at sufficiently high temperature. The condensation of vapor on substrate material kept at
relatively low temperature yields. Physical deposition can be further subdivided in: Vacuum

evaporation and Sputtering [13].
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I.1.4.1.1. Vacuum evaporation

Vacuum evaporation technique is the simplest technique used to prepare amorphous thin
films especially chalcogenide and oxide films such as CdSSe, MnS, Ge-Te-Ga, ZnO & Cr203
[20,21].

The evaporation of a material to be deposited is obtained by heating it by one of the different
means: Joule effect, induction (coupling of a high frequency generator), electron gunlaser beam
or electric arc [22,23]. In addition the literature shows that this process is as well suitable for
the production of ZnO films. Indeed, different thin films of undoped and doped ZnO, have been

successfully prepared by vacuum evaporation [17].
a) Joule heating

The simplest forms of evaporation sources are wires and sheets of refractory materials
(Mo, Ta and W). As the electrical resistances of these sources are low, they must be heated
from a low voltage, high current power supply (Figure 1.3) (e.g. 0-5 V and 0-400 A or 2 kW
alternating current) [6,17]. The ZnO layer can be obtained by thermal evaporation from

powdered zinc oxide after annealing in an air atmosphere [15].

Fixture central rotating

Thickness monitoring

-y L: e Substrate
/. o AN
o ) O S Rotating planets
/> e
el = ] Annealing
= o " of chamber

- a Shutter

L e
S A -
SN Jq Viewports
..

¥
|
|
>as - |
1
|
|

A

Pumping/venting

Deposition chamber
Vaporization source (resistive heater
target material)

Electrodes

Figure 1.3. Schematic of vacuum thermal evaporation technique [2].

b) Laser ablation

Laser ablation or Pulsed Laser Deposition (PLD) is another physical deposition technique
to deposit the thin film-coating system [7]. PLD depends on focusing a laser beam on a material
in order to vaporize it and then condense the ionized particles on a substrate heated or not. It
should be noted that the ionized particles have a high kinetic energy (a few tens of electron

volts). Figure 1.4 shows the schematic diagram of PLD [24].
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Different kinds of laser sources are being used to ablate the target, the most common
sources are KrF (248 nm), XeCl (308 nm), and Nd-Y AG laser (1064 nm). In the case deposition
of thin layers of ZnO by PLD has the advantage of being able to use of high oxygen and that of
making high quality crystalline films with speed of high growth even at low temperature

[7,25,26].

. Substrate
.-"'-'l
7
’_.-*
Lens
Heater
*J - AU_I Laser
Target
carrousel
13
+ Oxygen
Inlet
To
pump

Figure 1.4. Schematic of pulsed-laser deposition [27].

¢) Electron beam heating

The principle of this method is presented in Figure 1.5. The electron beam generated by a
tungsten filament (W) is deflected by an electromagnet towards the crucible containing the

material. This technique has two important advantages [2,6,13]:

% Itis easy to control the applied power, therefore the evaporation rate. Consequently, the
deposition on the substrates can be easily controlled in a wide range of speeds, from
very low to very important,

+¢ The material to be evaporated is placed in a water-cooled copper crucible, which

eliminates the problems due to contaminations by the crucible.
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Substrate

Evaporation
material

Vacuum pump

Crucible

Figure L.5. Schematic diagram of electron beam evaporation [1].

1.1.4.1.2. Sputtering

In this method, the substrate is placed in a container containing a gas (generally argon) at
low pressure in which an electric discharge occurs. This discharge has a role in ionizing gas
atoms. The ions obtained are accelerated by the voltage difference and bombardment of the
cathode formed by the material to be deposited (the target) under the action of the accelerated
ions, and the atoms are torn off from the cathode and deposited on the substrate [2,22,28].

Figure 1.6 shows the diagram of the sputtering process [13].

R R

1

Sample holder | Anode

s N

+ Vacuum Pump
Power '
L
' Inert Gas Inlet (Ar)

Figure 1.6. Schematic of the sputtering process [13].
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There are three common types of sputtering process [3,26,29,30]: direct current (DC), radio

frequency (RF) and magnetron sputtering.

-The first one, depends on DC power, which is generally used with electrically conductive

target materials. It is easy to control with low-cost option.
-The second one, sputtering uses RF power for most dielectric materials.

-The third one magnetron process, for which permanent magnets distributed around the
chamber make it possible to create a magnetic confinement of the plasma and thereby to

increase the ionization efficiency of the electrons which then carry out helical trajectories.

1.1.4.2. Chemical deposition techniques
1.1.4.2.1. Chemical deposition in vapor phase

Chemical vapor deposition (CVD) is a versatile technique used to deposit gas phase
reactants (precursors) onto a solid substrate forming thin films. CVD can be used to deposit
large areas such as microelectronics. This technique is capable of depositing highly dense and
pure films in addition to having good adhesion uniformity. CVD also has the ability to control
crystal structure and film formation by varying the substrate temperature and deposition rate.
However, it has many drawbacks: high substrate temperature, low density coating, impure
deposits, expensive equipment and dangerous gases [31]. There are several types of CVD

technologies, including [6,17,25,26,31]:

a) The PECVD: Plasma-enhanced chemical vapor deposition (Figure 1.7). This is a
method that allows the production of a solid precipitate from a gaseous substance and a

chemical reaction with the help of an electric discharge then follows a chemical reaction.

Gaz Injection

(;'\u'\ll Plasma Pumping
V)
Electrode E
/ \Heating
I T=150°C
Substrate

Figure 1.7. PECVD system diagram [6,17].
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b) The MOCVD: Metal Organic Chemical Vapor Deposition at atmospheric pressure or
low pressure.

¢) The APCVD: Atmospheric Pressure Chemical Vapor Deposition.

d) The LPCVD: Low-pressure chemical vapor deposition as opposed to APCVD
(Atmospheric Pressure CVD), depending on whether one operates under reduced
pressure or at atmospheric pressure.

e) The ALCVD: Atomic Layer Chemical Vapor Deposition.

1.1.4.2.2. Chemical deposition in solution phase

The chemical solution deposition (CSD) is a technique as a highly flexible method for the
fabrication of electronic oxide thin films is reviewed. The main interest of chemical deposition
in solution is its simplicity and its ease of controlling the deposition conditions of elaboration.
The realization of thin films of ZnO by this method is done according to three steps: preparation
of the solution, cleaning of the substrates and deposition on the substrate. There are several

variants of solution deposition such as: sol-gel, electrodeposition and spray pyrolysis [5,26].

a) Sol-gel process

Sol-gel process is used for production of solid materials from small molecules. Oxides of
silicon and titanium are the most popular materials for this process [1]. The basic principle of
the Sol-Gel process is as follows: a solution based on precursors in the liquid phase is
transformed into a solid by a set of chemical reactions (hydrolysis-condensation reactions) of
the polymerization type at a temperature close to environment [5,13,32]. Dip-coating and spin-

coating techniques are the best known and most used techniques [33]:

1/ Spin coating: Spin coating process consists of putting the drops of liquid precursor on the
surface of a spinning substrate (Figure 1.8). The film formed on the substrate results from two
balancing forces:

The centrifugal force (due to spinning) which drives the viscous sol radially outwards and

viscous force (due to friction) which acts radially inwards.

Spin coating is the cheapest film production method in silicon technology. However,

thinner films (<100 nm) are hard to make and can waste 98% of the process materials [1].

10
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i
a ‘ r Y ‘ TS W e
Figure 1.8. Spin coating process diagram [7].

2/ Dip coating: In this method (Figure 1.9), the substrate is normally withdrawn vertically from
a desired coating solution, which causes a complex process involving gravitational draining

with concurrent drying and continued condensation reactions [1].

v i

L wr F &

o'

Figure 1.9. Dip-coating process diagram [7].

b. Electrodeposition process

Electrodeposition is a non-vacuum electrochemical technique preferable for thin film
deposition owing to its ability to deposit multicomponent alloys at low temperature. In this
method, the deposition of thin metallic films is done onto the substrate by the reduction of
cations without any unwanted reactions [1]. The Figure I.10 shows the thin films

electrodeposition process [1].

11
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Figure 1.10. Electrodeposition process to deposit thin films [1].

¢. Spray-pyrolysis technique

Bibliographic studies of ZnO and Cr,Os3 thin films

The « spray » technique was first proposed by Chamberlin and Skarman in 1963. It was

used successfully for the deposition of CdS films [17]. It was then adapted for the production

of several materials such as (Cd, Zn) Sn, CulnS,, FeS,... as well as for obtaining thin films of

transparent and conductive oxides (SnO2, ZnO, NiO...) [25]. The "Spray pyrolysis" is the more

common name for this technology. It consists of “atomization” and “pyrolysis” [7]. This

method is based on spraying a solution containing the atoms to be precipitated, generally

acetates, chlorides or nitrates that are easily soluble in water or alcohol to be deposited on a

heated substrate [6,25]. Figure 1.11 shows the diagram of spray pyrolysis deposition equipment.

Regulator

Precursor .
Solution w = Carrier Gas
Reservoir Pressure

I

Spray \/
Nozzle b

Compressed

Thermocouple

A

Steel Plate
H

- Power
: Supply

Figure I.11. Diagram of spray pyrolysis deposition equipment [25].
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This method has many advantages [17,25]:

YV V VYV V

>
>
>

Y V V V

Simple method of providing the precursor by means of a spray,

Ease of construction of reactors of this type,

Possibility of depositing a wide choice of materials,

Simply controllable reaction environment, under neutral gas or under air at atmospheric
pressure,

The composition during deposition can be controlled, as it is possible to achieve layers
of uniform thicknesses and compositions,

Several products can be used at the same time, in particular for doping,

The thin films prepared by this technique are of high and good quality,

Excellent adhesion,

It is a very inexpensive and economical technique,

It is industrializable,

Deposits can be made on large surfaces in the case of solar cells or flat screens,

It does not require a pumping group like almost all the methods of thin films deposition.

These are all the advantages that motivated us to select this production process to carry out

our work. In this technique, several parameters come into play, such as the nature of the

precursor, the nature of the solvent, the concentration of the solution, the nature of the substrate,

the deposition temperature, the nozzle-substrate distance, the spray flow rate, ....etc [25].

I.1.5. The choice of thin film deposition technique

In general, whatever the techniques for producing thin oxide films, the properties of the

films produced are influenced by the following parameters [17]:

>
>
>
>

The surrounding environment (gas, liquid, etc).
The reagents used (nature, concentration, etc).
The substrate (nature, temperature, etc).

Any annealing of the films.

The choice of a thin film deposition technique depends on several factors [4,15,17] :

YV V. V V V

The material to be deposited,

The desired deposition rate,

The limits imposed by the substrate, such as the maximum temperature of deposition,
Adhesion of the deposit to the substrate,

Deposition on substrates of complex shape or not,

13
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» The purity of the material considered for the ideal solution, and for alternative solution,

» Ecological considerations,

» The ease of supply of the material to be deposited, in the present and in the future.
1.2. Metal oxides

Metal oxides (MO) are homogeneous solid phases containing one or more types of metal
cations of different oxidation states (M1xM2y0.), where M is the chemical symbol of the Metal
atom considered, O the symbol of the oxygen atom, “x”” and “’y”” and “z” natural integers, among
the important metal oxide: AlO3, ZnO, Cr,03, CuO, Fe>O3, SnO», and BaTiOs [5,34]. The
cations combine with the O (oxide ions) to give well-defined crystallographic structures.
Generally, to obtain the metal oxide, the oxygen is added to a metallic element (oxidation
reaction). The methods of preparation, the chemical nature of the cations as well as the chemical
composition of these oxides are of fundamental importance [35]. These cations lead to the
variation of physical properties such as optical transmittance, electrical conductivity and
specific surface area, thus inducing significant changes in the electrochemical and catalytic
behavior of these materials. The oxide group is therefore one of the most varied classes of
minerals in physical and chemical properties [15].
I.2.1. Classification of metal oxides

Metal oxides are classified according to: either the nature of the conduction (electrons or
holes) or according to whether the metal oxides are simple or complex [15].

A) n-type and p-type metal oxides

There are two main families of metal oxides (Table I.1). The first concerns the p-types
(conduction by holes), they are known to be relatively unstable because of their tendency to
exchange oxygen from their network easily with the air. However, p-types are used for certain

applications such as high temperature oxygen sensors [36].

Table I.1. Classification of metal oxides [18].

n-type Metal oxide p-type Metal oxide
SnO» NiO
WO; PdO
ZnO Lay0Os3
TiO2 Ag0
In,03 TeO2
TaxOs BaTiOs
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The second family includes the n-types (conduction by electrons), they fulfill the majority
of gas sensor type applications because they are more stable and have more favorable properties
for chemisorption [5,6]. Metal oxide semiconductors have been found useful for a variety of
applications including catalysts, sensors, solar cells, diodes, and transistors [5,6].

B) Simple oxides and mixed oxides

Metal oxides can be classified into two main categories: simple metal oxides consist of a
metal such as: SnO,, TiO», SiO», ...[6], and mixed oxides containing two or more components
such as BaTiOs3 that have slightly or very different properties corresponding simple oxides. A
particularly interesting property is the production of very acidic sites linked to the interface or
to the bond between the two components [36].

1.3. Metal oxide doping

To improve electrical properties such as charge carrier concentration and electrical
conductivity that are modified by doping. Depending on the material or type of doping, the
doping can be substitution, vacation or implantation interstitial [4].

Doping causes new electron acceptor and donor levels to appear in the band structure of
the doped material. These levels appear in the gap between the conduction band and the valence
band. There are two different type of doping [37].

* n-type doping: During n doping, the introduction of electron donor atoms leads to the
appearance of a pseudo energy level located just below the conduction band
(Figure 1.12.a). Thus, the energy necessary for the electrons to pass into the conduction
band is much more easily achieved than in an intrinsic semiconductor [37]. In which
their purpose is to produce an excess of carrier electrons in the semiconductor. This type
of doping is done by replacing the atoms of the metal or oxygen [4,38,39].

= p-type doping: During p doping, the introduction of electron acceptor atoms similarly
leads to the appearance of pseudo level located above valence band. The energy to be
supplied to the valence electrons to pass on this acceptor level is low, and the departure
of the electrons leads to the appearance of holes in the valence band [37,40]. In which

their purpose is to create excess holes as shown in Figure [.12.b [4].

bbb

*o0 0
Ev B —t—————
(a) (b)
Figure 1.12. Representation of the energy level of the doping element (a) n-type, (b) p-type
[37].
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I.4. Transparent conductive oxides

The discovery of oxides which are transparent with high electrical conductivity (TCO:
Transparent Conductive Oxide) dates back to the beginning of the 20® century, when Bideker
found that the thin films of cadmium oxide (CdO) obtained by sputtering from thermal
oxidation of cadmium films have the properties of optical transparency and electrical
conduction [41]. This observation gave rise to a new research theme which remains a topical
subject after a century. Many TCO materials then appeared such as: In2O3, In203:Sn, In2O3:F,
SnO2, SnO2:Sb, SnO,:Cd, SnO1:F, ZnO, O:Al, Cd2Sn04, CdSnO;, and also NiO [6,35,42,43].
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Figure 1.13. Number of publications with the keyword: (a). “Cr203 or chromium oxide” and

(b). “ZnO or Zinc oxide” in their title on the science direct website page from 2000 to 2022.

The diversity of TCOs and their applications corresponds to the fact that the criterion for
choosing a TCO does not depend solely on the quality factor Q. But, for each material, other
parameters are used in the corresponding field, such as thermal stability, chemical and
mechanical, or again the toxicity, the low cost of preparation, the constraints of implementation,
or also the output work (fundamental with regard to the injection of carriers). All these
parameters play a key role in the choice of TCO.

Among the TCO, we are interested in ZnO and Cr2O3 because they have many applications
in everyday objects. Figure I.13 shows respectively the evolution of the number of publications
containing the keywords “ZnO or Zinc oxide” and “Cr203 or chromium oxide” in their title in
the scientific publications of “science direct” (www.sciencedirect.com). These materials have

a number of properties that will be detailed in this chapter.
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L.5. Properties and applications of zinc oxide and chromium oxide
I.5.1. Zinc oxide properties

Zinc oxide (Zn0O) is a well-known semiconductor that has wide direct band-gap (3.3 eV) at
room temperature and large free excitation binding energy (60 meV). ZnO has high thermal
stability, highly crystalline hexagonal structure, and high mechanical strength, which make it
suitable for use as an electronic material in various fields such as bio-molecule sensor,
ultraviolet light-emitting diode UV-LEDs, gas sensor, solar cell and optoelectronic [5,44].

The physico-chemical properties of zinc oxide make it a very interesting material for
applications in optoelectronics and microelectronics. In what follows we present the main ones

of these properties: structural, optical, and electrical.

I.5.1.1. Structural properties of ZnO
Zinc oxide (ZnO), known as Zincite in its natural state (Figure 1.14) [17], can exist either

as a powder or as a massive crystal. In table .2, some general properties of ZnO are given.

Figure 1.14. Photograph of a natural crystal of Zincite [45].

Table 1.2. Some properties of ZnO [17].

Melting Enthalpyof Solubility
General Density | Molecular density ) ‘ .
o point formation in H20 at
description (g/cm?) (molecules/cm?)
(°C) (kcal/mol) 29°C (g/l)
Colorless
crystals, white 5.60 4.21x10% 1975 83.17 0.0016
powder
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Depending on the production conditions, ZnO comes in three crystalline forms
(Figure 1.15): i) the wiirtzite type structure (hexagonal) which is stable under normal conditions,
ii) Thesphalerite structure (CFC) which is unstable and which appears under high pressures,
iii) the Rock—Salt (NaCl) structure which appears under very high pressures [17].

Wurtzite (B4) Zine blende (B3) Rock-Sale (B1)

e OXygen
® Zinc

() (b) ()

Figure I.15. Stick and ball representations of ZnO crystal structures [42]: (a) hexagonal
wiirtzite (B4), (b) sphalerite structure (B3), and (¢) Rock—Salt structure (B1).

The stable phase of ZnO is the hexagonal structure wiirtzite (B4). It consists of layers of
zinc atoms alternating with layers of oxygen atoms along the ¢ axis composed of O* and Zn>*
ions coordinated in tetrahedral form. All atoms have tetrahedral coordination with four nearest
neighbors of the typical opposite [18]. It is anisotropic whose preferred axis of crystal growth
is the c axis. Its structure can be described as two hc networks which are inserted into each

other. Its space group is P63mc (Figure 1.16).

Figure 1.16. Crystal structure of ZnO [45].
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The O lattice is displaced by a fraction of 0.38 of the size of a unit cell in the direction. This
displacement is performed relative to the Zn lattice. Indeed, the zinc and oxygen atoms occupy
only 40% of the volume of the crystal, leaving empty spaces with a radius of 0.95 A [4].

It is possible that, under certain conditions, excess zinc atoms can lodge in these spaces i.e.
in interstitial position. This characteristic makes it possible to explain certain particular
properties of the oxide, related to the phenomena of semi-conductivity, photoconductivity,
luminescence, as well as the catalytic and chemical properties of the solid [30].

The distance between the near neighbors in the direction c, is smaller than for three other

neighbors.

1.5.1.2. Optical properties of ZnO
Zinc oxide is a transparent material in the visible range in the massif case the refractive
index is approximately 2 while in the case of thin films the refractive index ranges between

1.37 and 2.20 in terms of elaboration conditions, the fundamental absorption threshold being in

the ultraviolet range (Figure 1.17) [46].
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Figure 1.17. The variation of transmittance with wavelength of zinc oxide deposited by spray

pyrolysis [46].
The improvement of the stoichiometry of ZnO leads to a decrease in the absorption

coefficient and an increase in the forbidden band energy [7,17], optical properties of ZnO are

reported in the table 1.3.
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Table 1.3. Some optical properties of ZnO [47,48].

Dielectric constant 8.7
Absorption coefficient (cm™) 10
Refractive index at 560 nm 1.8-1.9
Refractive index in 590 nm 2.013-2.023
Excitonic band width (meV) 60
Transmittance in visible range (%) ~80

1.5.1.3. Electrical properties of ZnO
ZnO is a semiconductor of the group A'VBY, electron distribution of Zn and O atoms is:
O: 1s%2s22p*
Zn: 15%2s%2p®3s23p®4s23d!°
where the 2s and 2p states of oxygen, form the valence region and 4s states of zinc form the
conduction region.

The ZnO owens a direct band gap. The minimum transfer band limit and the maximum
valence band limit are at the point (the Brillouin area). ZnO has wide direct band-gap (3.3 eV)
and it changes from 3.3 eV to 3.39 eV according to the type or the method of preparation or
according to doping rate. On the other hand, ZnO has the widest excitonic band in the family
II-VI (60 meV for ZnO, 20 meV for ZnS and 21 meV for GaN), which makes the excitonic
effect observable even at room temperature.

The high concentration of electrons is attributed to the deviation from stoichiometry (or
failing that in the structure), this deviation may be due to anion vacancies or to an excess of
cations in the interstitial position. The exact nature of the structural defects in most cases is still
uncertain. The stoichiometric ZnO formation reaction [7,25]:

Zn""+2e+50:—7n0 (L1)

The zinc oxide films deposited with a spray pyrolysis have electrical conductivity ranging
from 1076 — 102 (2. c¢m)~! and it increase if the thickness increase, this causes an increase in
the concentration of charge carriers. Heat treatment with gas or air affects the increase in
conductivity. The spread of charge carriers is due to three factors [6,17,49]:

¢ The appearance of ionizing or neutral impurities,

% The appearance of grain boundaries in the material,

% The presence of optical or acoustic phonons.

Table 1.4. Some electrical properties of ZnO [17,45,50].
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B— et

Nature of the forbidden band Direct
Band gap width at 4.2 K (eV) 33
Band gap width at 300K (eV) 3.34+0.02
Conductivity type n
Maximum electron mobility (cm?/V.s) 200
Effective mass of electrons 0.28m,
Effective mass of holes 0.60m,
State density in BC (cm™) 3.71 108
State density in BV (cm™) 1.16 10"
Electron thermal velocity (cm. s) 2.2 107
Holes thermal velocity (cm. s™) 1.5 107
Electrical resistivity (Q.cm) 1071-10°

I.5.2. Chromium oxide properties
There are many structures of chromium oxide such as [9,20]:
v Chromium (II) oxide,
v Chromium (IV) oxide,
v" Chromium (III) oxide.

Chromium (II) oxide
Chromium (II) oxide (CrO) is an inorganic compound composed of chromium and oxygen.

It is black powder that crystallizes in the rock salt structure (figure 1.18) [51].
Cr o)

Figure 1.18. CrO crystal structure.

Some physical properties are mentioned in the table 1.5 [9].
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Table 1.5. Some physical properties of chromium (II) oxide (CrO) [9].

Properties CrO
Molar mass (g/mol) 67.996
Appearance Black
Melting point (°C) 300
Crystal structure Cubic, cF8
Space group Fm3m
Chromium (IV) oxide

Chromium (IV) oxide (CrO) is an inorganic compound in the form of a crystal or powder
of dark-brown color and insoluble in water (Figure 1.19), it loses oxygen at 300 °C and it is a
black synthetic magnetic solid. It once was widely used in magnetic tape emulsion. With the
increasing popularity of CDs and DVDs, the use of chromium (IV) oxide has declined.

However, it is still used in data tape applications for enterprise —class storage systems. It is
still considered by many oxide and tape manufactures to have been one of the best magnetic

recording particulates ever invented [9].

R

Figure 1.19. CrO> Crystal structure.

We have grouped some physical properties of chromium (IV) oxide in the table 1.6.
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Table 1.6. Some physical properties of chromium (IV) oxide (CrO») [11].

Properties CrOz
Molar mass (g/mol) 83.9949
Appearance Black tetrahedral ferromagnetic crystals
Density (g/cm?) 4.89
Melting point (°C) 375
Solubility in water Insoluble
Crystal structure Rutile (tetragonal), tp6
Space group P4>/mm
Residual resistivity (Q.m) 10°®
Absorption coefficient at 420 nm(cm™) ~1.3x10°
Inter band transition frequency (eV) 2.0 & 3.35
Real dielectric function, g; 2.9
Imaginary dielectric function, &> 3.8
Chromium (IIT) oxide

Chromium (IIT) oxide (Cr203) is an inorganic compound. This is one of the major oxides

of chromium. Here, the metal has a +3 oxidation state.

The rare natural mineral of Cr2O3 is Eskolaite (Figure 1.20).

Figure 1.20. The rare natural mineral of Cr,0O3 (Eskolaite).

The Cr20s5 structure belongs to the R3¢ space group, which consists of hexagonal close-
packed layers of O atoms, where two—thirds of the octahedral interstices between them are filled
with Cr atoms. The oxygen atoms follow hcp packing (ababab...), while Cr atoms follow FCC
packing (ABCABC.....) (Figure 1.21) [11].
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3Cr
0

Figure 1.21. Cr,0s crystal structure [11].

The films are transparent in the wavelength range from 400 to 900 nm, but absorbing for

wavelengths shorter than 400 nm (Figure 1.22) [52].
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Figure 1.22. Variation of transmission with wavelength of Cr2O3 at different films thickness
[52].
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The electron distribution of Cr and O atoms is:
0: 1 s22s%2p*
Cr: 1s%2s22p®3s?3p®4s'3d°

We have grouped some physical properties of chromium (III) oxide in the table 1.7

Table 1.7. Some physical properties of chromium oxide (Cr203) [9-11].

Properties Cr203
Molar mass (g/mol) 151.99
Appearance green powder or crystals
Density (g/cm?) 5.22
Melting point (°C) 2435
Solubility in water Insoluble
Space group R3c
Lattice constant value (A) a =b=4.959, c=13.594
Transmittance (%) 50%
Refractive index 2.551
Absorption coefficient (cm™) 0.97x10*
optical band gap energy (eV) 3
The electrical conductivity at 500k (S.cm™) 1x102-2.5%1073
The activation energy (eV) 0.42-0.51
The large disorder energies (eV) 0.31-0.39

1.5.3. Zinc oxide applications

Because of its innumerable structural, optical and electrical properties, its production cost
and the possibility of depositing it on large surfaces, ZnO is a very attractive material for various
applications in the field of electronics and optoelectronics, the most important of which are
[6,8,501]:

e Application to solar cells,

e Optoelectronic application in the visible and UV regions,

e (Gas detectors,

e Piezoelectric applications,

e Surface acoustic wave device.
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1.5.4. Chromium oxide applications
Chromium oxide is used as a pigment in the cosmetics industry, plastics, glass and also in
paints and inks. It is also used in abrasive or polishing agents such as steel. Also, anhydrous
chromic oxide is used for its heat, light and chemical resisting properties in applications such
as [12]:
e Cement-based products such as industrial floors, concrete blocks, fired concrete bricks,
tiles, slabs, joint mortar, terrazzo,...etc.

e Lime-based products such as mineral paint, frescoes, plasters, ornaments,...etc.
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Chapter II. Elaboration and characterization of Cr-doped ZnO thin films

This chapter is divided into two parts, the first part will study the method of ultrasonic spray
pyrolysis with the steps of preparing zinc oxide undoped and doped with chromium thin films.
While the methods of optical and electrical characterization of our films will be studied in the
second part.

Part One: Elaboration of Cr-doped zinc oxide thin films
I1.1.1. Ultrasonic Spray Pyrolysis

Ultrasonic Spray Pyrolysis (USP) is a simple aerosol synthesis technique widely used for
the synthesis of nano-materials such as thin films or Nanoparticles. Due to its easy feasibility,
flexibility, and cost-effectiveness, the USP process is an important alternative for chemical
solution deposition (CSD). The composition of the nano-synthetic particles or the film can be
easily modified by changes in processing parameters. Ultrasonic spray pyrolysis gives you full
control over the most important process parameters such as: ultrasonic amplitude, precursor
solution, precursor composition, viscosity, flow rate, deposition temperature, and substrate
temperature. This makes ultrasonic spray pyrolysis an attractive technology for dense and

porous particles and thin film coating [2,4,5,15]

I1.1.1.1. General principle of the ultrasonic spray pyrolysis process

The general principle of this technique depends on:

A solution containing the different constituents of the compound is sprayed in fine drops
by a 40 KHz ultrasonic generator. It allows the transformation of the solution at the nozzle into
a jet of very fine droplets 40um in diameter. The jet arrives on the surface of the substrates
which are heated which allows the activation of the chemical reaction. Under the appropriate
experimental conditions, the vapor formed around the droplet prevents direct contact between
the liquid phase and the surface of the substrate. This evaporation of the droplets allows a
continuous renewal of the vapor, therefore the droplets undergo the thermal decomposition and
give the formation of strongly adherent films. The experiment can be performed in air (~1 atm).
And can be prepared in an enclosure (or in a reaction chamber) under vacuum (~0.1 atm). The
description of film formation by the spray pyrolysis method can be summarized as follows
[3,4,22] :

(1) Formation of droplets at the outlet of the nozzle,

(2) Transfer the droplets to the substrate surface,
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(3) Decomposition of the precursor solution on the surface of the substrate heated by the

pyrolysis reaction.

I1.1.1.2 Choice of ultrasonic spray pyrolysis technique

Spray pyrolysis have several advantages [3,13] :

>

YV V. V V V V

>

It has being neither combustible nor explosive in the fire, or being relatively inert
towards of the human organism,

The speed and simplicity of implementation,

It allows you to control the chemical composition of the material you want to obtain,
Several products can be used at the same time, in particular for doping,

The thin layers prepared by this technique are of good quality,

It is a very inexpensive and economical technique. It can be industrialized,

Deposits can be made by this method on large surfaces in case of solar cells or flat
screens,

It gives excellent adhesion of thin films to the substrate.

I1.1.1.3. The effect of substrate temperature on droplets

According to figure II.1, several processes can occur depending on the range of used

temperature [2,4]:

>

Schema A: the droplet reaches the substrate, the solvent evaporates leaving a precipitate
which then decomposes in the solid state.

Schema B: the solvent evaporates before the droplet reaches the surface to be coated
and the precipitate hits the substrate, decomposing into the solid phase.

Schema C: As solvent evaporation occurs before contact with the hot substrate surface,
the precursor passes into the gas phase without decomposition. The vapor thus produced
during this process adsorbs and diffuses on the surface, then undergoes chemical
reactions to form the layer. This process results in dense, good quality films with
excellent adhesion.

Schema D: at higher temperature, the chemical reaction no longer takes place in a
heterogeneous phase, but in a homogeneous (gaseous) phase with the production of fine
powder particles which can be deposited on the substrate. The deposit obtained has a

high porosity and has a low adhesion to the substrate.

Therefore, the best layers are obtained with schema C which corresponds to the conditions

of chemical vapor deposition. A wide droplet size distribution will lead to a mixed process.
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Figure I1.1. Diagram of aerosol decomposition as a function of substrate temperature.

I1.1.1.4. Generation and transport of droplets

The homogeneity of the deposited material can be determinate from the size of the spray
droplets and the concentration of the solution while, its morphology can also be determined by
the concentration and the speed of the droplets produced by the atomizers.

Concerning the atomizer, device for the production of droplets and their dispersions in the
air. Several methods have been used to aid in the study of spray pyrolysis, for exemple:
pneumatic (air is the carrier gas), ultrasonic, by gravity,...etc [5].

In the deposition device, the basic solution can be conveyed to the substrate under the effect
of the compression of a gas sensitivity and the other hand, the gas used can also be used as
reactive elements entering into the composition of the material to be deposited, such as O for
ZnO [5].

I1.1.1.5. Reaction on substrate

When the aerosol droplets approach the surface of the heated substrate (at high
temperatures) under the appropriate experimental conditions the vapor formed around the
droplet prevents direct contact between the liquid phase and the substrate of the droplets allows
a continuous renewal of the vapor, therefore the droplets undergo the thermal decomposition
and give the formation of strongly adherent films.

It is noted that the decomposition reaction, in the gas phase, occurring on the surface of the
substrate is an endothermic reaction which requires relatively high substrate temperatures to

cause the decomposition of the droplets, and give rise to the growth of the film [5].
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I1.1.2. Experimental procedure

The objective of this work is to develop thin films of undoped zinc oxide (ZnO) and
chromium doped zinc oxide (ZnO:Cr) by the technique of ultrasonic spray pyrolysis.

Where, the experimental variables (substrate temperature (Ts), deposition time (tp),
solution concentration (C) and solution flow rate (¢s) were kept constant throughout the
sedimentation process with two different distances between the nozzle and the substrate (dn-s)
for studied the effect the chromium concentration and Nozzle-substrate distance on the
properties of ZnO thin films deposited by spray pyrolysis.

-In this study, the two solutions (A and B) were prepared from:

A. Zinc acetate dihydrate Zn(C>H302), - 2H>O0.

B. Chromium chloride hexahydrate (CrCls; - 6H>0).

By dissolving them in distilled water

Then, the two solutions were mixed in different volumetric (or atomic) proportions for the
deposition of ZnO thin films with different doping by Cr.

I1.1.2.1. Experimental setup

This experiment was carried out at the level of Laboratory of Materials and Structure of
Electromechanical Systems and their Reliability (LMSSEF: Laboratoire de Matériaux et
Structure des Systémes Electromécanique et leur Fiabilité) of the Larbi Ben M'hidi University
of Oum El Bouaghi, where, undoped and chromium-doped zinc oxide thin films were deposited
by ultrasonic spray pyrolysis technique. The schematic diagram of the deposition system is

shown in Figure I1.2 and I1.3.

Figure I1.2. Complete experimental device for the ultrasonic spray pyrolysis technique.
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Figure I1.3. Simplified diagram of the deposition of thin films by ultrasonic spray pyrolysis

technique.

Table II 1. Presentation of the devices that the simplified diagram of USP system consist.

ey 2 3 C)) (6)) (6) ) ®
Ultrasonic
Ultrasonic | The | Syringe | Substrate Digital
Generator ) Substrate Support
atomizer | spray | pump heater thermometer
(40kh)

The main elements of the assembly are:

a) Substrate heater: It is a plate with a diameter of 25cm, heated by the Joule effect, the
temperature used in our experiment is 400°C,

b) Electric syringe pump: Model PHOENIX D-CP (GF-FOURES) to control the precursor
solution flow rate,

¢) Substrate: in this work, microscopic glass substrates were used,

d) Ultrasonic wave generator (40 KHz) with an atomizer: Which allows to transform the
solution at the level of the atomizer to very small droplets thin, placed on a height-

adjustable support to control the spout-substrate distance,
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e) Digital thermometer: It is a device for measuring the temperature, it allows you to give

a direct reading of the temperature using a digital display, where, in this work the

thermocouple tip (type K/NiCr-NiAl) is connected to the heater.

I1.1.2.2. Choice and preparation of substrates

The type of substrate is chosen as glass according to:

1. Coefficient of thermal expansion: 0ciass=8.5%10°° K 'and azy,0=7.2x10°K™",

2. Not expensive,

3. Transparent for the optical characterization of films in the visible,

4. Better adhesion, good structure and better piezoelectric activity.

In order to deposit the thin films, glass microscope slides were used with dimensions

(7.62x2.54) cm? and a thickness of Imm. Where, each slide was cut into three using a diamond

tip pen to obtain three substrates (Figure II 4).

Figure I1.4. Slides of glasses are cut by a diamond tip pen to obtain substrates.

After obtaining the substrates, they must be cleaned as a basic step follows (Figure IL.5):

Rinsing with distilled water,

Soaking in an acetone bath,

Rinsing in distilled water bath to avoid remaining traces of acetone,
Soaking in an ethanol bath,

Cleaning with distilled water to remove traces of ethanol,

Finally, these substrates are drying using Joseph papers (Figure 11.5.b).

The degreasing in each bath lasts five minutes at room temperature in an ultrasound

cleaning bath (Figure IL.5.c).
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Figure ILS5. Substrate’s cleaning steps with some used tools.

I1.1.2.3. Preparation of deposition solutions
a. Preparation of zinc acetate solution
There are several sources of zinc oxide such as: zinc acetate Zn[OOCCH3]2, zinc nitrate

Zn(NO:s): and zinc chloride ZnCl. [7]. In this work, zinc acetate dehydrate (ZAD) was used as

a source of zinc material (Figure I1.6).

- 33786-56

Zinc acetate
dihydrate

95.999%4 trace
‘basis

»h\.-h;otxcu, <o.. 3OS0

Figure I1.6. Zinc acetate dihydrate.
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Table I1.2. Some physical properties of ZAD [22,25].

Appearance Crystalline solid
Color White
Odor Acetic acid odor
Molecular formula Zn(C2H302)2 - 2H0
Molar mass (g/mol) 219.50
Density (g/ml.) at 20°C. 1.735
Melting point (°C) 237

To obtain a solution from zinc acetate dihydrate (Vzap) of molar mass 219.50g/mol and
concentration C=0.05mol/l, a quantity of zinc acetate (mzap=CzapMzapV) was dissolved in
distilled water (Figure 11.7), where, a scale was used KERN442-432N accurately= 0.01g to

weigh a certain amount of ZAD (mzap).

Rg"ﬁn:m WOTER.
D0 A1 D FANERA

Figure IL.7. Preparation of zinc acetate solution.

We note that zinc acetate dissolves well and completely in water, as we get a homogeneous
solution with a transparent color.
b. Preparation of chromium chloride solution

In this work we used a chromium chloride hexahydrate (CrCl; - 6H,0) as a source of Cr

material (Figure IL.8).
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Figure I1.8. Chromium chloride hexahydrate.

Table I1.3. Some physical properties of CrCH [9,10,20,51].

Appearance Crystalline solid
Color Dark green
Solubility in water at 20°C (g/100ml) 59
The molecular formula CrCls - 6H20
Molar mass (g/mol). 266.5
Density at 20°C (g/cm?®) 2.76
Melting point (°C) 83-95

To obtain a solution from chromium chloride hexahydrate (Vcrcn) of molar mass
266.5g/mol and concentration C=0.05mol/l, a quantity of chromium chloride hexahydrate
(mcrcn=CcrcuMcrcnV) was dissolved, in distilled water (Figure I1.9), where the previous
balance was used to weigh a certain amount of C;CH (mcich).

We note that chromium chloride hexahydrate dissolves well and completely in water, as

we get a homogeneous solution with a green color.

Figure I1.9. Preparation of chromium chloride solution.
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¢. Preparation of precursor solution

After preparing the two solutions, a quantity of (1-Z)Vsol zap from zinc acetate dihydrate
solution is mixed with a quantity of ZVsol crcn from chromium chloride hexahydrate solution
to prepare a Zni-zCrzO as precursor solution for preparing samples of zinc oxide thin films
doped at Z% by chromium atoms.
I1.1.2.4. Experimental condition

To study the doping effect and nozzle-substrate distance, a variety of samples has been

produced under experimental conditions presented in the table 11.4.

Table I1.4. The experimental conditions of the deposition series.

Conditions Values
Nature of precursor Zn(GH02)2 - 2520
CrCls - 6H20
Solvent H>O
Molarity of the solution (mol/I) 0.05
Volume of soution for each deposit (ml) 10
Substrate temperature (°C) 400
Solution folow (ml/h) 60
Nozzel-substrate distance (cm) 4,6
Deposition time (min) 6
Doping rate (at. %) 0,2,4,6,8

I1.1.2.5. Deposition of thin film

After the preparation of the substrates and the deposition solutions, the procedure for
depositing the samples comes all according to the following steps [3,4,15]:

-First, the precursor solution is placed in the syringe, and the latter is placed in the syringe
pump device on the other hand the glass substrates are placed above an electrical resistance at
room temperature to avoid thermal shock.

-Second, the substrates are gradually heated to the chosen deposition temperature (400°C),
the temperature value is measured by a digital thermometer.

-Third, when the heating is done, the flow rate of the solution (¢s) is fixed using an electric
syringe pump. In our work, we used the amplitude of the sound wave (60%) and the type of

continuous pulse.
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Very fine droplets of the precursor solution are sprayed, by ultrasonic, on the heated
substrate which causes the activation of the chemical reaction between the compounds, the
solvent evaporates due to the endothermic reaction of the three compounds forming the thin
film.

-Finally, after 6 min, the spraying of solution and the heating are stopped but we let the
deposition samples cool down above a resistance electric up to room temperature, to avoid
thermal shocks that could break the sample.

Thus, transparent samples well adhered to the substrate were obtained.

Part two: Characterization techniques of thin films
I1.2.1. Optical characterization and measurement

There are several ways to characterize transparent conductive films, including methods
(structural, electrical and optical) that help in obtaining several properties including (band gap,
absorption coefficient, grain size, thickness and Urbach energy) for thin films [1]. Which is
obtained by studying the transmission spectrum (optical transmittance curve as a function of
wavelength) data given by UV-Vis Spectrophotometer.

I1.2.1.1. Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy is a non-destructive optical characterization technique
based on the transition of electron from fundamental state to an excited state due to excitation
by an electromagnetic wave [1,53].

This technique allows working on small amounts of materials deposited in thin films or in
suspension it refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-
visible-near infrared spectral region. The absorption or reflectance in the visible range directly
affects the perceived color of the chemicals involved; it measures the intensity of light passing
through a sample (1) and compares it to the intensity of light before it passes through the sample
(Ip). The ratio (I/I,) is called the optical transmittance and it is usually expressed as a
percentage (T %). This technique can provides information on the optical properties besides
what it mentioned previously such as optical absorption coefficient («), the estimation of optical
gap (Eg), Urbach energy (Ey;p) and optical refractive index (n, k). It can also in certain cases
give information about the thickness of studied sample [2,13,53].

To obtain the optical properties of our samples a double beam recording spectrophotometer
type (V-630) are used one passes through the reference (air) and the other through the sample

(glasstlayer) so the output intensities amplified spectra are processed using UVPC software
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(Figure I1.10). Then, we managed to record curves representing the variation of the
transmittance as a function of the wavelength in the Ultra-Violet and Visible range. The

exploitation of these curves makes it possible to determine optical characteristics such as the

Figure I1.10. Experimental device for UV-Vis-NIR spectroscopy.

Figure I1.11 shows the principle of UV-Vis- NIR spectrophotometry.
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Figure I1.11. Schematic spectrometer of UV-Vis-NIR [1].
We were able to obtain spectra representing the variation of optical transmittance T (%)

according to the wavelength in the UV-Visible-NIR range (300 nm- 1100 nm).
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I1.2.1.1.1. Determination of film thickness and refractive index

The thickness of a thin layer is very low, and its knowledge necessary, it seems legitimate
to specify it first [3].

We determine the thickness of our films of ZnO:Cr (0, 2, 4, 6 and 8 at. %) from the
spectrum of the variation of the optical transmittance of each sample (film + glass ) as a function
of the wavelength by adjusting a transmittance curve calculated according to a model proposed
by Swanepoel to the measured transmittance spectrum and this by varying certain parameters,
such as the thicknesses, and to use the least squares method for fit a simulated transmittance
curve to the measured one [3,4]. From the "Fit" of the transmittance curve using the Origin Pro
8.5 software, one can determine the average thickness of the thin film, the refractive index as

well as the extinction coefficient and the corresponding wavelength to the optical gap (Figure
11.12).
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Figure I1.12. Fitting the measured transmittance spectra to Swanepoel's method.

I1.2.1.1.2. Determination of absorption coefficient

When the UV-Visible spectrum passes over the sample, some rays do not pass through the
thin film, but they are absorbed by this film (negligible reflection).

In the spectrum domain where light is absorbed and knowing the film thickness (t), the
absorption coefficient of the film can be determined as a function of the wavelength according

to Beer-Lambert law [13]:

T = eot (IL1)

a=1in (;(‘j/‘;)) (11.2)
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11.2.1.1.3. Determination of optical band gap

The term “band gap” refers to the energy difference between the top of the valence band to
the bottom of the conduction band electrons are able to jump from one band to another.

In order for an electron to jump from a valence band to a conduction band, it requires a
specific minimum amount of energy for the transition, the band gap energy [1].

The optical energy band gap (E,)for the allowed transition between the conduction and
valence bands can be found from the Tauc equation [14]:

(ahv)" = A(hv — Ej) (I1.3)

where:

hv: Energy of incident photon (eV).

A: Constant dependent on electron-hole mobility.

E,4: Energy of the optical gap (eV).

In the case of a thin film of undoped and doped zinc oxide (ZnO), the direct optical gap
n=2 [6], from Tauc's law, we plot the curve (ahv)? as a function of hv (Figure I1.13). The value
of the optical gap is determined by extrapolation of the curve up to (ahv)? = 0. The point of

intersection with the horizontal axis indicates the value of the optical gap.

4
| ZnO:Cr Film (2 at. %, dN-S= 6 cm)
3 E=3.25eV
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£ \\
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hv (eV)

Figure I1.13. Example of the determination of the energy gap from the variation of (chv) % as

a function of hv.
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11.2.1.1.4. Determination of Urbach energy
Due to disorder in the film lattice, localized states appear near band edges which cause band
tailing. These bands are responsible for the absorption of photons in the low energy range. In

this range, the absorption coefficient is given by Urbach's law [15,54,55]:
hv
Em) (IL4)

where, a: The absorption coefficient, a,: is the pre-exponential factor, hv the energy of the

a = agexp (

incident photon and Ey;,-, the tail band width or the disorder energy commonly called the Urbach
tail [15,38,54].
By plotting [na as a function of hv (Figure 11.14), Ey;,-, can be estimated from the inverse

slope of the linear curve of Ina against hv as shown in Equation ILS5.
hv

Ina =lIlnay + (I1.5)
Eyrp
10,0
r ZnO:Cr Film (2 at. %, d =6 cm)
9,5 -
- E =178 meV
9,0
8’5 I L 1 L 1 L 1 L 1 L
3,0 3,1 3,2 3,3 3,4 3,5

Figure I1.14. Example of the determination of the Urbach energy.

I1.2.2. Electrical characterization and measurement

Electrical properties cover a particularly wide field, the electrical properties of thin films
are one of their most important physical features, especially the conductivity/resistivity [2]. To
reliably determine the resistance of the manufactured layers, a four-terminal sensing method
was applied [1].

The four-point probes method is a simple and fast method, which measures the electrical
conductivity of thin films Figure II.15. Its principal is using four tips (probes), equidistant in
direct contact with the surface of the sample, placed linearly in a straight line at equal distance

(d) from each other.
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The principle of measurement is simple, just inject a current (1) at the two external tips and
measure the voltage (V) at the two internal tips [2].

Since each pair of the four pins was equidistant during the measurement, and the thickness
of the layer is much smaller than its lateral dimension as well as the distance between the pins,
the sheet resistance (p) can be calculated by the taking reciprocal of the slope of the I-V curve
which calculated as follows in the equation [13]:

p=87 (IL6)
where, B is a geometry factor and in the case of semi-infinite thin film, f=4.53, which is just
n/In 2

Therefore, the electrical conductivity is related to the thickness of the films by the

expression [56]:

o=1 (IL7)

Thin film

Substrate

Figure I1.15. Diagram representative of the principle of the four-point probes method [3].

In order to know the electrical surface resistivity p and electrical conductivity ¢ of undoped
and doped zinc oxide (ZnO) of thin films, a four-points device type Mandel is used in the
LMSSEF laboratory of Larbi ben M hidi University at Oum Bouaghi, the probe consists of four
contacts aligned linearly and the distance between the four terminals (d=1mm). A variable
current | is applied between the two external terminals and the voltage V is measured between
the two internal probes using keitheley 2400, which makes it possible to measure low voltages

(Figure II .16).
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Figure I1.16. Four-point probe + Source Meter.
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Chapter III. Results and discussion

The purpose of this chapter is to present and interpret the experimental results of our work
on the development and characterization of thin films of zinc oxide undoped and doped with
chromium (ZnO:Cr) deposited on glass substrates by the ultrasonic spray pyrolysis technique
We present the percentage effect of chromium doping and the effect of distance (d=4 cm and
d=6 cm) on the optical and electric properties of the thin films of zinc oxide (ZnO) doped with
different percentages of chromium (Cr) (0, 2, 4, 6, and 8 at. %) with constant deposit conditions
(Ts, tp, and @s).

To study these properties, we used two techniques to characterize our samples which are:

» UV-Visible-NIR spectrophotometry to discuss the spectrum of the transmittance and

calculate from this spectrum: the thickness of the film(t), the absorption coefficient (@),
the optical gap energy (Ej), the Urbach energy (Ey,p), and the refractive index (n) of
our samples.

» The four-point technique to determine the type of majority charge carriers and measure

the electrical conductivity of our samples.
I11.1. Effect of Cr-doping of and nozzle-substrate distance on the color of ZnO samples

The table II1.1 shows the photos of our samples, we notice that there is a very slight change
in the color of the samples and they appear almost as if they are transparent in visible range

because undoped and (Ni, Sn, Cr)-doped ZnO have a higher transparency in this range [5,7,57].

Table II1.1. Photos of thin films deposited on glass substrates.
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I11.2. Effect of Cr-doping and nozzle-substrate distance on the optical transmittance of

ZnO samples

We use the UV-Vis-NIR spectrophotometer (V-630) to study the optical properties of our

samples; we were able to obtain spectra representing the variation of optical transmittance

according to the wavelength in the UV-Visible-NIR range (figure I1I.1).
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Figure III.1. Optical transmittance spectra of ZnO samples at different percentage of Cr
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Figure III.1 represents typical spectra of the variation in optical transmittance T (%) as a

function of the wavelength of the incident photon A in the UV-Vis-NIR range, recorded in the
range from 300 to 1100 nm obtained of zinc oxide sample prepared by the ultrasonic spray
pyrolysis technique, with different percentage of Cr at 4 cm (Figure Ill.1.a), and 6 cm
(Figure II1.1.b) with the precise experimental conditions (T¢=400°C, Tp=6 min).

Two fields of optical transmittance can be distinguished according to the wavelength:

A region of strong absorption and low optical transmittance, which corresponds to the

fundamental absorption due to the inter-band electronic transition (Figure [.2),which is

presented in the higher photon energy region (ultraviolet region).
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Figure III.2. Optical transmittance spectra in UV range of ZnO samples at different
percentage of Cr.
We can interept this observation that at shorter wavelengths (A< 400 nm), the absorbing

region is attributed to the large exciton binding energy and the incident photon has more energy

to interact with material atoms and thus, more photons are absorbed [57].

A region of strong transparency is located between 400 and 1100 nm (visible and near-

infrared region). We observe that the stability of the transparency of our samples in the this

field in the two both distance where the value of the transmission is about 60-80 % in 4cm and

about 60-85% in 6¢cm. This results are very similar to some previous works (Figure I11.3) which

interepted that for longer wavelengths (A> 400 nm) no light is scarttered or absorbed as a non-

absorbing region [57,58].
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Figure I1L.3. Optical transmittance spectra for undoped and Cr-doped ZnO [57].

Figure II1.4 (a &b) represents typical spectra of the variation in optical transmittance as a

function of the wavelength of the incident photon in the UV-Vis-NIR range, recorded in the

range from 300 to 1100 nm obtained of zinc oxide thin films prepared onto glass substrate by

ultrasonic spray pyrolysis technique.
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Figure II1.4. Optical transmittance spectra of ZnO thin films at different percentage of Cr
prepared at two different nozzle-substrate distances (a): 4 cm and (b):6 cm
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The optical transmittance of undoped and doped zinc oxide (ZnO:Cr) thin films slightly
increasing by the increasing of different percentages of chromium and also by increasing the
nozzle-substrate distance.

e At4 cm: we observed a slightly increase in transparency noting that at 2 at. % it is less
transparent and the regression approaches the range UV with increasing of Cr doping
percentage.

e At 6 cm, we noticed that most transparent is at 6 at. %.

We can interpret the slightly increasing in the transmittance in the visible range by [59]:

e The material does not absorb light in this field due to the transparency of ZnO, Cr203
and CrxOy (Figure 1.16 and 1.21),

e The presence of voids and gaps on the surface of the substrate,

e May be due to scattering effects caused by the microrod microstructure of the deposit
which presents a very non-planar surface (Figure I1.12), films having smoother surface
morphology generally show higher transmittance.

IT1.3. Effect of Cr-doping and nozzle-substrate distance on the film thickness of ZnO
samples

We estimated the average thickness of our films from the variation of the optical
transmittance according to the wavelength of the incident photon in the UV-Vis-NIR domain
using the Swanepoel method which gives highly convergent values.

Figure II1.5 shows the variation of the thickness of our thin films as a function of the doping
concentration prepared at two different distances between nozzle and substrate. It is noted that

the thickness values are between 410 and 490 nm at 4 cm and between 355 and 485 nm at 6 cm.
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Figure IIL5. Variation of average film thickness with Cr concentration.
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Chapter III Results and discussion

According to the doping percentage for the same dn.s, we can see a proportion between
increasing of average thickness of zinc oxide thin films and increasing in chromium
concentration (at. %5). Because the thickness always increase by the increasing of doping even
though the type of preparation method and the type of the doper (NiO:Cu, CuO:Ni, ZnO:Ni...)
[3,5,6,60]. The increase of film thickness may be due to the increase in the porosities in the
deposited material (ZnO:Cr) which makes the material become less density compared to
undoped ZnO.

According to the nozzle-substrate distance for the same doping percentage, we noticed that
there is an inverse relationship between the distance and the thickness.

We can interpret the large thickness of prepared films at dn.s =4 cm by the presence of a
much main amounts of material deposited i.e there is more material that contributes to the
formation of the films (Zn,Cr), in contrast for another distance (dn-s=6cm) where failure of the

required amount of the precursor solution to reach the far substrate [13].

I11.4. Effect of Cr-doping and nozzle-substrate distance on the refractive index of ZnO

samples

Figure I11.6 shows the variation of refractive index of ZnO:Cr thin films with the percentage

of doping at two different nozzle-subsrtate distances.
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Figure II1.6. Variation of refractive index of ZnO:Cr thin films with the percentage of doping

at two different nozzle-substrate distances.

According to the doping percentage, we observe that the refractive index decrease with the
increasing of doping percentage from 1.8 to 1.5 and from 1.925 to 1.55 at 4 cm and 6 cm,

respectively.

48



_ Chapter III Results and discussion

This decreases by the increasing of doping percentage or decreases of dn-s it may be due to
the presence a large number of porosities hence to the small density of material.

Looking at the data presented in Figure II1.7, we can see how thickness and refractive index
of ZnO thin film varies with Cr concentration doping. It is clear that the refractive index
decreases monotonically with increasing thickness of the film. This behavior can be due to the

existence of more porosity in the film [61].
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Figure IIL.7. Variation of thickness and refractive index of ZnO thin films versus Cr

concentration at: (a) dn-s=4 cm and (b) dn-s=6 cm.

I11.5. Effect of Cr-doping and nozzle-substrate distance on the optical band gap of ZnO
samples

The optical band gap energy‘s values of the undoped and doped zinc oxide (Zn: Cr) thin
films were determined using the optical process. The variation of the optical gap of films with
different percentage of doping is reported in figure III.8. The band gap values found in this

work are close to those reported in the literature [59].

3,3

° ZnO:Cr

@
N
QQ
[ ]

T,=400°C, t,;=6 min

@
1)
o>}

o/.r\°
¥.\

—a—d ~4cm
—e—d, ~6cm .

w
N
5

Optical band gap (eV)

w
N
N

3,2 0 > v 5 8
Cr Concentration (at. %)

Figure II1.8. Variation of optical band gap of ZnO with the percentage of Cr prepared at

two different nozzle-substrate distances.
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Note that the optical band gap decreases with increasing of the percentage of doping at both
distances where their value range from 3.28 eV to 3.205 eV and from 3.295 eV t03.21 eV for
4 cm and 6 cm, respectively. It may be due to the next reasons [13,58,62]:

*¢ When the number of particles is increased in the crystal structure, the particles cannot

be placed into the proper lattice positions. This can lead to the formation of crystal

defects. Therefore, the decrease in the band gap values for thin films can be due to the
enhancement in photon scattering because of crystal defects which, on the other hand,
create lattice strain.

« In terms of sp—d spin exchange interaction between band electrons and the localized d
electrons of the transition metal ions substituting the cations.

% The increase of charge carries also the increase of energy levels.

We can note that the films prepared at 6 cm has an optical band gap more than at 4 cm that
may be due to:

When the nozzle removed from the source of the prepared material, the material is formed
in a regular manner, giving sufficient time for preparation, and the location of the atoms in their
preferred location, with the possibility of increasing the grain size and decreasing of grain
boundaries, which leads to a decrease in defects, and this allows an increase in the width of the

prohibition band [17].

I11.6. Effect of Cr-doping and nozzle-substrate distance on the Urbach energy of ZnO
samples
Figure I11.9 shows the variation of the Urbach energy of ZnO with the percentage of doping

by Cr prepared at two different nozzle-substrate distances.
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Figure II1.9. Variation of the Urbach energy of ZnO with the percentage of Cr prepared at

two different nozzle-substrate distances.
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According to the doping percentage, we observe that the Urbach energy increase with the
increasing of doping percentage from 50 meV to 270 meV and from 45 meV to 250 meV
at dn.s =4 cm and dn.s = 6 cm, respectively.

We observe for undoped ZnO, the Eun is smaller (47 meV) than for Cr-doped ZnO, this
result is very similar to some previous works [46]. Because of the method of preparation (spay
pyrolysis), this is from one hand and for the other hand the undoped ZnO films have much less
impurities, defects and less disorder owing to an almost complete chemical decomposition of
the precursor droplets in air or on the substrate [6,46,63,64]. By the increase of doping for both
distances (4cm and 6¢m), the increase of the Urbach energy observed due to the insertion of
chromium atoms into the ZnO lattice thus the increases of the impurities and defects
(dislocations, microstrain, grain boundaries, etc.) in the ZnO lattice [44,61,65].

From figure II1.10 (a and b), we can easily observe, like several works [46,66], the inverse
relationship between the variation of optical band gap and Urbach energy as a function of Cr

doping concentration at two different distances [61,65].
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Figure II1.10. The inverse relationship of E; and Ey,p, of ZnO thin films versus Cr doping
concentration

II1.7. Effect of Cr-doping and nozzle-substrate distance on the electrical conductivity of
ZnO samples

The electrical characterization (conductivity, resistivity and the transport parameter) plays
a very important role for the diluted magnetic semiconductor. In this study, we use the 4-probe
method to determine the electrical properties.

Figure III.11 shows the variation of electrical conductivity of ZnO thin films with the

percentage of doping by Cr prepared at two different nozzle-substrate distances.
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Figure IIL.11. Variation of the electrical conductivity of ZnO with the doping percentage
by Cr prepared at two different nozzle-substrate distances.

From Figure III.11, we notice that the electrical conductivity of ZnO thin films decreases
by the increasing of Cr doping percentage and by the small distance between nozzle and
substrate distance. Where the conductivity values ranged between 0.47 X 1073 (2.cm) ™! and
0.16 X 1073 (2.cm)~! for 4 cm and between 6.60 X 1073 and 0.27 X 1073 (2.cm)™? for
6 cm.

This result may be referred to the donor defects that presented due to Cr doping that took
place in zinc interstitials and oxygen vacancies in the ZnO nanoparticles host matrix, which
leads to natural n-type doping [67,68]. Also, the Cr impurity in the deep level can trap the
electron emitted by this defects. So in this way, it decreases the carrier density where the
crystallite size decreased with the Cr concentration results in grain boundary increment which
contributes to decreasing the mobility of the charge carriers and consequently, the conductivity
decrease, it is well known that the electrical conductivity of semiconductors is expressed by
equation II1.1 [69,70]:

G=N € [ III.1
where:

» n: charge carriers concentration,

» e: electronic charge,

» un: the mobility of charge carriers.
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General conclusion

General conclusion

The objective of this work is to elaborate and to characterize Cr doped zinc oxide thin films
deposited on glass substrate by ultrasonic spray pyrolysis technique to study the effect of doping

percentage and nozzle-substrate distance on the optical and electrical properties of these films.

In this study, we used the ultrasonic spray pyrolysis because it is simple, easy to perform
and does not use a vacuum. Where, the thin films prepared by this technique are a good quality

and have excellent adhesion.

ZnO:Cr thin films were deposited at two different nozzle-substrate distances (4 & 6cm)
from solutions of zinc acetate dihydrate (Zn(C2H30z): - 2H>0) and chromium (III) chloride
hexahydrate (CrCl; - 6H20) dissolved in aqueous solution, with different atomic percentages
of Cr (0, 2, 4, 6, and 8 at.%). Where, Substrate temperature, solution concentration, deposition
time and flow rate were kept constant throughout the deposition process at 400 °C, 0.05 mol/l,

6 min and 60 ml/h, respectively.

The obtained samples are characterized by UV-Visible-NIR spectrophotometer and four-
point probe technique to determine their optical and electrical properties. The characterization

of the films lead us to the following conclusions:

With the increase in doping percentage of Cr from 0 at. % to 8 at. %, we observe that UV-
Visible-NIR results showed that the optical transmittance is high in the visible range and its
value ranged between 60 % and 85 % at two both nozzle-substrate distance (4 cm or 6 cm), the
film thickness increases from 410 to 490 nm at 4 cm and from 355 to 485 nm at 6 cm. Also, we
found that the band gap energy decrease from 3.28 eV to 3.20 eV and from 3.30 eV to 3.21 eV
for 4 cm and 6 cm, respectively. We notice too that Urbach energy increases with the decrease
of refractive index. Electrical conductivity of ZnO decreases by the increase in Chromium
percentage from 0.47 X 1073 to 0.16 X 1073 (22.c¢cm)™? for 4 cm and from 6.60 X 1073 to
0.27 X 1073 (£2.cm) ™1 for 6 cm. These variations in this properties of deposition thin films by
the increase of Cr-doping and/or the decrease in nozzle-substrate distance are interpreted by the
increase in porosities, the decrease of the grain size and the increase in the donor defects that
presented due to Cr doping that took place in zinc interstitials and oxygen vacancies in the ZnO

matrix of the material which make it more disordered.
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I General conclusion

It is concluded in this work that the optical and electrical properties of ZnO:Cr thin films
are varied by the variation of doping percentage and the distance between nozzle and substrate
while maintaining high transparency in the visible and type of conduction, which makes it a

good candidate in several fields of applications.
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Abstract

Effect of Cr doping on optical and electrical properties of ZnO thin films
deposited by spray pyrolysis technique

Abstract

The aim of this work is to study the effect of chromium doping and nozzle-substrate
distance on the optical and electrical properties of zinc oxide thin films to ameliorate these
properties, which makes it an important candidate in many technological applications such as:

gas sensors, photocatalysts, and solar cells.

In this work, we have prepared chromium doped zinc oxide thin films (ZnO: Cr) at different
atomic percentages (0, 2, 4, 6 and 8 at. %) onto glass substrates by the ultrasonic spray pyrolysis
technique from aqueous solution of zinc acetate dihydrate and chromium chloride hexahydrate
as precursors. Where, the experimental conditions (substrate temperature (Ts), deposition time
(tp), molarity (C) and solution flow rate (@) were kept constant throughout the sedimentation
process with two different distances between the spray nozzle and the substrate (dn-s) for
studied the effect the chromium concentration and nozzle-substrate distance on the properties
of ZnO thin films deposited by spray pyrolysis. The UV-Visible spectrophotometry and
four- point probe method were used to determinate the optical and electrical properties of
ZnO:Cr thin films. We observed that the optical and electrical properties are influenced with
the variation of chromium doping percentage and nozzle-substrate distance. The films obtained

give the best physical properties (good adhesion and high optical transparency in visible range).

It should be noted that with the increase of doping percentage or the decrease of
nozzle-substrate distance, the refractive index and the optical band gap decreases with increase
in the Urbach energy and the film thickness, this is from one hand. On the other hand, the
electrical conductivity also decreasing with the increasing of Cr percentage or as the substrate
approaches the solution outlet. It should be noted that the sample that has the best electrical
conductivity is the undoped ZnO that was prepared at a far distance from spray nozzle in

addition to its high transparency in the visible range.

Keywords: ZnO:Cr thin films, Spray pyrolysis, Nozzle-substrate distance, Optical band gap,

Urbach energy, Electrical conductivity.



Résumé

Effet du dopage par Cr sur les propriétés optiques et électriques des

couches minces de ZnO déposées par la technique spray pyrolyse

Résumé

L'objectif de ce travail est d'é¢tudier I'effet du dopage au chrome et de la distance bec-
substrat sur les propriétés optiques et ¢électriques des couches minces d'oxyde de zinc afin
d'améliorer ces propriétés ce qui en fait un candidat important dans de nombreuses applications

technologiques telles que : capteurs de gaz, photocatalyseurs, et les cellules solaires.

Dans ce travail, nous avons préparé des couches minces d'oxyde de zinc dopé au chrome
(ZnO:Cr) a différents pourcentages atomiques (0, 2, 4, 6 et 8 % at.) sur des substrats en verre
par la technique de spray pyrolyse ultrasonique a partir d'une solution aqueuse de l'acétate de
zinc déhydraté et le chlorure de chrome hexahydraté comme précurseurs. Ou, les conditions
expérimentales (température du substrat (Ts), temps de dépdt (tp), molarité (C) et débit de la
solution (¢s)) ont ¢ét¢ maintenues constantes durant tout le processus de sédimentation avec
deux distances différentes entre le bec de pulvérisation et le substrat pour étudier I'effet de la
concentration de chrome et de la distance bec-substrat sur les propriétés des couches minces de
ZnO déposées par spray pyrolyse. La spectrophotométrie UV-Visible et la méthode de quatre
points ont été utilisées pour déterminer les propriétés optiques et électriques des couches minces
de ZnO:Cr. Nous avons observé que les propriétés optiques et électriques sont influencées par
la variation du pourcentage de dopage en chrome et de la distance bec-substrat. Les films
obtenus présentent les meilleures propriétés physiques (bonne adhérence et grande transparence

optique dans le visible).

Il convient de noter qu'avec 1'augmentation du pourcentage de dopage ou la diminution de
la distance entre le substrat et le bec, I'indice de réfraction et le gap optique diminuent avec
l'augmentation de 1'énergie d'Urbach et de I'épaisseur du film, c'est d'une part. D'autre part, la
conductivité €lectrique diminuant également avec l'augmentation du pourcentage de Cr ou que
le substrat s’approche de la sortie de solution. Il convient de noter que I'échantillon qui a la
meilleure conductivité électrique est le ZnO non dopé qui a été préparé a une grande distance

bec-substrat en plus de sa grande transparence dans le visible.

Mots clés: Couches minces de ZnO:Cr, Spray pyrolyse, Distance bec-substrat, Gap optique,

Energie d'Urbach, Conductivité électrique.
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