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“A poet once said, 'The whole universe is in a glass of wine.' We will probably never know in
what sense he meant it, for poets do not write to be understood. But it is true that if we look at a
glass of wine closely enough we see the entire universe. There are the things of physics: the
twisting liquid which evaporates depending on the wind and weather, the reflection in the glass;
and our imagination adds atoms. The glass is a distillation of the earth's rocks, and in its
composition we see the secrets of the universe's age, and the evolution of stars. What strange
array of chemicals are in the wine? How did they come to be? There are the ferments, the
enzymes, the substrates, and the products. There in wine is found the great generalization; all
life is fermentation. Nobody can discover the chemistry of wine without discovering, as did Louis
Pasteur, the cause of much disease. How vivid is the claret, pressing its existence into the
consciousness that watches it! If our small minds, for some convenience, divide this glass of
wine, this universe, into parts -- physics, biology, geology, astronomy, psychology, and so on --
remember that nature does not know it! So let us put it all back together, not forgetting
ultimately what it is for. Let it give us one more final pleasure,; drink it and forget it all!”

— Richard P. Feynman
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Preface

This master thesis is focused on the study of the deposition by Aerosol Assisted Metal Organic
Chemical Vapor Deposition (AA-MOCVD) of doped copper(I) oxide, Cuz0, thin films. Among
the semiconducting compounds, copper oxides present the most promising electrical, optical and
productive features that establish these materials suitable as p-type semiconductors. This research
will be aimed on the optimization of the deposition of pure and doped-copper oxide.

In the first chapter, there will be an overlook of transparent conductive materials and of the so
called transparent electronics, it will contain also a summary of the physical properties of the
Cuprous oxide, how conduction takes place in this material and there will be a special focus on the
already existing doped copper oxide systems and their possible applications.

In the chapter II there will be the description of the AAMOCVD system and the experimental setup
followed by a complete explanation on how deposition occurs. Moreover, the used characterization
tools will be described and how these systems work.

The third chapter is dedicated to the explanation of the pure copper oxide deposition and its
optimization and then the analysis of the results for these depositions.

In the work on Cu0O, different depositions took place to establish the optimized deposition
condition trying to get the best film in terms of conductivity and optical transmittance. Once
obtained the best deposition conditions, there is a focus on the depositions of doped CuxO, with
the purpose to enhance the electrical and optical properties of the films.

The 4™ chapter will be dedicated to the study of the effect of the Tin as dopant on the copper oxide
deposition. This chapter will be divided in two sections. The first study aims to test and to
investigate the incorporation of Tin in the film through the use of different chemical precursors
starting from the obtained results from DBTD.

The second section will be related to the effect of the precursor already studied in Resende!, the
Dibutyltin Diacetate (DBTD) as precursor for the Tin doping and how the doping level influences
the performance of the film.

The study of Lithium doped copper oxide phase CuLiO is described in the chapter V, discussing
the results obtained with this dopant through the analysis of the produced films using the
characterization tools described in chapter II, investigating the main parameters in terms of
electrical and optical properties.

For each chapter, the results will be presented divided between structural, morphological then
electrical and optical properties of the as deposited samples. Moreover, every chapter will contain
also the annealing studies performed on the samples.



1. Transparent Electronics & copper
oxide

1.1 Transparent electronics and Transparent Conductive Oxides
(TCOs)

Transparent electronic is the research field where the classical opaque semiconductor materials are
replaced by the use of transparent ones, which should be characterized by a high electrical
conductivity and especially by an elevated optical transmittance.

This requires a special class of materials because, from the bands diagram point of view, the
combination of transparency and conductivity is contradictory. In fact, a material which is
transparent in the visible range (390nm-700nm) has a large energy gap and this implies a limited
electrical conduction.

In literature many materials with the required properties are been reported, among them oxides,
transparent conductive oxide (TCOs’) are the most widely used. These developed materials are
characterized by the fact that the conduction take place in conduction band i.e. they are n-type
materials, but there is still a lack of p-type TCO. For this reason, this research is focused on the
growth of a p-type transparent conductive oxide.

These oxides has been studied for the possibility to exploit theirs properties in many different
applications such as sensor’, gas sensor’, solar panel®!!, screens '>!3 and electrodes'*!*13,
Moreover, many research groups are focusing their attention on the possibility to create light
control windows, light emitting diode®!'*!¢ and also light absorber!!8,

The reduced size due to the possibility of such material to be deposited in thin film leads the
possibility to developed Thin Film Transistor( TFT)!*?° also used in Liquid Cristal Display
(LCD)?!. Furthermore, the properties of transparency and conductivity lead the creation of
Transparent TFT (TTFT)?* that will be the starting point for the transparent electronic, i.e. circuit
able to perform computational operations letting the light pass through. This kind of technology
can be integrated in flexible substrate'*** leading the possibility to highly increase the application
they can be used for. This is one of the main advantages of this class of materials and this would
lead to the development of very wide range applications as for graphene oxides shown in Wang*.

The key parameter to achieve both optical transparency and electrical conductivity in TCO’s is the
energy gap. To overcome the band gap, electrical conductivity in TCOs is achieved by increasing
the number of free charge carriers through intrinsic defects, such as oxygen vacancies, or through
extrinsic dopants, typically metal cations with an extra charge so a higher valence.

In n-type semiconductors, these dopants or defects provide energy levels close to the bottom of
the conduction band, allowing those electrons to be promoted into the conduction band as free
charge carriers. In p-type semiconductors, the additional energy levels are close to the top of the
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valence band, allowing electrons to be promoted into the extra energy levels and creating holes in
the valence band, which will act as free charge carriers.

Among the already developed TCO* semiconductors the most important are ZnO'®2¢, In,053>%
and Sn0»?>?", as well as the ternary compounds Zn>SnO4, ZnSnO3, Zn3In206, In2SnO4, CdSnOs.
Moreover, multi-component oxides consisting of combinations of ZnO'%2% and SnO, and Sn doped
In203 (ITO)'??** were created and studied. The latter compound is the widest used since for good
performances but shows economical disadvantages due to the high cost of indium and its low
disposability®!, for these reasons many groups are working in find a substitute of this material with
the same performances as shown in Minami?'.

From the p-type transparent conductive oxide’s point of view, instead, many research groups
reported different types of materials such as NiO*2, Cu:NiO*?, Cu,0"*, CuSc0**, CuAlS>*®, but
the performances of this class of oxides are not suitable for applications. For this reason, many
research groups are working on the possibility to develop and grow materials that have both the
required properties, i.e. a good electrical conduction and transparency.

In figure 1.1, some of the already developed TCO and some of their applications is shown.

Figure 1.1 a)Indium Tin Oxide (ITO) conductive glass producted by Sabdel b) bylayer TFT with p-type Cu20O and SnO
channel obtained by Hala A. Al-Jawhari'?



1.2 Cuprous oxide Cu:0

The increasing interest of the scientific community in the TCO technology and the lack of a p-type
material with the required properties is been the starting point for many researchers’ groups to
investigate the growth and the deposition of new materials. Among the many possibilities, one the
promising materials is the cuprous oxide, Cu,O, because of its possible feature as p-type
semiconductor which belongs the required properties and it is nontoxic and abundant.

From the crystallographic point of view, the cuprous oxide has a cubic crystalline structure with
lattice parameter of 4.2696 A. The Cu atoms are arranged in an fcc sublattice, the oxygens ‘atoms
are in a bec sublattice. One sublattice is shifted by a quarter of the body diagonal.

The crystal structure corresponds to the space group Pn3m, which incorporate a full octahedral
symmetry. In the case of considering the oxygen atoms as the origin of the body centred cubic
(bee) primitive cell, the four copper atoms are located in the diagonals in the positions:
(1/4,1/4,1/4), (3/4,3/4,1/4), (1/4,3/4,3/4), (3/4,1/4,3/4), as represented in the figure 1.2.

a)

Figure 1.2 a) Cu>O Crystallographic cell with oxygen atom as origin in the bbc cell. Oxygen are represented in red
and copper in blue. (b) Cu>O Crystallographic structure of 3x3x3 cells (In red copper atom and in pink the oxygen
one)

As shown in figure 1.2a) the copper is directly coordinated with the oxygen atoms, while the
oxygen is tetraedrically coordinated with the copper ones. The bonds’ length between Cu-O
neighbours is 1.85 A, Cu-Cu bond is 3.02 A long, while O-O has a length of 3.68 A. This lattice
produces an oxide with a density of 6.10 g/cm? and molar mass equal to 143.09 g/mol. The copper
concentration is twice the oxygen one, 5.05x10**cm™ and 2.52x10**cm™ respectively. This values
can be found in literature, such as Resende!, Biccari*’,Sun® and Korzhavyi**.

This material is been studied since the properties as p-type material, as described in the next
paragraph, leading the possible creation of p-n junction® used in different devices as solar cell***!.

Moreover, it is already been studied by many authors and its deposition took place through the use
of different techniques as electrochemical deposition*? 43, sputtering** and sol-gel spin coating>*°.



1.3 Conduction in Cu20

This material has a direct bandgap equal to 2.096eV a room temperature. This energy gap would
not let electron pass through so the copper oxide is an insulator in its stoichiometric composition.

The experimental values for the holes and electrons effective masses are 0.99m* and 0.58m*
respectively, as reported by Korzhavyi**.

P-type oxides are characterized by the fact that the valence band is mainly formed from the oxygen
p asymmetric orbitals. The ionic aspect of the metal-oxygen bond leads the formation of a deep
acceptor level, which limits the holes mobility. Among the different metallic oxides, Cu(I)-based
oxides exhibit one of the lowest ionic character, therefore it is one of the most promising
candidates as p-type transparent semiconductors. In figure 1.3a) it is possible to see the orbitals
disposition and in 1.3b) there is the band diagram for this material.

> A b) E 1
Bottom of the conduction ;
band (CBM)
A '4 LLLLLLLLLL Top of the valance
- -l_ \.\. band (VBM) CBM |+
‘/' ~. i
- ~. H Y H E\,
'H' < S, m— B
g o = . VBM
~. Ns Oxygen ion (O 2p”)
1Y A e
Cation with metal ¢'” > -1—- - 02p
closed shell (e.g., Cu*, Ag") :

Figure .1.3 a) Orbitals disposition between an oxide ion and a cation with closed metal d shell for copper oxide b) Energy bands
diagram for cuprous oxide. Obtained from H.Kawazoe*

This p-type conductivity arises from the intrinsic defects present in the crystal lattice, as explained
next. Among all of them, copper vacancies are the ones able to generate holes, so responsible of
the conduction. This because the removal of a copper cation will leave a negatively charged empty
space, a vacancy, which will introduce a hole in the valence band creating a acceptor level above
the top of the valence band.

In the copper oxide, these vacancies are of two different type. The so-called simple copper
vacancies where one copper atom is missing leaving two oxygen atoms bond with three copper
atoms, creating the vacancy. The other type, instead, are the split copper vacancies where a
copper atom 1s removed and the absence of this leads a movement of the copper neighbour
towards the vacancy. The moving copper atom will go into a tetrahedral site where will be bond
with four neighbouring oxygen atoms. The two types of vacancies are shown in figure 1.4 on the
left the simple vacancy, on the right the split copper vacancy.
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* Cu

Simple Split
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Figure 1.4 Two type of vacancies in copper oxide, on the left the simple copper vacancy and on the right the split
copper vacancy. Adapted from Resende .

To better understand how conduction is influenced by this kind of defect, many authors
performed DFT calculation on this system and as it arises from Isseroff*®, this is strictly related
to how the hole localization changes based on the type of defect. Indeed, in the simple vacancies
there is delocalization of the holes smeared through the Fermi level, while the split vacancies
show a discrete trap level 0,57eV above the Fermi level. This fact, proved by Bader method in
Isseroff*®, leads to the holes’ localization on the Cu atom central to the defect in the case of split
vacancy, whereas in the other case a negligible hole localization take place on the atoms
surrounding the simple copper vacancy.

1.4 Copper oxide doping systems

Doping is the addition of a small percentage of foreign atoms in the lattice of the intrinsic material.
The goal is to improve the material’s properties modifying the structure of the intrinsic lattice and
consequentially the bands diagram. This will lead to modification of the bands diagram with the
possibility to arise new energetic levels able to participate to the conduction. The doping can be
interstitial or substitutional, based on the size of the dopant atoms and theirs electronic valences.

Interstitial doping is done through the insertion of an atom with dimensions much smaller than the
host atoms and so the introduced atom will occupy a position between two host atoms. Since theirs
locations, they are electrically non-activated and theirs positions would lead to the generation of
impurities levels which will behave as recombination centres, limiting the conduction.

The substitutional doping is performed when an inserted atom replaces the original host atom. In
this case, the doping is done with atoms of a close size of the host one. Since they are incorporated
inside the lattice, they act as electrically activated dopants atoms, so able to participate to the
conduction as donors or acceptors, depending on which charge are they providing.

In this research framework the doping of cuprous oxide was done with larger cations than Cu™ as
demonstrated by ab initio calculation in Nolan*. These cations will deform the crystalline lattice,
without loose the original cubic structure, increasing the band gap with a consequential improve
in transparency, but as drawback there will be a reduction in the electrical conduction, i.e. more
energy is required to let the electronic transition happen.
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This improvement of the optical properties is dependent by the dopant, in fact as shown in Ye*° ,
for the interstitial fluorine doping the energy gap is reduced while if fluorine is in a substitutional
position this will make the Cu2O metallic.

The doping effect on the cuprous oxide is been already demonstrated to be efficient with
different type of elements, Mg>!, Sr*?, Co>?, Sn’ N ¥1854 " Ag> and Bi*°. The values reported in
the table 1 are for different deposition techniques and conditions.

Many others authors has studied the possibility to doped cuprous oxide with different material as
shown in Sieber®’.

Table 1 Reported dopant for cuprous oxide and relative values

Dopant Amount of Band-gap (eV) Resistivity Mobility
dopant (%) (Q.cm) (em2.V'1sT)

Pure copper oxide* 0 2.09 100 6.8
Magnesium®! 50 2.2 11 5
Strontium®’ 5 2.2 1.2 15
Cobalt'® 5 512
Tin’ 9 2.2
Nitrogen? 1.7 0.2
Silver? 1.2 0.2 24
Bismuth?* 7 2.17 le6

As shown from these values, the effect of the dopant varies with the nature of the incorporated
element, which will influence in different way the lattice structure, the crystal growth and
consequentially the different properties of the material.

From these results, this experimental research is based on the study of the growth and
characterization of mainly Tin doped Cuprous oxide(Sn/Sn+Cu) and as exploratory study of
Lithium doped phase CuLiO, deposited both, as explained in the next chapter, by AA-MOCVD.

This technique consist in the deposition through chemical reaction of a vaporized solution, which
is mainly composed by a solvent and chemical precursors. In these precursors, the element that
will be deposited, is linked with other atoms through a different number of bonds according to its
oxidation state. This parameter will influence the phase’s growth of the deposited film and a
possible change of the oxidation state can occur during the deposition.

The aim of this research is to study the influence of five different tin chemical precursors on the
properties of the cuprous oxide phase and how the oxidation state of the tin is modified, knowing
the initial one in the precursor, during the deposition.
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Furthermore, the interest of the conducted investigations, is to understand the incorporation
process for the different precursors and this is been done probing the amount of tin in the layer
starting from a known one in the solution.

To verify an enhancement of the film’s properties different test were performed, trying to
understand how the tin doping can vary the morphology and the structure of the deposited layers
and how these change with the different tin precursors.

The effect of different doping level of tin is also tested, checking how the different concentration
of tin precursor in the solution modify the incorporation of this material in the film, modifying the
structure and the morphology of the deposited film.

The main purpose of this part of the research is to find the optimized amount of tin, with an
established precursor, the Dibutyltin Diacetate (DBTD), which can improve the properties of the
film leading to an enhancement of these with respect to the intrinsic case.

Furthermore, as shown in chapter V, also the effect of the lithium as dopedit is been tested. In this
context, fewer depositions took place and this study case is limited in terms of dopant
concentration and only one lithium precursor was tested, the lithium (II) acetylacetonate.

The obtained samples were characterized with the same tools used in the tin doping case and the
intrinsic one and the results are shown in the relative part of the chapter V.
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2. Experimental Setup and

Characterization Procedure

2.1 Aerosol-Assisted Metal Organic Chemical Vapour Deposition

At the Laboratoire des Matériaux et du Génie Physique (LMGP) in Grenoble, different types of
chemical vapour deposition (CVD) processes has been studied and developed. The chemical
vapour deposition is defined as a chemical reaction between reacting species, provided as vapour,
in the neighbourhood of a heated rotating substrate, which results into the deposition of solid by-
products on the surface. One of the main advantages of this process is the high reliability and the
flexibility of this technique for the deposition. Moreover, it is able to deposit uniform and
conformal film.

The Metal-organic chemical vapour deposition (MOCVD), a variant of this technique, is based on
the deposition of materials starting from metal-organic precursors, which can be in solid or in
liquid form. These precursors are organic molecules with metallic elements presenting metal-
carbon, metal-oxygen-carbon bonds that are decomposed by a reactive gas in a thermally energetic
environment, resulting in the formation of a solid material on the substrates.

In this study case, the copper precursor is the copper acetylacetonate, briefly called Cu (II) acac.
This precursor is already been studied from many research groups as Chang®®, Resende' and
Yuneng®’. For what regards the doping with tin, many precursors have been studied to verify which
one leads to the best performances in terms of electrical and optical properties. In the case of
lithium as substituent, the used chemical precursor was lithium (II) acetylacetonate indicated with
Li (II) acac.

The use of the MOCVD is motivated by the various advantages in materials processing, from the
possibility to operate at ambient pressure obtaining a high uniformity up to the high quality of the
layers. Moreover, there is the possibility to grow thin and conformal films composed by highly
reactive sub-micron particles.

Furthermore, this technique is been studied because of the possibility to deposit at low temperature
leading a reduction of the manufacturing cost and together with the use of low cost precursors and
the big area deposition make this method industrially advantageous.

Another advantage of this technique is that it is able to deposit materials, at atmospheric pressure,
which are difficult to transport via gases as shown in Tech®. Moreover, the possibility to prepare
the mist from the mixture of different precursors as long the solubility and the chemical stability
is granted, represents another advantage for this technique. This technique is already been studied
for the deposition of oxide as shown in Fanciulli®' and Moon®.

The use of chemical solutions and the possible creation of volatile compounds represent one of the
main disadvantages of this deposition method. Another drawback of this technique is the difficult
stabilization of the aerosol flux during the transport of the vapour to the reaction chamber.

14



Among the different types of MOCVD techniques available, this research is based on Aerosol-
Assisted Metal-organic Chemical Vapour Deposition (AA-MOCVD). This type of CVD process
uses an aerosol medium to transport the vaporized solution into the deposition chamber.
Furthermore this technique is already been used to grow oxide thin films as in Wrigth®® and Song®.

The complete scheme of the AA-MOCVD is shown in figure 2.1. In this figure the red arrows
indicate where the gases enter. The partial pressure of Argon is four times the oxygen one, 6 1/min
and 1.51/min, respectively. An electronic controlled gas valve, as explained next, controls these
fluxes.

- S—— “l':-li—""“ 0, Reaction gas
- o ||
: 1 I Reaction Chamber

T  Turning heat
plate

: Transport tube

Zone

‘.ﬂu
Pulverization I s Carrier gas

Pieroelectric

transducer
S
— Aerosol generator

' (800kHz)

Figure 2.1 Aerosol-Assisted Metal-organic Chemical Vapour Deposition system. Obtained by Resende'

In this configuration if the flux is laminar, the flow arrives with a horizontal flux in the chamber
leading a uniform distribution on the substrate. If it is turbulent, depending by many deposition
parameters and by the geometry of the machine itself, the deposition can experience non-
homogenous distribution on the substrate leading to a spatial thickness difference of the deposited
films.

The horizontal flux is an optimization of this technique because, as demonstrated in the work of
Resende!, a vertical flow where the flux arrives from above the rotating heating plate, could lead
the precipitation of macro drop of solvent or large undissolved precursor particles.

The next image, figure 2.2 shows a detail of the rotating heating plate where the holder is mounted
and an IR picture token to analyse the heat distribution on the plate when the temperature was set
to 350°C. The measurement through the IR camera was performed to verify the thermal
homogeneity of the rotating plates such to guarantee the uniformity of the reaction when the
vapour reacts with the substrates.
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Figure 2.2 IR view of the rotating heating holder and its view at the end of the deposition.

- )

2.2 Deposition experimental description

The first step of the deposition is the preparation of the chemical solution, that is produced by
mixing the precursors and the solvent, ethanol. Ethylendiamine is added to increase the solubility,
with a double concentration with respect to total molar solution concentration. Then the solution
experiences a constant stirring a room temperature until a uniform mixture is obtained. In case of
a doped material, the indicated percentage of precursor is always the fraction between the dopant
molar concentration and the total molar concentration of all precursors in the solution, being
presented as X%(Sn/Sn+Cu) as in the case of lithium X%(Li/Li+Cu). The mainly used precursors
were in solid form and through the use of a balance and a simple chemical calculation, it was
possible to determine the amount of dopant required to reach the wanted level of doping in the
initial solution.

Furthermore, also the pH of the solution plays a fundamental role tuning the conductive properties
of the cuprous oxide, establishing if it has a p-type behaviour or a n-type one as shown in Xiong®,
but in this research framework the effect of this parameter was not investigated

In the majority of the cases, alkaline earth boroaluminosilicate glass (Corning 1737), Microslide
glass, and p-type silicon wafer were used as substrates. Generally, the Corning glass is situated in
the middle while Silicon and micro-slides occupy the lateral positions of the holder as shown in
the figure 2.3. The used glass substrate were bought in a rectangular of 1,5¢cm X 7,5¢cm so a cutting
process was required to resize them. To perform this step the used tool was a diamond tip to incise
the glass then with the use of pliers was possible to cut them in the wanted size.
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Figure 2.3 Disposition of the substrates on the holder next placed on the rotating heating plate from left to right:
Microglass, Corning glass and Silicon.

The next step is the cleaning of the substrates to avoid all the possible contaminations reducing
defects generating centre. This step is performed by a mechanical brushing using paper and a
sequence of solvents with the following order: acetone, isopropanol and de-ionized water.

Finished the mechanical cleaning the substrates are subject to an ultrasonic bath in isopropanol for
15 minutes, then they are rinsed with de-ionized water and then dried using azote and placed in
the holder as shown in figure 2.3. At this point, the holder is placed on the heating plate and the
temperature starts to increase, controlled by the thermocouple and a thermos-coax.

The heating step lasts around 30 minutes. Before the deposition starts, the heating plate starts to
rotate and the solution is spilled to a vessel connected to the piezoelectric transducer by a valve,
as shown in the figure 2.4a). The height of the vessel allows the control of the solution quantity
on top of the piezoelectric transducer.

The vibration of a piezoelectric transducer powered by a certain frequency, around 850 KHz, put
the solution in resonance leading to the aerosol formation while a controllable power establish the
desirable solution’s consumption rate i.e. the volume of solution which is evaporated in a certain
amount of time( ml/min). During this research framework, every deposition has a duration of 1
hour.

Once the mist is created, the aerosol is mixed with an inert carrier gas, argon, and with the
oxidizing one, oxygen, and then the vapour is transported to the reaction chamber following the
scheme of figure 2.1. When it arrives on the heated substrate, the thermal energy erases the bonds
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between the metal and organic components, present in the precursors, leading to the subsequent
interaction between the metal and the oxygen, then the deposition occurs.

The pressure inside the chamber is controlled by a barometer visible in the figure 2.4b) and the
used pressure in the reactor was kept constant at 2.5mmH>O during the presented depositions. The
internal pressure of the chamber is controlled using a pump that is connected to a liquid nitrogen
trap, used to collect the residual vapour reducing the organic contaminations in the film. The
electronic gas valve shown in figure 2.4c) control the fluxes for the carrier and oxidizing gases.

The pressure, especially the oxygen partial pressure, has a strong influence on the crystal growth
and it characterize which copper phase is going to form as explained in Tsur>®, Levitskii®® and
Nezar®’,

2 q A
T =im

Figure 2.4 a) Vessel and piezo transducer connected through the valve. b) Barometer controlling the pressure inside
the reaction chamber c) Gases valves controlling the flux of argon and oxygen

2.3 Characterization techniques

The main purpose of this Master thesis is to find a reproducible way to grow a layer of conducting
and transparent material. Once the deposition took place, the analyses of the samples from the
electrical, optical, compositional, structural and morphological point of view took place. To
perform a complete characterization of the films different techniques were used, which will be
describe in this chapter.

The presented results of this Master thesis are obtained through the use of these characterization
tools.
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2.4 4-probe measurement

Using this tool, the measurement of the sheet resistance took place and it is related to the resistivity
p and to the sample's thickness, t, through the relationship:

This step was used to characterize the samples from the electrical point of view. The measurement
was performed shifting the samples by probing these in five different points, the centre and the
four corners. The values shown for the samples in this Master Thesis are the mathematical average
of these values. The 4-probe system is shown in figure 2.5

Figure 2.5 Four probe lever for the sheet resistance measurement, the samples is shifted to measure the electrical
properties in five different points

2.5 Optical transmittance

The used measurement apparatus was a Lambda 950 spectrophotometer from Perkin Elmer. This
system was used to probe the optical transmittance of the samples in the range between 250nm
and 2500nm. The measurements were performed through an incident ray on the sample and the
transmitted part of the light was collected in a detector, which compares the obtained intensity

19



with a previously measured baseline. In the range of the probed wavelength the system used
different emitting sources and in some of the presented result can be noticed a peaks in the
transmittance spectrum due to the switch of these lamps.

2.6 X-ray photoelectron spectroscopy (XPS)

This technique is able to probe the sample's surface and analyse the energy of the bonds between
atoms. The surface atoms are ionized when an X-Ray impinges the sample. This will lead to the
emission of an electron from the ionized atom and measuring its kinetic energy Ek, previously
knowing the X-Ray energy hyv, it is possible to determine the binding energy E;, following the
relation.

Eb=hV-Ek

Each element of the sample, shows a characteristic binding energy corresponding to the atomic
orbital from which is been emitted. Therefore, for each orbital there will be a peak in the XPS
spectrum.

This information is used to verify the tin oxidation state, detecting which phase is formed during
the depositions as shown in chapter IV for the tin doped copper oxide.

2.7 Scanning Electron Microscopy (SEM) & Energy Dispersive
Spectroscopy (EDS)

This technique probes the sample with a beam of electrons created by an electron source by
thermionic effect or by field effect emission. The most common SEM mode is detection of
secondary electrons emitted by atoms in the layer excited by the electron beam. Collecting the
secondary electrons using a special detector, an image displaying the topography of the surface is
created.

Moreover, this technique can be also used to estimate roughly the samples’ thicknesses through
the use of the so-called SEM cross section observations, thus disposing vertically the samples and
measuring the distance between the substrate and the edge of the film.

These measurements are not reported in this work because of the lack of consistency of obtained
data.

This microscope was also able to perform EDS characterization, so roughly estimated the nature
and the amount of elements composing the films. The SEM system is shown in 2.6 a) and the EDS
probe is visible in 2.6 b).
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Figure 2.6: a) Scanning Electron Microscope tool b) Electron Dispersion Spectroscopy probe

As will be shown in the results part this technique is been used to evaluate the incorporation of tin
as dopant in the film. Moreover, this kind of measurements are influenced by the atomic weight
of the studied element. In the case of Lithium, due to the electronic configuration of this element,
these measurements are not possible.

2.8 Raman spectroscopy

This technique is based on the Raman scattering, an inelastic scattering where an imping photon
excites the molecules to higher energy. It is able to detect the different composition of the film
through the energy difference obtained by the interaction of the photon and the studied material.
Indeed, the decay of the excited electron belonging to the material will result in a shift in energy
that will be detected by a sensor and measured. This energy difference is equal to the difference
between the initial and the final vibrational state and generally if the final state is higher in
energy than the initial state, the scattered photon will be shifted to a lower frequency (lower
energy) so that the total energy of the system is conserved. This shift in frequency is called a
Stokes shift. If the final state is lower in energy, the scattered photon will be shifted to a higher
frequency, which is called an anti-Stokes shift. Both the phenomena can be detected by the
measuring instrument.

These measurements are afflicted by many factor as the varied intensity of the light source and
from the environment in which they are performed.
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During this study case, the source was a monochromatic ray in the visible range, the analysis
where performed through a blue laser (488 nm). The wavenumber of the diffused photons, were
analysed from around 50 cm™ up to 1850 cm™'. The laser light interacts with the material and the
shift in energy determines the nature of the bonds created in the film leading to the formation of
the so-called Raman spectrum.

2.9 Thermal Annealing

After depositions took place, the study of the effect of a thermal treatment is been performed,
looking for the generation or activation of more vacancies improving the conductivity as explained
in the chapter I and as shown for the magnesium doped copper oxide case as in Resende'

To perform this kind of study the first step was the measurement of the sheet resistance of the as-
deposited samples, then using the system visible in the figure 2.7, the sample experiences a
programmable and controllable increment in temperature thank the use of a laptop. Then the
sample was kept at constant temperature for a certain time, 1 hour, and the temperature was then
decreased. During all this process the resistance was measured by a multimeter in real time. Once
the thermal cycle ended, another measurement of the sheet resistance occurred to verify a possible
enhancement of the sample’s electrical properties.

Figure 2.7: Thermal annealing plate, with sample connect to the 2 probe system
During all the cycles, the resistance is constantly measured thanks to a 2-probe measurement

system, getting the possibility to track the behaviour of the resistance with the temperature and the
time as shown in the relative result part.
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3. Pure copper oxide deposition

In the framework of the study of the deposition of intrinsic copper oxide as p-type semiconductor
through the AA-MOCVD method, the used copper precursor was Cu (II) acetylacetonate, which
has a molar mass equal to 261,79 g/mol in solid form. In this compound, the oxidation state of the
copper is +2. This precursor is already been studied and used to deposit copper compounds and
their oxides as demonstrated in Nasibulin®®%’, Chang>® and Kenvin’’.

Keeping in mind that the wanted copper oxide phase is the cuprous one i.e. Cu20, a change in the
oxidation state from +2 to +1 should occur during the deposition.

At the beginning of this research, the main purpose was to improve the film’s properties through
the optimization of the deposition’s conditions starting from the already obtained results in the
LMGP laboratory. Many parameters has been modified to perform this optimization.

The first of the varied parameters was the solution consumption rate i.e. the amount of solution
vaporized by the piezoelectric actuator in a certain amount of time. Then the effect of the total
molar solution concentration was investigated.

This Master thesis is described in terms of the so-called precursor rate (mmol/min) i.e. the molar
solution concentration (mol/l) times the solution consumption rate (ml/min). This parameter is
been used to understand how much precursor is effectively injected in the deposition chamber and
so to evaluate the real deposition rate linked with the original solution characteristic. The values
assumed by the total molar solution concentration are 0,01mol/l and 0,02mol/l and the solution
consumption rate is kept equal to 1,5ml/min or 2ml/min, calculated checking the solution volume
in the vessel every certain amount of time, 5 minutes precisely. During the experiments, the
deposition temperature was modified comparing the samples obtained at 350°C with respect to the
ones deposited at 325°C, always with a deposition time of 1 hour. The argon volume was kept
constant to 61/min and the oxygen one to 1,51/min. The pressure difference related to atmospheric
pressure was kept constant to 2.5mmH>O.

3.1 Structural properties

The structural properties of the deposited films for the different deposition conditions are been
studied through the Raman spectroscopy technique. This characterization tool is already been used
to study this compound as shown in Taylor’! and Dawson’?. As explained in Sander’, the
spectrum of Cu2O is dominated by a high infrared activity as shown in the following
measurements.

In figure 3.1, there is the comparison on how the deposition temperature and the precursor rate
influence the structure of the deposited films and how these influence the Raman spectrums and
the intensity of the peaks.
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Figure 3.1 Raman quantification of pure Cu;O thin films for the different deposition conditions

The deposited layers show quite similar spectrum in the low frequency range and these peaks are
attributed to the Cu,O phase. The differences in intensity can be related to the difference in
thickness of the samples, which can influence the Raman spectrum. This parameter should be took
in consideration during these measurement in fact the interaction volume of the laser beam can be
higher than the sample thickness leading to the presence of peaks related to the substrate.

The highest organic contaminations are presents in the sample deposited at 350°C with a precursor
rate of 0.04mmol/min, visible in the peaks at wavenumbers higher than 1250 cm™'. The comparison
between the cases deposited with a deposition temperature of 350°C reveals increased organic
contaminations when a higher precursor rate is used. This could be a proof of the fact that a higher
precursor rate leads a higher content of organic compounds present during the depositions. This
could be related to the fact that more material reaches the substrate for the same unit of time leading
to greater difficulties to erase the organic contaminations. The comparison of the temperature
effect is possible in the case of precursor rate equal to 0,015mmol/l and in this case the Raman
spectrum is similar in the samples.

Moreover, no significant Raman shift is present and, being this parameter related to the amount of
stress in the film, it is possible to evidence that the different deposition conditions lead to the same
amount of stress in the layer.

Another relevant element from the Raman spectrums is the presence of an unknown peak, at
around 1250cm™, which is not reported in literature. This unknown peak will be present also in
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the tin doped case and in the lithium one as illustrated in the next chapters. As reference, we put
the Raman spectrum of the copper precursor, which present a higher number of peaks with respect
to the films and as it is possible to notice the unknown peak is not present in this compound. For
this reason, this peak could be attributed to the deposition.

3.2 Morphological characteristics

In this section, the surface of the samples is analysed, described in terms of the precursor rate
(mmol/min). The study was performed analysing the effect of the different deposition conditions
with a deposition time equal to 1 hour and a pressure of 2,5mmH>O with the partial pressure of
61/min and 1,51/min, for argon and oxygen respectively.

To study the morphology of the samples, first information were obtained from the colour of the
samples and from their macroscopic aspect. This parameter was evaluate by the samples’ surfaces
deposited on Corning glass. Through the use of the table in Bruhat’,the colour of the samples was
connected to the optical path and dividing it for twice the refractive index of the cuprous oxide,
n=2.5, in the middle of the visible range (600nm), an estimation of the thickness is obtained.

These roughly estimated values are reported in figure 3.2 with the relative samples’ surface. As
trend, the thickness is reduced for the lowest temperature with respect to the case where deposition
occurs at 350°C and clearly a lower precursor rate leads to thinner films. It is important to keep in
mind that these values are roughly estimated and further characterization are necessaries, as
ellipsometry, profilometry of the surface, Atomic Force Microscopy or SEM imaging of the cross-
section. With this last technique, the group started some characterization of the films’ thicknesses
but they are not reported here because of the lack of consistent number of conducted tests.

The samples’ thickness was also qualitatively probed through the transmittance tests and the
refraction phenomena, which can provide an idea of this parameter, as it is possible see in the
paragraph 3.4 of this chapter.

With these information, the study of the surface was performed, keeping in mind how the thickness
of the sample can influence the growth of the grains and their size and how the growth varies
depending by many others factor as deposition conditions and by the material itself.

Investigating the morphology of the sample through figure 3.2, is possible to notice that,
comparing the case of the lowest precursor rate, the higher temperature leads to a higher thickness
with significant variation in the grain size.

The used magnification is 50000X while these tests are been conducted.
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Figure 3.2 Surface of pure copper oxide in the different deposition conditions and relative observed thickness values
observed with a magnification of 50000X

From figure 3.2, it is clear how the use of a lower precursor rate is linked with a reduced thickness.
This is mainly due to the fact that, since the deposition time is always set to 1 hour in all these
cases, the use of a lower precursor rate leads to a decreased amount of material reaching the
substrate for unit of time. This has a clear effect on the thickness of the samples, indeed reducing
the precursor rate there is a reduction of the thickness.

A reduced precursor rate, linked with a lower amount of material reaching the substrate will lead
to a more effective elimination of the organic species, as proved by the Raman spectroscopy. The
reduced quantity of material arriving the substrate per unit of time will lead the coalescence of
smaller grains, increasing the grains size. Therefore, this will lead to thinner film with bigger grains
size and lower organic contaminations, as proved by the above images.

When a higher precursor rate is used, an increased amount of material is able to reach the substrate
and the organic species’ rejection is more difficult. This will allow the growth of small grains not
able to coalescence and thus it is not possible to increase the grains’ size. Therefore, this will lead
to a thicker film, more organic residues and, generally, a smaller grain size.

3.3 Electrical properties

In this section, the electrical properties of the as deposited films are investigated. As already
explained in the chapter II, these values are the averages of the measurement performed through
the 4-probe method measured at the centre and the four corners of the sample. These values were
obtained fixing the thickness of the samples equal to 100nm during the 4-probe measurement.
More accurate measurements of the thicknesses are mandatory to link these values with the
resistivity of the films.
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As shown in figure 3.3, the best values in terms of sheet resistance are obtained for the lowest
temperature and lowest precursor rate of 0,015mmol/min i.e. when the solution concentration was
equal to 0,01mol/l and the consumption rate is equal to 1,5ml/min with values close to 20M€)/sq.
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Figure 3.3 Sheet resistance for the different deposition conditions.

Furthermore, the use of a higher temperature leads to higher values of the sheet resistance and this
difference is bigger as the precursor’s rate is lower, maybe due to the different grains size as proved
in figure 3.2 and the different amount of organic contaminations as proved by Raman. Since during
these measurements, the films’ thickness was not the same, these values could give an idea of how
the deposition conditions can influence the resistivity of the films, recalling the relation between
sheet resistance and thickness as explained in the section 2.4. In fact, for a stable quality of the
film when the thickness decreases the sheet resistance increases. But in the deposited samples at
325°C by decreasing the thickness according to the precursor rate, first it is possible to observe an
increase of sheet resistance and then a sharp decrease corresponding to an increase in the quality
of the film so in the conductivity. This improvement is in good agreement with the reduction of
organic contaminations analysed by Raman and also with the increase of grain size observed
previously by SEM.

The increased values of sheet resistance shown by the samples deposited at 350°C it is also due to
the higher presence of organic species, as proved by the Raman spectroscopy, which limit the
electrical conduction.

The reduced value of sheet resistance can also be due to the different number and thickness of the
grains boundaries. These can be seen as defects that limit the electrical conduction. Thus, bigger
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grains, leading to a reduced number of grains boundaries, will improve the electrical performances
of the films, as shown from the SEM image in figure 3.2 and proved by the sheet resistance values
in figure 3.3. This point is still a controversial point in the oxides conduction theory as explained
in Deuermeier’’, where there are highly conductive grains boundaries, surely the less organic
contaminations are present, the more conductive the material will be.

From these results the optimized deposition conditions were found, which will be used as starting
point for the deposition of tin doped copper oxide and the lithium one.

3.4 Optical properties

From the optical point of view, the next graph, figure 3.4, shows the comparison in transmittance
for the different deposition conditions for the pure cuprous oxide.
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Figure 3.4 Transmittance spectrum in copper oxide for different deposition conditions

In this graph is evident that the spectrum is similar for the depositions with 0,04mmol/min as
precursor rate and the difference in transmittance can be attributed to a difference in terms of
thickness. The peaks of the spectrum in the visible range are due to refraction phenomena related
to the samples’ thickness. The sample deposited at lowest deposition temperature and lowest
precursor rate present the lowest thickness, further confirmed by the fact that refraction
phenomena does not occurs. The shift of the peaks with respect to the highest precursor rate and
higher temperature may be due to the environmental sensitivity of the characterization tool.
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As evidenced by these spectrums, the estimated values of the thickness are coherent with the
transmittance values assumed in the IR. Thicker film will present a reduced transmittance and this
is visible in figure 3.4 for all the studied samples. Indeed, the thinnest sample is the one that shows
the highest transmittance in the IR field.

Others studies to better connect the transmittance spectrum with the thicknesses are required and
other optical characterization such as absorbance test are necessary.

To better connect the optical and electrical properties, figure 3.5 shows the average optical
transmittance in the visible range (390nm-700nm) with respect to the sheet resistance values,
found with the 4-probe method.

As shown in figure 3.5 a lower deposition temperature leads a lower sheet resistance but this
slightly influence the average transmittance reducing it. From this plot, the most interesting sample
for this research is achieved from the samples deposited at lower temperature and the lowest
precursor rate reaching values around 20M€/sq and an average transmittance in the visible range
equal to 51%.
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Figure 3.5 Average Transmittance versus the sheet resistance values for pure copper oxide samples deposited in
different deposition conditions

As shown in the previous figure, the less conductive sample, around 80M{)/sq, presents the best

properties in terms of average transmittance with a value close to 55%, but this should be related
to the samples’ thickness.
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Moreover, the graph shows a reduction of both the average transmittance and sheet resistance for
a diminished deposition temperature when the precursor rate is 0,04mmol/min but this can be in
relation with the different thicknesses shown. This kind of graph will be used to represent together
both the electrical and optical properties for the others studied materials.

3.5 Thermal treatment

The research about the thermal treatment was done to investigate an eventual activation of the
vacancies improving the conductivity of the film, as explained in the chapter II. Moreover, a
thermal treatment could lead to a change in phase modifying the oxidation state of the element and
this is generally related to a change in colour from the macroscopically point of view. Others
modifications occur as change in the morphological, electrical, optical and compositional
properties of the films as demonstrate in Berthomieu’® and Siripala’’.

Furthermore, as explained in Akgul’®, the as deposited samples can be composed by a mixture of
different copper compounds ,as cupric and cuprous oxide.

The effect of the thermal annealing is to change the relative concentrations of these phases that
were found to be dependent on the annealing temperature

The annealing is also performed to study the thermal stability of the phase, so to verify how much
the material is stable with the change in temperature, noticing if a phase change occurs,
characterized by a modification in the macroscopic colour.

To explain better how an annealing experiment works in figure 3.6a) is shown the graph of the
temperature variation with respect to the time experienced by the sample. In this study case, the
annealing temperature was kept fixed to 250°C and the thermal treatment was 1 hour long in
environmental atmosphere. This temperature was chosen to study the stability of this oxide trying
to avoid cupric oxide formation.
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Figure 3.6 a) Temperature variation with time b) Resistance variation during the thermal annealing for pure copper
oxide deposited in the listed different deposition conditions.

In figure 3.6b) there is the plot of the resistances’ variation, plotted in natural logarithmic scale on
the y-axis, with respect to the inverse of the temperature. These graphs are useful because clearly

demonstrate a decrease of resistivity of the samples during the thermal cycle but they are used
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mainly to calculated the activation energy, through the Arrhenius equation, from the slope of these
curves. Linearizing around a certain value of 1/T, generally during the cooling down, it is possible
to obtain an energy value that is related to the energy difference between the acceptor level and
the top of the valence band. These values will be compared with the ones found with the ab initio
calculation in Nolan* around 400meV for the vacancies activation. As possible to evidence in this
graph, the resistance variation is higher when deposition occurs with a temperature of 350°C with
a precursor rate of 0,04mmol/min, characterized by the increased vertical shift in the curve during
the temperature plateau.

From these slopes, the activation energy was calculated during the cooling down and the values
are reported in the table 2.

Table 2 Initial and final sheet resistance and respective activation energies for the different deposition conditions

Sample Initial Sheet Final Sheet Activation energy
resistance resistance
(meV)
Deposition Precursor rate (Mohm/sq) (Mohm/sq)
Temperature (mmol/min)
(§(®)
350 0.04 85 50 308.81
0.015 47 31 275.72
325 0.04 87 78 253.66
0.015 34 35 275.72

It is possible notice that the samples deposited with a higher temperature have values of activation
energy that are generally higher and the reduction of the sheet resistance is higher for the case at
350°C, especially when the highest precursor rate is used. It is interesting to observe how the
smallest precursor rate leads the same value of the activation energy for different deposition
temperatures.

For the position of these acceptors levels with respect to the valence band i.e. the activation
energies for these kind of defects, Nolan* reported 0.47 eV for V¢, *Pi* and 0.23eV for V¢, 5™l
vacancies.

From the activation energies values in the table, it is noticeable that they are close to the reported
ones for the activation of vacancies in copper oxide. As it is possible to see from this table there
is a reduction in sheet resistance but the decrease is limited especially when a lower deposition
temperature is used, as evidence by the practically constant value of the sample deposited at 325°C
with a precursor rate of 0,015mmol/min. As conclusion, it is possible to notice that these values
are in agreement with the already presented ones in literature as in Resende'.
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From these calculations, it is noticeable that the obtained values are slightly lower with respect to
the one found in Nolan* for the split vacancies and this can also be related to the different used
deposition conditions and moreover others investigation are mandatory to better understand how
this parameter changes with the different deposition parameters. Another parameter that strongly
influence the thermal treatment is the used annealing temperature and generally, as proved by this
study and by Nerle”’, an higher annealing temperature leads to an higher activation energy but this
is also connected with the formation of cupric oxide phase.
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4. Tin doped cuprous oxide (Sn/Sn+Cu)

Tin doped cuprous oxide and effect of the different
precursors

The interest in this research is based on the improvement of the films’ electrical and optical
properties through the tin doping. This study case has as purpose the analysis of the properties
obtained thanks to the doping and the quantification of the amount of dopant in the layers, starting
from the known one in the solution.

The oxidation state of the element influences the formation of the different compound during the
chemical reactions. In the tin case when the valence is +2 stannous oxide is formed, while for
oxidation state equal to +4 there is the formation of stannic oxide. In this study case, the starting
oxidation state of the tin was known from the used chemical precursor and further investigations
trough XPS would be necessaries to understand the oxidation state of the dopant in the compound.

As testify in Suh®’, the tin oxidation state in the used chemical precursor has an influence on the
formation and growth of different compounds.

Many characterizations were performed to understand better the role of the tin as dopant and its
impact on the different properties of the film.

Related to the effect of tin on cuprous oxide many research groups tested tin doped copper oxide
as shows in the papers Kavitha®!' and Stengl®?. Other studies demonstrate that the copper can be
used as dopant for the tin oxide as in Tripathy®® , Sakthiraj®* and Roy®. This latter case bring to
the formation of a n-type transparent conductive oxide as reported in Das® and Roy®.

In this research framework, the main purpose is to evaluate and to understand the effect of the

tin doping in the cuprous oxide deposition. After the deposition conditions ‘optimization for the
intrinsic copper oxide, different experiments were conducted to evaluate the impact of different
tin precursors. In this study case Dibutyltin Diacetate (DBTD), tin(Il) Acetylacetonate (solid),
called tin(Il) acac (solid), tin(I) Acetate, tin(Il) Acetylacetonate (liquid), called tin(II) acac
(liquid) and tin(II) 2-ethylhexanoate were tested. These experiments were performed with the same
amount of tin in the initial solution, equal to 10% (Sn/Sn+Cu). During this work the precursor rate
was kept fixed at 0,015mmol/min and the duration of every deposition was 1 hour with an exhaust
differential pressure of 2,5mmH>0, moreover the effect of two different deposition temperatures,
325°C and 350°C, is tested.

The results part is been split in two, the first one focused on the effect of the different precursors
and the analysis of the obtained samples, followed by the second one where there is the
presentation of the results obtained for the different amount of DBTD. To verify the effect of the
concentration of the tin precursor, Dibutyltin Diacetate (DBTD) concentration in the solution was
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varied, from 2.5% up to 70%, and a complete characterization of the samples occurred, as shown
in the part 4.2 of this chapter.

In the latter not all the characterizations performed on the deposited samples will be presented for
greater clarity.

4.1 Effect on the different tin precursors

The test on different chemical tin precursors is performed starting from the results obtained from
the doping with DBDT. The amount of dopant is fixed at 10% of the total molar solution
concentration. The presented results are for samples that have been deposited with a deposition
temperature of 325°C, the used precursor rate is kept, equal to 0,01 5mmol/min, as in the optimized
pure copper oxide deposition. In the electrical properties section, the effect of the different
deposition temperatures is been studied, comparing the values of sheet resistances obtained for
325°C and 350°C.

4.1.1 Structural properties

From the figure 4.1, the Raman spectrum is presented for the samples where different tin
precursors were tested.

The Raman spectroscopy shows that the cuprous oxide related peaks, the ones at low frequency,
vary in intensity with the different tin precursors. The unknown peak is strongly reduced in the
case of tin (II) acac (solid) while in the others cases is still present with different intensities.
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Figure 4.1 Raman spectroscopy for different tin precursors at 10%(Sn/Sn+Cu)

As can be see here, since there is no significant Raman shift when we compared the spectrum of
the film obtained using different precursors, thus they are subject to the same amount of stress in
all the cases.

The tin (IT) 2-ethylhexanoate is the one that shows the greatest intensity of the copper oxide peaks
while the use of tin (II) acetate shows the smoother peaks and this can be linked with the different
amount of incorporated tin in the film as will be shown in section 4.1.2.

The organic contaminations strongly vary with the used precursor and tin (II) acetate and tin (II)
acac (liquid) show the highest content of these impurities.

In the tin (IT) acac (liquid) case, it is possible to evidence a slight inclination of the Raman spectrum
that can be due to some fluorescence, due to the presence of photoluminescence defects in the
structure, as shown in (Mg/Mg+Cu) explained in Resende'.

This phenomenon is also present in the lithium doped copper oxide (Li/Li+Cu) case as presented
in the section 5.1 of this Master thesis.

Further investigations are necessary to understand better how the deposition conditions can
influence the structural properties of the film and how the different amounts of tin incorporation
can modify the intensity of the peaks and the organic contaminations.
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4.1.2 Morphological characteristics

Figure 4.2 shows the effect of the different tin precursors on the surface. These SEM picture were
obtained with a magnification of 20 000X.

It is noticeable that, although the concentration of tin in the initial solution is the same, the effect
on the surface is different. The shown surfaces has been deposited with the deposition conditions
written in the introduction of this paragraph. For the tin (II) acac (liquid) and for the tin (II) 2-
ethylhexanoate, the surface shows a granular structure and these two precursors leads to the
formation of grains with comparable size.

As shown next, these two precursors also lead an incorporation of the tin in the film between 1.5%
and 2%.
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A comparison between the intrinsic case and the doping with DBTD and tin(II) acac (solid) leads
to assert that the surface modifications are not so evident in these cases, showing a uniform
structure with quite small grain size. The morphology is similar for all films except for tin (II) acac
(liquid) where the film does not cover completely the glass substrate and for tin (II) 2-
ethylhexanoate where the films exhibits porous structure with a high roughness. For the
differences in morphology, the incorporation level of the different dopant should be taken in
account. Further considerations and characterizations are necessaries in this framework taking in
account also the different thicknesses of the samples.

In the table 3, the contents of tin incorporated in the film for the different tin precursors is
presented, these are obtained through the use of EDS characterization, reminding that the initial
concentration in the solution is kept fixed to 10%(Sn/Sn+Cu). These measurements have been
performed with an energy source of 10KeV.
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Table 3 Tin oxidation state in the used precursors and amount found in the film through EDS characterization of the
10% (Sn/Sn+Cu) case

Name Oxidation state | Tin amount in Net XPS Net XPS
in the solution the film (%) count/s count/s
Sn 10* Cu 104

DBTD +4 10.9 4 15
Tin(I) acetylacetonate(solid) +2 0.1
Tin(II) Acetate +2 0
Tin(I) acetylacetonate(liquid) W 1.4 1.2 23
Tin(IT) 2-ethylhexanoate +2 2 0.06 22

As shown here, the incorporation takes place mainly with the doping with DBTD, with a measured
content higher than the one in the solution.

The samples where tin(II) acac (liquid) and tin(II) 2-ethylhexanoate are used as precursors show a
non-null amount of tin in the film, while for the others precursors, tin(Il) acetylacetonate (solid)
and tin(Il) Acetate, the measured content in the layer is practically null.

Moreover, further investigations are necessaries to understand better this phenomena and the tin’s
oxidation state in the film, starting from the one in the precursor, listed in table.

In this research framework, XPS measurement were performed comparing the effect of the DBTD
and the tin (II) acetylacetonate (liquid) on the oxidation state of tin in the film.

As shown in figure 4.3, the XPS spectrum present the different binding energy of the formed
compound and these energies where compared with the one found in literature as in in Jie* for the
different tin compounds. Stannic and stannous oxide have a binding energy of 486.80 eV and
487.16 eV respectively, characteristic of the 3ds. orbital, and their difference is 0,36 eV.
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Figure 4.3 XPS measurement for tin 3d orbitals for a sample 10%(Sn/Sn+Cu) of DBTD compared with the
10%(Sn/Sn+Cu) with tin(Il) acac (liquid) as precursors.

In this case, it is possible to assert that the XPS spectrum of the tin (II) acac (liquid) present sharper
peaks and the measurement is subject to more electronic noise.

DBTD and tin (II) acac (liquid) have tin oxidation state equal to +4 and +2 respectively in the
initial solution. From this graph, it is possible to evidence that a slight peaks’ shift is shown but
the difference between these two cases is not enough to be related with the change in the oxidation
state of the dopant. According to literature, the energy shift between the +2 and +4 oxidation state
is very small and cannot be detected with the used characterization tool. For these measurements,
further investigations are necessaries.

4.1.3 Electrical properties

As pictured in figure 4.2, the incorporation of the tin could have an impact on the morphology and
as presented in figure 4.4 could modify the electrical properties of the film.

In this plot, there is the comparison of the values of sheet resistance of the as deposited samples
for the used deposition temperature, 325°C and 350°C.

From figure 4.4, it is noticeable that there is an improvement of the conductivity with respect to
the intrinsic copper oxide case using a lower deposition temperature and DBTD or tin (II) acac
(liquid) as precursors, reaching values around 20M(€)/sq, close to the intrinsic case, and 10M€Q/sq
respectively.
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Figure 4.4 Sheet resistance values for the two different deposition temperatures for the used different precursors in
the 10% (Sn/Sn+Cu) case.

The tin (II) acetylacetonate (liquid) improve the conduction for a deposition temperature equal to
325°C, with a sheet resistance value of 9.1 MQ/sq, while when it is deposited at 350°C its sheet
resistance increases of one order of magnitude. Furthermore, the incorporation of the dopant takes
place also in the tin (II) 2-ethylhexanoate but this precursor does not show an improvement of the
conduction. This fact can be related to the non-continuous morphology as evidenced by SEM
imaging while in the case of tin (II) acetate the low conductivity can be linked to the high organic
contaminations, as proved by Raman spectroscopy. Moreover the thickness of the samples should
be taken in account.

The others precursors are not incorporated in the film and they do not enhance the electrical
properties of the film with these deposition conditions. As conclusion, it is possible to assert that
an incorporation of the tin as dopant can be used to obtain an enhancement of the electrical
properties depending by the deposition conditions.

From these results, an enhancement of the electrical properties is obtained and this arises new
questions about the charge carrier in this material, establishing if it is an n-type semiconductor or
a p-type one. This lead the necessity to perform more analyses to understand better how these
precursors influence the performance of the film.

4.1.4 Optical properties

In figure 4.5, it is possible to investigate the effect of the different precursors on the transmittance
spectrum with the deposition conditions listed in the legend. We should keep in mind that further
investigations on the thickness of the samples are necessary but qualitatively, is possible to notice
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that the samples with the tin(II) acetylacetonate (solid) has not sufficient thickness to have
refraction. In these cases, generally the deposited thickness will be between 40nm and 200nm as
demonstrated by the fact that we have only one refraction peak. Moreover, as evidenced by these
spectrum in the IR range, the tin(II) acetylacetonate (liquid) and the tin(Il) 2-ethylhexanoate show
a thickness comparable with the intrinsic case deposited at 325°C with a precursor rate of
0,015mmol/min.
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Figure 4.5 Transmittance spectrum of the listed used tin precursors with a solution concentration of 10%(Sn/Sn+Cu)

Additionally, while the others precursors show a peaked spectrum, tin (II) acetylacetonate
(liquid) and tin (II) 2-ethylhexanoate have a quite flat spectrums. The high transmittance of the
tin (II) 2-ethylhexanoate at 300nm could be attributed to the non-continuous morphology shown
from the sample. Comparing the intrinsic case with the use of tin as dopant, there is a general
improvement of the optical performances but further measurements of the thickness are
necessaries.

The link between the optical and the electrical properties is shown in figure 4.6. As already shown,
the best sheet resistance values are obtained for the tin (II) acac (liquid) but it shows a slight
reduction of the average transmittance in the visible range, reaching values around 57%, with
respect to the DBTD’s case, which measures an average transmittance around 59%.

As possible to notice in the following graph, figure 4.6, tin (II) 2-ethylhexanoate shows good
optical properties but it has one of the worst electrical properties for these deposition conditions.
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Figure 4.6 Average Transmittance versus the sheet resistance values for the different precursors at 10%(Sn/Sn+Cu)

In this case, it is shown how tin doping can help the conduction and the transmittance based on
the different chemical precursors. DBTD, the tin (II) acac (liquid) and tin(II) 2-ethylhexanoate
are incorporated in the film and they improve the optical transmittance with respect to the
intrinsic case. Moreover, the best properties for this research are obtained for the tin (II) acac
(liquid) which shown better optical and electrical properties. Further investigations are
necessaries to link these properties with the thickness of the samples and to discover the type of
carrier responsible of the conduction in these materials.

4.1.5 Thermal treatment

In this paragraph, there will be the study of the effect of the thermal treatment for different tin
precursors used. The results are shown only for some of the studied organotin precursors, for major
clarity.

Furthermore, as explained in Musa®*! in the case of chlorine doping and annealing can lead to an
enhanced mobility of the samples.

In figure 4,7, the annealing curves are shown. As explained in chapter III, it is the plot of the
resistance plotted against the inverse of the temperature in Kelvin degrees.

In this case, the annealed samples were deposited with a temperature of 350°C and a precursor rate
of 0,015mmol/min and they experienced a thermal treatment with a maximum temperature of
250°C for 1 hour.
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Figure 4.7 Resistance variation during the thermal annealing for the listed used tin precursors with a solution concentration of
10%(Sn/Sn+Cu)
As shown from this graph, the curves present in all the cases a reduction of the sheet resistance

with the thermal treatment and the initial and final values of this parameter are reported in the table
4.

In the table 4, the calculated values of the activation energies are reported. The activation energy
is calculated, as in the case of pure copper oxide, from the slope of these curves during the cooling
down. In this case in the temperature range of 180°C down to 170°C, where the curves presented
a more linear slope.

Table 4 Initial and final sheet resistance and respective activation energies for the different studied tin precursors

Initial Sheet Final Sheet Activation energy
resistance resistance
Sample (meV)
(Mohm/sq) (Mohm/sq)
tin(II) acetylacetonate (solid) 44.7 33.2 288,05
tin(II) acetylacetonate (liquid) 89.9 56.6 277,19
DBTD 23.6 14.9 271,37
Pure Cu;O 47 31 275.72

As it is possible to see from these values, the activation energies are similar to the one of the
intrinsic cuprous oxide and a reduction of the sheet resistance always occurred. This should also
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be linked with the different amount of tin incorporated in the film, keeping in mind that tin (II)
acetylacetonate (solid) does not lead to an incorporation of the dopant.

Further studies are necessaries to understand better how the different precursors react under
thermal treatment and how parameters as temperature and time should be modified to obtain a
greater enhancement of the electrical properties of the film.

Moreover, others analyses have to be performed to understand how the vacancies can be activated
through the thermal treatment and if a change in phase occurs.

4.2 Tin doped copper oxide results with Dibutyltin Diacetate as
Precursor

The tin doping through this precursor is justified by the already known use to deposit thin film of
tin oxide as shown in Melsheir®®, Fan®’, Nelli®, Mannie® and Ashida”®. This chemical organotin
precursor is also well-known for the possibility to be used as tin precursor in doped system for tin
oxide as in the case of antimony doping for solar cell applications®!, for the doping with europium
as shown in Fan®’, fluorine as in the case of Hanif’? and platinum as in Tadeev®>. Moreover, it is
been proved that this material can be used as precursor to dope oxides with tin, as shown in
Canevali”* and Chiodini® for Si,O and as demonstrated by Pabchanda”® for the zinc oxide case.

4.2.1 Structural properties

Figure 4.8 shows the Raman spectrums for the different amount of DBTD in the solution, which
are indicated by the percentages listed on the side. A comparison with pure copper oxide spectrum
is done to evidence the main differences. In this case, not all the deposited samples are shown for
major clarity. These samples were deposited with a deposition temperature of 350°C and a
precursor rate of 0,015mmol/min with duration of the deposition of 1 hour.
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Figure 4.8 Raman spectroscopy of (Sn/Sn+Cu) for different amount of DBTD in the solution.

The peaks, of the cuprous phase, at lower Raman shift, are in the same position as the intrinsic
material and their intensity reduces with an higher amount of tin in the solution up to almost
disappear for the cases where the doping is equal or higher 50%(Sn/Sn+Cu). It is also possible to
notice that this reduction is not strictly dependent by the amount of tin in the solution as evidenced
by the 7.5%(Sn/Sn+Cu) case. The unknown peak follows the same behaviour of the others ones,
disappearing in the 50%(Sn/Sn+Cu) and the 70%(Sn/Sn+Cu) cases.

This could be related to an amorphous compound obtained between Cu,0 and SnO; justified by
the disappearing of the cuprous oxide related peaks for these doping levels. It is also possible to
notice that, since no significant Raman shift is present, the different amount of tin used in the
solution provoke the same amount of stress in the films.

Moreover the organic contaminations are relevant for the 50%(Sn/Sn+Cu) and for the
70%(Sn/Sn+Cu) cases, while in the others cases they are limited. A slight increase of these
compounds can be seen in the 2.5%(Sn/Sn+Cu) case.

4.2.2 Morphological characteristics

In figure 4.9, it is possible to visualize the SEM images of the surfaces of the tin doped cuprous
oxide with DBTD as precursor. These images were obtained by the analysis of the secondary
electron signal with a magnification equal to 50000X.
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Only some of the doping levels are shown, obtained with the same deposition conditions with a
temperature equal to 325°C and a precursor rate of 0,015mmol/min always with a deposition time
of one hour.

1pm

1

Figure 4.9 SEM imaging of (Sn/Sn+Cu) for different amount of DBTD with a magnification of 50000X

The effect of the doping level modifies the surface, showing different results and especially,
5%(Sn/Sn+Cu) and 20%(Sn/Sn+Cu) samples show the most irregular structure with well-defined
grains. Moreover, these two last cases show a not complete deposition with surfaces with holes,
mainly visible in the 20%(Sn/Sn+Cu) case. The not complete formation of the film, as testify by
this SEM image, could lead to the higher value of sheet resistance as presented in the section 4.2.3
but in this case the deposition temperature was equal to 350°C, thus further investigations are
required.

The others two surfaces, instead, show a more regular surface with less defined grains boundaries
with respect to the previous cases. This can be justified from the different incorporation level of
the dopant of the film as shown in figure 4.10, but further investigations are necessaries. Moreover,
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others analyses about the thickness of the samples are required to connect the topological
properties of the films with the different crystal growth and how this is related to the formation of
the grains and their size.

In figure 4.10, WDS is been used to measure the amount of dopant is incorporated in the deposited
films knowing the tin solution concentration. These measurements were performed in three
different point of the samples and the presented results are the mathematical average of these.

The presented samples has been deposited with a temperature of 350°C and a precursor rate of
0,015mmol/min. The results of this technique are obtained by fitting with the Stratagem software
the data measured with three different probing energies (11, 16, 22KeV) determining the volume
of interaction of the imping beam. For this reason, they are related with the measured amount of
tin in the film and its thickness.
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Figure 4.10 WDS quantification for the different amount of tin in the film with DBTD as precursor.

In this plot, it is noticeable how the amount of tin in the film is generally slightly lower than the
1:1 ratio, shown as the dashed line. As it possible to evidence here, the depositions successfully
incorporate the tin in the film in different amount based on the initial tin concentration in the
solution.

From this graph, it is also relevant how the incorporation in the films is almost linear for level
lower than 30%(Sn/Sn+Cu) case of tin doping, using DBTD as precursor.

Moreover, as it is possible to understand from the comparison between figure 4.10 and the amount
of tin in film obtained by EDS shown in table 3, a higher deposition temperature leads to a
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decreased amount of dopant in the film. Indeed, when the used deposition temperature was 325°C,
the amount of tin found in the layer is equal to 10.9% greater than in the case deposited at 350°C.

Demonstrated the incorporation of the tin in the layer using DBTD as organotin precursor, a XPS
measurement was performed to measure the binding energy and to deduct the oxidation state of
the dopant in the film. These energies were compared with the ones found in literature as in Jie*
for the different tin compounds. Stannic and stannous oxide have a binding energy of 486.80 eV
and 487.16 eV respectively, characteristic of the 3ds, orbital,, and their difference is around 0,30
eV.

In figure 4.11 is shown the XPS spectrum for the 3d orbitals of the 10%(Sn/Sn+Cu) case with
DTDB as precursor deposited at 325°C with a precursor rate of 0,015mmol/min for a total
deposition duration of one hour.
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Figure 4.11 XPS measurement for tin 3d orbitals for a sample 10%(Sn/Sn+Cu) of DBTD deposited at 325°C with a
precursor rate of 0,01 5mmol/min.

From this spectrum in figure 4.11 it is clear the presence of tin compound revealed by the peak
around 487, 5 eV characteristic of the 3ds. orbital, but, since their very low difference in binding
energy, the sensitivity of the measurement apparatus is not enough to determine precisely the tin
oxidation state.

Another way to evaluate the oxidation state of the element is based on the study of the Auger peak,
but in the tin case the intensity was too small to obtain useful information.
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4.2.3 Electrical properties

The widest study on the tin incorporation effect in the film was performed on DBDT and the
electrical properties obtained with such precursor are shown in figure 4.12. The plot shows the
sheet resistance variation for different amount of doping for the deposition at 350°C and precursor
rate of 0,01 5mmol/min. It is clear that the tin doping has an effect on the electrical properties of
the film and furthermore for tin’s concentration lower than the 20%(Sn/Sn+Cu) in the original
solution, the behaviour is almost parabolic with a minimum around the 10%(Sn/Sn+Cu).
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Figure 4.12 Sheet resistance of the (Sn/Sn+Cu) for the different amount of DBTD in the solution

When the doping with tin overcome the 50%(Sn/Sn+Cu), there a drastic drop of the sheet
resistance and this will also show very good optical properties, as will be presented in the
following section, but this material is characterized by the fact it is a n-type semiconductor,
SnO, as reported in Trypathy™.

Since the interest of this research, these results show a minimum of the sheet resistance for the

10%(Sn/Sn+Cu) case.

4.2.4 Optical properties

Transmittance measurement were performed to evaluate the effect of the different amount of
DBTD in the initial solution, deposited with the conditions listed before, on the optical properties.

As possible see in figure 4.13, the 50%(Sn/Sn+Cu) show a very highest transmittance being almost
transparent macroscopically as well as the 70%(Sn/Sn+Cu) case.
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Moreover the comparison between the 30%(Sn/Sn+Cu) case and the 2.5%(Sn/Sn+Cu) case
shows that an increase of the doping slightly improve the optical properties but this has to be
related to different thickness of the samples. As main range, the achieved thickness is limited
demonstrated by the fact that the show one refraction peak in the transmittance spectrum.
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Figure 4.13 Transmittance spectrums for different percentage of DBTD in the solution.

In deed as shown from the cases 7.5%(Sn/Sn+Cu) and 12,5%(Sn/Sn+Cu) an increasing doping
level does not directly means an improvement of the transmittance in the visible. This effect is
clearly related to the different obtained thickness due to the fact that the 12,5%(Sn/Sn+Cu) sample
is so thin that it does not present interference peak. Moreover, the intrinsic case spectrum is very

similar to the doped case of 7.5%(Sn/Sn+Cu) and the difference can be attributed to the lower
thickness of the intrinsic sample.

Further studies have to be perform in order to understand better how the different percentages of
tin precursor in the solution influence the thickness and the optical properties of the samples.

In the plots in figure 4.14 a) there is the average transmittance in the visible range (390nm-700nm)
plotted versus the different amount of DBDT deposited at 350°C with a total precursor rate of
0,015mmol/min. Figure4.14 b) shows the link between optical and electrical properties.

As it is possible to notice from figure 4.14a), there is a slight improvement, around 10%, of the
average transmittance with respect to the intrinsic case when the doping overcome
10%(Sn/Sn+Cu) but this is not true for all the greater percentage.
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Figure 4.14 a) Average transmittance versus tin amount in the solution b) Average transmittance versus sheet
resistance

In figure 4.14b) instead, the values around 20 MQ are obtained for 10%(Sn/Sn+Cu) and
12.5%(Sn/Sn+Cu) samples. The 10%(Sn/Sn+Cu) is the only one improving both electricals and
optical properties when compared with the intrinsic case deposited in the same conditions. Indeed,

the intrinsic case in these deposition conditions shows a sheet resistance of around 50 MQ/sq and
an average transmittance of 49%.

Further investigation are necessaries, to understand better the role of this precursor and of the
deposition conditions on the film growth and its thickness. Moreover, from the electrical point of
view, others measurements about the charge carriers and their concentration are required.

4.2.5 Thermal treatment

As shown in figure 4.15, a thermal annealing in the open atmosphere were performed the samples
with different amount of tin doping in the initial solution, listed in the legend. The temperature
was kept constant, as for the others cases, to 250°C for 1 hour. These samples were deposited with
a temperature of 325°C and a precursor rate of 0,015mmol/min. In this section not the totality
annealed samples are shown for major clarity. The graph shows also a comparison with the
intrinsic case deposited in the same conditions.
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Figure 4.15 Resistance variation during the thermal annealing for the listed DBTD molar concentration in the initial solution

As it is noticeable from figure 4.15, there is a general reduction of the resistance after the thermal
treatment, as remarked from the values reported in the table 5.

Moreover, it is possible to evidence that in the case of 30%(Sn/Sn+Cu) and 7,5%(Sn/Sn+Cu) the
cooling down present a more rounded shape with respect to the others cases and this should be
taken in account during the calculation of the activation energy. From these curves is also clear
that in any sample the thermal treatment could enhance the electrical properties justified by the
fact that the final values of sheet resistance are always lower than the initial ones except in the

30%(Sn/Sn+Cu) case as summarized in the next table.

These values, shown in table 5, are calculated with a linear fit of the curve during the cooling
down, specifically from 120° C down to 110°C where the curves present a more regular shape.

Table 5 Initial and final sheet resistance and respective activation energies for the different amount of DBTD

Sample Initial Sheet resistance Final Sheet resistance| Activation energy
(Mohm/sq) (Mohm/sq) (meV)
30%(Sn/Sn+Cu) 2250 2280 234,4
7,5%(Sn/Sn+Cu) 67.1 34.1 205,15
2,5%(Sn/Sn+Cu) 37.2 244 258,79
Pure Cu;O 34 35 275.72
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The effect of the thermal treatment clearly correspond to a reduction of the sheet resistance except
in the case where the highest concentration of DBTD in the solution is used.

As it is possible to notice from these values, the tin doping generally leads to a reduction of the
activation energy compared with the intrinsic case. Moreover, further studies on the effect of the
thermal treatment have to be performed in order to understand better how the different amount of
DBTD in the solution can influence this parameter. Indeed, from these values it is possible to
notice that there is not a trend, changing the doping level.
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5. Lithium doped cuprous oxide
(Li/Li+Cu)

Lithium doped and precursor

Lithium is a chemical element with symbol Li and atomic number 3. It is a soft, silvery-white
alkali metal. In this research framework, the main purpose was to study the possibility to create
CuLiO phase, for this reason the used percentage of lithium in the initial solution was greater than
the tin case. This compound can be used as possible p-type transparent oxide semiconductor as
explained in Yim®’. Many others studies are related to the analysis of the lithium-copper phase as
in Saito”®, especially as dopant in the case of copper oxide as shown in Priscilla® and Kim®.

Within compounds, Lithium is used in many applications as ceramic and glass, lithium batteries,
Li-ion batteries. The doping of different materials with lithium is already known in literature and
used in different application as in batteries'?’, capacitors!’! and Metal Organic Framework for H
storage!'%%2. Moreover, this material is already been studied forming different compounds and used
as temperature sensor'% | moreover, in literature there are many articles describing the possibility
to use copper oxide as anode for lithium battery as reported in lijima!®* and in Thi'®.

This material is known as dopant for different oxide as Sn0,'%, NiO'%7, MgOlog, Zn0'%” TiO,!1°
and also as co-dopant with Gallium in the case of NiO'!',

Within this master thesis as exploratory experiments there is the study of the possibility to deposit
by aerosol assisted MOCVD mixed compound between Li, Cu and O.

In this study case, the used lithium precursor was the Li (II) acetylacetonate, briefly called Li (II)
acac, always mixed with the copper precursor, Cu (II) acac. The depositions took place with 2
different amount of lithium in the solution (50%, 66%) and each percentage is been obtained using
two different deposition temperatures. In the 50%(Li/Li+Cu) case the deposition took place at
300°C and 350°C, in the 66%(Li/Li+Cu) case the tested deposition temperatures were 350°C and
400°C.

During these depositions, the optimized deposition conditions for the pure copper oxide have
been used, with a precursor rate equal to 0,015mmol/min. The deposition were performed with
the same oxidizing environment of the previous cases with argon volume of 61/min and 1,51/min
of oxygen. The pressure used was kept constant to 2,5mmH>O and the deposition was 1 hour
long. The results will be presented in the relative part.

The purpose of this Master thesis is to improve the properties of the film with respect to the
intrinsic case, mainly looking for an enhancement of the electrical and optical properties, as in the
case of tin doping. This research is also aimed to understand how the use of this chemical precursor
and this dopant can modify the morphology and the structural properties of the film.
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This study case has been studied less deeply with respect to the tin doping case, which was the
major candidate of this research framework.

Lithium doped copper oxide results

5.1 Structural properties

In this section, no EDS nor WDS measurements were performed since the very light nature of the
element does not allow the quantification of the amount of lithium in the film. So the composition
of the sample 66%(Li/Li+Cu) deposited at 400°C was analysed by XPS. Deposition of Cu and Li
is obtained but, due to the chemical contaminations in the reaction chamber the samples contain
also Sn.

The structural properties for these films, obtained through the Raman spectroscopy, are shown in
figure 5.1. In this case the various deposition temperatures are listed beside the different doping
level and the precursors rate was kept equal to 0,01 5mmol/min obtained from the optimization of
the pure copper oxide depositions.
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Figure 5.1 Raman spectrum for the lithium doped copper oxide (Li/Li+Cu)

In both the images of figure 5.1, both the Raman spectrum of the intrinsic case belong to the same
sample. Comparing these intensities it is possible to notice that the 66%(Li/Li+Cu) case shows
higher peaks’ intensities. Moreover the 66%(Li/Li+Cu) case shows an increasing peaks’ intensity
when the deposition temperature is higher. For both the doping level, when the deposition
temperature is set to 350°C or higher, there is a bending of the spectrums towards higher
intensities. This could be related to fluorescence phenomena, resonance effect, which can be
caused by very high organic contaminations or due to the presence of photoluminescence defects
in the lattice. The huge intensity of this part of the Raman spectrums is due to the difference in
energy between the incident photon and the one that reaches the sensor. In this case if photon
generating defect are present, the amount of signal which contribute to the Raman lines is huge
leading to this bending.
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The main difference between the two 50%(Li/Li+Cu) samples is noticeable, indeed when a higher
deposition temperature is used there is the bending of the Raman spectrum. This could prove that
a lower deposition temperature does not allow the formation of such photoluminescence defects.

From these analyses, it is only possible to evidence the presence of Cu20 peaks but not lithium
related ones, even if the thickness of these samples is very low as proved from the transmittance
spectrum in the IR. For these reasons XRD measurement are necessaries to analyse the phase and
XPS to quantify the amount of Li in the different films.

5.2 Morphological characteristics

For this material, the study of the surface was performed through SEM and the results are presented
in figure 5.3. A magnification level of 20.000X was used with the detection of secondary electron
to perform the imaging. As already explained in the introduction of this chapter no EDS
characterization were possible due to the very low atomic number of the lithtum. Furthermore,
more characterization about the incorporation of the lithium and related to the samples’ thicknesses
are necessaries to better understand how this dopant can influence the cuprous oxide formation
and thus the connected electrical and optical properties.
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Figure 5.3 SEM images of the surface of the lithium doped copper oxide. In this case, 20000X was used as magnification.

For the 350°C deposition cases, it is possible to see how the amount of lithium strongly modify
the surface of the samples. In these two cases, a higher concentration of dopant in the initial
solution produces a surface with bigger grains evidenced by the fact that these SEM image were
obtained with the same magnification level.

A comparison between the 50%(Li/Li+Cu) cases show that the most uniform surface is obtained
when a deposition temperature of 325°C is used. In this case, the roughness is limited; the grains
are in contact despite the case where 350°C was used as deposition temperature.

In the case of a higher deposition temperature, a not complete deposition occurred showing a
spherical shaped nanoparticle with around 60nm diameter.

For the 66%(Li/Li+Cu) deposited at 350°C, the obtained samples have a spherical nanoparticle
with an average diameter of 170nm, which are not connected between them. For the higher
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temperature instead, it is noticeable the beginning of the growth of a more uniform film leading to
this island shaped film and that generally shows a low roughness.

5.3 Electrical properties

The study of the electrical properties is been performed through the 4-probe measurement and in
figure 5.4, it is possible to see the sheet resistance values for each percentage of lithium precursor
in the solution for the different deposition temperatures. As reminder it is good to keep in mind
that this measurement are the average of the probing in five different points, the edges and the
centre of these samples, and the estimated thicknesses of the samples was set to 100nm.
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Figure 5.4 Sheet resistance values for lithium doped copper oxide for different deposition temperature

As it is clearly shown from this graph, the case of 50%(Li/Li+Cu) has a decreased sheet resistance
when a reduced deposition temperature is used, with a difference between them of around one
order of magnitude. In the 66%(Li/Li+Cu) case instead, it is noticeable than a higher deposition
temperature leads a lower sheet resistance values. The increment of conductivity in both the cases
can be linked with a more uniform surfaces as shown from the previously presented SEM images.

These very high values of sheet resistance can be related to an extremely low thickness of the
samples, indeed, the most conductive one has the highest thickness as proved by the transmittance
spectrums.

From these results, a comparison with the intrinsic case and the tin doped copper oxide, where the
best obtained values of sheet resistance are around 9M€/sq, shows that the lithium as dopant does
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not correspond to an enhancement of electrical conductivity. Moreover, these depositions took
place with the optimized condition for the pure copper oxide and they could not be the best one
for this type of doping.

Furthermore, other measurements through ellipsometry, SEM imaging cross-section, AFM and
other characterization tools are required to link these values with their thicknesses. Also others
investigations are necessaries to better understand the type of charge carriers responsible of the
conduction in these materials.

5.4 Optical properties

Probing the transmittance of these samples, the deposited samples show a quite high transmittance
as shown in figure 5.5. From the macroscopic point of view, they show an almost transparent
macroscopic aspect. There is a great enhancement of the optical properties due to the doping with
the lithium with respect to the intrinsic case and the tin doped one.

In the figure is possible to compare the lithium doped copper oxide with the pure copper oxide
deposited with the aside listed temperature and a precursor rate of 0,015mmol/min.
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Figure 5.5 Transmittance spectrums of lithium doped copper oxide (Li/Li+Cu) compared with the intrinsic case

As shown here, the transmittance spectrum of 66%(Li/Li+Cu) are very similar except at the
beginning of the visible range where a higher deposition temperature leads to a lower
transmittance.
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For the 50%(Li/Li+Cu) , it is possible to notice that a lower deposition temperature leads to a
reduced transmittance and this could be related to the different morphology of the two samples as
shown in the paragraph 5.2 as well as the different thicknesses. It is also appreciable that, for the
two different level of doping deposited at the same temperature the spectrum is overlapped except
at the beginning of the visible range where they slightly differ and a lower level of doping shows
an increased transmittance.

According to the high transmittance in IR the deposited samples have a very small thickness. Only
for 50%(Li/Li+Cu) deposited at 325°C has a thickness that is closer to pure Cu,0, around 45nm.

Further studies are necessary to investigate better the optical properties and the thickness effect on
them.

It is also possible that due to the lithium presence there is a modification of the energy gap, but no
quantification about this parameter were done during this research. For this reason, others analyses
should be perform in order to understand the variation of this parameter with the lithium doping.

As last graph, to connect the electrical and optical properties, there is the plot on the average
transmittance in the visible range (390nm-700nm) and the sheet resistance values already shown
in the previous part.
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Figure 5.6 Average transmittance plotted with respect to the sheet resistance for lithium doped copper oxide (Li/Li+Cu)

As understandable from the figure 5.6, all the samples present a higher transmittance with respect
to the intrinsic case. The highest average transmittance is obtained for the 66%(Li/Li+Cu) case
when a deposition temperature of 400°C is used which is the thinnest. The case of 66%(Li/Li+Cu)
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shows as the use of an higher deposition temperature increases the average transmittance and
reduces the sheet resistance and this difference can be attributed to a different thickness, thus
further investigation about the growth of this material are needed.

From the electrical point of view, the 50%(Li/Li+Cu) deposited at 325°C, which is more
conductive, is also the one with lowest average transmittance.

These values of sheet resistance are one order of magnitude greater with respect to the case of tin
doped cuprous oxide and with respect to intrinsic copper oxide, also.

For the optical properties instead, there is an enhancement with respect to the intrinsic case,
reaching values of average transmittance around to 75% when the depositions are performed with
a temperature of 350°C or higher.
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Conclusions

From the obtained results presented in this work, it is possible to highlight an optimization of the
deposition of the intrinsic cuprous oxide. This leads to find a best deposition temperature equal to
325°C, a total molar solution concentration of 0,01mol/l and a solution consumption rate equal to
1,5ml/min i.e. a precursor rate of 0.015mmol/min, obtaining values of sheet resistance around 20
MQ/sq and average transmittance of 52%. The morphology of the sample shows that these
deposition conditions leads to a thickness around 40-50nm with granular structure. The work on
this material and its growth through AA-MOCVD process may be further investigate testing
different deposition conditions as well as new copper precursors. The thermal annealing affect the
sheet resistance values reducing them and this reduction is greater for the samples deposited at
350°C. The calculated activation energies are around 250-300meV, close to the ones reported in
literature.

Further researches are required, to better understand the role of the different deposition parameters on the
growth and the formation of the crystal and how these are related to the grain structure and to the electrical
and optical properties.

In the framework of the different tin precursors effect, many results can be evidenced. The
structures are always presenting copper oxide peaks with different intensities based on the
precursor. The morphology is similar for all films except for tin (IT) acac (liquid) where the film
does not cover completely the glass substrate and for tin (II) 2-ethylhexanoate where the films
exhibits porous structure with a high roughness.

Moreover, a slight improvement of the conductivity is obtained with the tin doping using tin (II)
acetylacetonate (liquid) with values of sheet resistance of 9.1MQ/sq. The optical properties has
been improved through the use of Dibutyltin Diacetate and tin (II) acetylacetonate (liquid)
reaching values of average transmittance of 57% and 60%, respectively. Tin (II) 2-ethylhexanoate
enhances only the optical properties with a value of average transmittance around 63%.

In all these cases, the EDS analyses show the incorporation of the dopant in the film with different
percentages depending on the precursor. As next both the precursors, Dibutyltin Diacetate and tin
(IT) acetylacetonate (liquid), could be selected for further investigations to understand the role of
the tin as dopant and how the different amounts of tin incorporated in the film is connected with
the growth of the crystal and the related morphology and structural changes of the layer. Moreover,
others studies are necessary to better investigate the oxidation state of tin in the deposited layer
and an optimization of the deposition of the doped case could occur. Further thickness studies and
measurements on the concentration and nature of the carriers are needed.

Regarding the impact of the different tin dopant levels using the Dibutyltin Diacetate, from the
WDS analysis, the depositions successfully incorporate tin, with values close to the 1:1 ratio for
concentrations in the solution lower than 30%(Sn/Sn+Cu). This will not strongly modify the
structure, as proved by the 30%(Sn/Sn+Cu) case. From the electrical and optical points of view
these experiments let conclude that the minimum value is obtained for the 10%(Sn/Sn+Cu) case
with sheet resistance value around 20M€)/sq, as in the intrinsic case, and an enhanced average
transmittance of 60%.
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Once the incorporation were proved, different questions arise related to the type of semiconducting
behaviour, so establishing if the films are p-type or n-type. The role of the incorporation and of
the oxidation state in the deposited structure require supplementary investigations, as Hall Effect
measurements to understand the charge carriers responsible of the conduction in this material.

For what concern the lithium doped cuprous oxide instead, a resonant phenomenon is evidence by
the Raman spectroscopy and this is probably related to photoluminescence defects present in the
structures.

From the electrical properties’ point of view, the use of this dopant does not imply a reduction of
the sheet resistance, with this lithium precursor and with the tested deposition conditions. In fact,
the best obtained values in terms of sheet resistance is around 100MQ, found for the
50%(Li/Li+Cu) case where the lowest deposition temperature was used,325°C.

The use of lithium as dopant, seems to enhance the optical properties of the films with respect to
the intrinsic case and to the tin doped one with values of average transmittance greater than 70%
when the used deposition temperature is set to 350°C or higher and this occur for both the studied
percentage of lithium.

Others characterizations are required to link the optical properties with the thicknesses of the films
and to understand how the different deposition conditions change the structural and morphological
properties of the samples. Moreover, it would be useful investigate the incorporation and the
oxidation state of the lithium in the film to understand how this influence the films’ properties.

Others studies should be performed in order to explain how the different amounts of dopant change
the properties of the layer. Moreover, the test of different lithium precursors can be analysed in
order to have a complete understanding of how these modify the structure and the morphology of
the samples.
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