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There are various techniques for CuO synthesis, such as laser ablation, sputtering, thermal oxidation and chemical
solutions. However, the development of simple methods for the fabrication of uniform and cost-effective
nanomaterials that enable large-scale production remains a challenge. This research aims at the synthesis of copper
oxide (CuO) using the sputtering technique, as well as the characterization of the obtained material by X-ray
diffraction (XRD) to evaluate its purity. In addition, the DMAIC methodology is applied, which includes the steps
of Define, Measure, Analyze, Implement and Control, in order to standardize the thermal oxidation process and
ensure the repeatability of the samples. The key aspects to understand in order to apply them to the generation of
universal knowledge is to standardize the thermal oxidation process and ensure the repeatability of the samples. The
results obtained in this work constitute a significant advance in the fabrication of metal oxides by sputtering, a key
process in materials engineering. This method proved to be highly effective in controlling the deposition step, which
guarantees the formation of continuous and homogeneous layers of metal oxides. In particular, the single phase of
copper oxide (CuQ) was successfully achieved through an optimized thermal oxidation method. This achievement
highlights the ability to manipulate material properties by carefully controlling critical variables such as deposition
rate, sample volume, temperature and excitation time. The use of Six Sigma methodology (DMAIC) was crucial in
this process, providing a structured approach to optimize experimental conditions and minimize variability. This
methodology allowed the identification and adjustment of key parameters, ensuring consistency in the formation of
the CuO phase. X-ray diffraction analysis confirmed that the characteristic crystal structure of this semiconductor
was obtained, validating the effectiveness of the methodological approach adopted.
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Abstract

Semiconductors are found in integrated circuits and in a wide range of everyday products, such as cell phones and tablets.
They are mainly made from silicon and germanium, using sophisticated laboratories to obtain them. Metal oxides have been
the subject of extensive studies due to their optical and electrical properties, making them promising materials for the
development of alternative energies. Cupric oxide (CuO) is a p-type semiconductor that exhibits excellent characteristics.
Various CuO synthesis techniques exist, such as laser ablation, sputtering, thermal oxidation and chemical solutions. This
research aims at the synthesis of copper oxide (CuQO) using the sputtering technique, as well as the characterization of the
obtained material by X-ray diffraction (XRD) to evaluate its purity. In addition, the DMAIC methodology is applied, which
includes the steps of Define, Measure, Analyze, Implement and Control, in order to standardize the thermal oxidation process
and ensure the repeatability of the samples.

ANALYSIS OF THE PROCESSES OF SYNTHESIS AND CHARACTERIZATION OF COPPER
OXIDE (Cu0O) BY CATHODIC PULVERIZATION AND THERMAL OXIDATION USING THE
DMAIC METHODOLOGY

Objectives

Methodology

Contribution

To develop an efficient and cost-effective
method for synthesizing cupric oxide
(CuO) using the sputtering technique.

To characterize the synthesized cupric
oxide (CuQ) to assess its purity and
properties, and to standardize the process
by applying the DMAIC methodology.

To synthesize cupric oxide (CuQ), the
sputtering technique will be employed,
with key parameters such as temperature,
pressure, and deposition time optimized to
achieve the desired results. This method
ensures the production of a uniform, high-
quality material. After synthesis, CoO will
be characterized using X-ray diffraction
(XFD) to assess its purity, while additional
analyses will evaluate its optical and

Innovation in CuQ synthesiz: Develop a
simple, efficient, and cost-effective
method for producing cupric oxide (CuQ),
enabling its large-scale production.

Process characterization and optimization:
Establizh a standardized methodology for
CuQ  synthesiz and characterization,
ensuring the material's quality and purity
for applications in alternative energy and

electrical properties. Furthermore, the
DMAIC methodology will be applied to
standardize and refine the synthesis
process. Thiz comprehensive approach
will not only optimize CuQ production but
also ensure the material's long-term
consiztency and hizh purity.

other technological fields.

Semiconductors, DMAIC, characterization, diffraction
Resumen

Los semiconductores estan presentes en circuitos integrados y en una amplia gama de productos de uso diario, como teléfonos
celulares y tabletas. Estos se fabrican principalmente a partir de silicio y germanio, utilizando laboratorios sofisticados para
su obtencién. Los 6xidos metalicos han sido objeto de extensos estudios debido a sus propiedades 6pticas y eléctricas, lo que
los convierte en materiales prometedores para el desarrollo de energias alternativas. EI 6xido clprico (CuO) es un
semiconductor tipo p que exhibe excelentes caracteristicas. Esta investigacion tiene como objetivo la sintesis de 6xido de
cobre (CuQ) utilizando la técnica de pulverizacion catodica, asi como la caracterizacion del material obtenido mediante
difraccién de rayos X (DRX) para evaluar su pureza. Ademas, se aplica la metodologia DMAIC, que incluye los pasos de
Definir, Medir, Analizar, Implementar y Controlar, con el propésito de estandarizar el proceso de oxidacion térmica y asegurar
la repetibilidad de las muestras.

ANALISIS DEL PROCESOS DE SINTESIS Y CARACTERIZACION DEL OXIDO DE COBRE (CuO)
MEDIANTE PULVERIZACION CATODICA Y OXIDACION TERMICA EMPLEANDO LA
METODOLOGIA DMAIC

Objetivos ‘ ‘ Metodologia ‘ ‘ Contribucion

Desarrollar un  método  eficiente  y Para llevar a cabo la sintesis de oxido Innovacién en la sintesis de CuO: Proveer

econdmico para la sintesis de omido ciiprico (CuQ), se utilizard la técnica de un método simple, eficiente y rentable para
ciiprice (CuQ) utilizando la técnica de pulverizacion  catddica,  optimizando 1a produccion de éxido ciprico, facilitando
pulverizacion catddica. pardmetros  clave como temperatura, su produccion a gran escala.

presion v tiempo de deposicion. Este
enfoque permite la obtencién de un
material uniforme y de alta calidad. Una
vez sintetizado, el CuQ sera caracterizado

Caracterizar el omide clprico (CuO)
obtenido para evaluar su pureza y

Caracterizacion y  optimizacion  del
proceso: Establecer un estindar en la

propiedades, v estandarizar el proceso
mediante la metodologia DMAIC.

mediante difraccién de rayos X (DEX)
para evaluar su pureza, v se llevaran a cabo
analisiz adicionales de sus propiedades
opticas  y  eléctricas. Ademas, se
implementara la metodologia DMAIC para
estandarizar y mejorar el proceso de
sintesis. Esta metodologia integral no solo
optimizara la produccion de Cu0, sino que
también asegurara la consistencia y pureza
del material a largo plazo.

metodologia de sintesis y caracterizacion
de Cu0, asegurando la calidad y pureza del
material para aplicaciones en energias
alternativas y otros campos tecnolégicos.

Semiconductores, DMAIC, caracterizacion, difraccion
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1. Introduction

Semiconductors are a special class of elements whose conductivity lies between that of a good conductor
and that of an insulator. In general, semiconductor materials fall into two categories: single-crystal
semiconductors and compound semiconductors. Single-crystal semiconductors, such as germanium (Ge)
and silicon (Si), have a repeating crystal structure. On the other hand, compounds, such as gallium
arsenide (GaAs), cadmium sulfide (CdS), gallium nitride (GaN) and gallium arsenic phosphide (GaAsp),
consist of two or more semiconducting materials with different atomic structures.

In the first decades after the discovery of the diode in 1939 and the transistor in 1949, germanium
was used almost exclusively because of its availability and ease of refining, which allowed high levels
of purity to be obtained. However, diodes and transistors made from germanium were found to be
unreliable, especially because of their sensitivity to temperature changes. The situation changed in 1954,
when the first silicon transistor was introduced, which quickly became the semiconductor material of
choice, as it is not only less sensitive to temperature, but also one of the most abundant materials on
Earth. Over time, electronics began to demand higher operating speeds. Computers were operating at
higher and higher speeds, and communication systems required higher performance. In response to this
need, the first GaAs transistor was developed in the early 1970s, which could operate at speeds up to five
times faster than silicon [1].

The entire electronics industry depends on semiconductors, as electronic devices and integrated
circuits (ICs) are made from these materials [2]. Although research on the aforementioned
semiconductors exists, the search for new elements with specific characteristics and repeatable, reliable,
standardized and low-cost procurement methods continues. Recently, a particular interest in copper
oxides as semiconductor materials has emerged due to their promising optical and electrical properties,
which make them suitable for the development of alternative energies. In particular, cupric oxide (CuO)
is a p-type semiconductor (Eg = 1.2 eV) that exhibits excellent photovoltaic, electrochemical and
catalytic properties. Among its outstanding applications are batteries, solar cells, gas sensors, biosensors,
nanofluids, catalysis and environmental processes, as it facilitates the removal of arsenic and organic
pollutants in water. In addition, CuO is inexpensive, non-toxic and easy to obtain [3][4].

The properties of CuO are highly dependent on the morphology and size of the films, influenced
by the deposition process [5]. Various techniques exist for CuO synthesis, such as laser ablation,
sputtering, thermal oxidation and chemical solutions. However, it remains a challenge to develop simple
methods for the fabrication of uniform nanomaterials that are cost-effective and enable large-scale
production [6].

The present investigation has as objective the synthesis of copper oxide (CuO) by means of two
deposition techniques, emphasizing the sputtering. In addition, the material obtained will be
characterized through X-ray diffraction to determine its purity. The methodology was standardized using
the Lean Six Sigma (DMAIC) technique, in order to ensure the reproducibility, repeatability and
reliability of the results. The Six Sigma methodology has its roots at Motorola in the 1980s, developed
by engineer Bill Smith to improve quality and reduce product defects. Six Sigma focuses on decreasing
variability in processes to achieve more consistent quality, using statistical methods and techniques such
as DMAIC (Define, Measure, Analyze, Improve, Control), regression analysis and statistical process
control [7].

The combination of Lean and Six Sigma occurred in the 1990s, when organizations such as
General Electric adopted both methodologies to leverage their complementary strengths. The idea was
to integrate the efficiency of Lean with the quality and variability reduction offered by Six Sigma [8].
Lean Six Sigma methodology is commonly used in business environments to identify and solve
problems, improve product and service quality, reduce operating costs, and increase customer
satisfaction. By implementing these practices, organizations can achieve greater efficiency and
competitiveness in the marketplace. Process optimization involves improving and refining an
organization's systems, activities and operations with the goal of achieving more efficient, effective and
profitable performance. This approach seeks to maximize efficiency, minimize waste, reduce costs,
improve quality, and better meet customer needs [9]. Some key aspects of process optimization include:
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1. Identification of Improvements:

- Analyze existing processes to identify areas for improvement.
- Identify activities that do not add value and look for ways to eliminate or reduce waste.

2. Operational Efficiency:

- Optimize the sequence of activities to minimize the time and resources required.
— Improve productivity and reduce bottlenecks in the workflow.

3. Cost Reduction:

- Identify opportunities to reduce operating costs and eliminate unnecessary expenses.
- Improve resource utilization to achieve economic efficiencies.

4, Continuous Improvement:

- Adopt a continuous improvement mindset, where optimization is an ongoing process and not a
one-time event.
- Implement feedback and metrics to evaluate performance and make continuous adjustments.

5. Product or Service Quality:

- Focus on improving quality to meet or exceed customer expectations.
- Implement quality controls and feedback mechanisms to prevent defects.

6. Technology and Automation:

- Utilize innovative technologies and automated solutions to improve efficiency and accuracy.
- Integrate systems to facilitate communication and data exchange.

7. Customer Satisfaction:

— Consider customer needs and expectations when designing and optimizing processes.
- Measure customer satisfaction and adjust processes based on feedback and results.

8. Change Management:

— Effectively manage organizational change that may arise when optimizing processes.
— Involve employees in the improvement process and provide the necessary training.

Process optimization is essential for the competitiveness and long-term success of an
organization, as it enables it to adapt to changes in the business environment, improve efficiency, and
meet changing customer demands.

In the field of project management and information systems development, efficiency and
effectiveness in the execution of tasks and the achievement of objectives are critical to the success of any
initiative. The DAMIC methodology, which is broken down into the stages of Definition, Analysis,
Modeling, Implementation and Control, is presented as a robust and structured approach to address
complex projects. This methodology is distinguished by its ability to provide clear and systematic
guidance at each stage of development, facilitating optimal coordination and resource management.

The first phase, Definition, is crucial to establish the objectives and scope of the project, ensuring
that all stakeholders have a common understanding of the requirements and expectations [10]. In the
Analysis stage, a detailed assessment of system needs is performed and potential challenges are identified
[11]. Modeling, next in the sequence, involves creating detailed representations of the system to ensure
that they align with the defined requirements [12].
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Implementation focuses on the practical execution of the project, while Controlling ensures that
the project stays on track and within the established parameters [13].

2. Development
To begin the analysis of the process of obtaining CuO, each stage involved was observed and evaluated.

On this basis, the Ishikawa diagram was used to identify, organize and represent in a structured manner
the possible causes of a specific problem in the process. As shown in Figure 1.

MATERIAL |\ MACHINERY | METHOD
‘\\‘ \‘\ »\\\
\\ ‘\ \'\\
Non Homogeneous Substrat\é‘s‘ Lack of Equipment Poor technique
«\\‘ ‘\\‘ \;\\
\ \ - \
Slimming Time Equipment Calibration Low Efficiency N
\ N \,\
No
/ / / of samples

Student Rotation

Lack of Cleanliness Gasto Energético

/ / /

Training ’/’ Poor air condition J,f’ Parameters not defined J,f’
’f ’ﬂ’ ’ﬂ’
USER [ MEDIO [ VARIABLES |
Figure 1

Ishikawa Diagram

From this, some of the problems present in the thermal oxidation process were identified. These
problems were linked to the stages of the DMAIC methodology, as shown in Figure 2.

‘ Define ‘ Mleasure

Temperature
Admosphere air flow
Oxidation time
MNatural cooling

= The historical review of the works was
carried out.

= Review and observation of the thermal
oxidation process_

= There is no repeatability in the samples.

= There are long times 1n the process

= Energy consumption

‘ Amnalyze ‘ Improve

= Implementation of new equipment to
Different Temperatures the process.

= Different Oxidation Times = Modify temperatures

= Difference in substirates = Time reduction

= Quantities = Process redesign
Comtrolar

= Deposit titme
= Ideal temperature
= Oxadation time

Figure 2
Evaluation of the DMAIC Methodology
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Obtaining cupric oxide (CuO) by sputtering

As a result of the analysis carried out in the thermal oxidation process, several points of improvement
were identified. Consequently, a modification of the procedure for obtaining the p-type CuO
semiconductor is proposed. The proposal includes the incorporation of the Auto Sputter Coater
equipment, the use of quartz substrates, general cleaning, and the sizing of the target for copper
deposition, ending with the thermal oxidation stage and characterization by X-ray diffraction (XRD). See
Figure 3.

Obtaining
Cu0Q

u Substrate

preparation

h ‘Construction of
Blanco

L Conditions and

Deposition of CuQ

Conditions
and

equipment
preparation

h Thermal

oxidation
process

L) o
Diffraction

(XRD)
Figure 3
Diagram of the process of obtaining CuO by sputtering
The proposed Sputtering Method is shown below, see Figure 4.
Box 4
Process for obtaining cupric oxide (CuQ)
2 i ( i * XyleneAcet
Subst(ate 2 oneMethan
Home ST, Degreasing £
conditioning {
T~ — «— it
il "
System for oxidizing =
substrates with continuous air
o flow
ol
= DiffractometerCrystal Co(r:lf;;l:éion
line Structure
process

Figure 4
Process for obtaining CuO by sputtering




84

2.1 Substrate preparation

In this stage it was proposed to replace the copper foil substrates with 10 x 10 mm quartz substrates. The
preparation of was performed in several stages: cleaning and degreasing using Xylene C6H4 (CH3)2,
Acetone (CH3)2CO and Methanol CH3O0H this to remove the residues of xylene and acetone.

2.2 Construction of CuO blank for Agar Auto Sputter Coater equipment

For this stage, a commercial copper foil was used for the construction of the copper blank, which has a
thickness of 300 um and a purity of 99.99%.

The copper blank was thinned from 300 um to approximately 100 um, from a mixture of ferric
chloride and distilled water; the solution was stirred for two hours in controlled oscillation.

The Cu blank was cut and conditioned to @ = 57 um and 100 um. See Figure 5.

Copper foil Wobble system Copper target

Figure 5
Construction of Cu target for sputtering equipment

2.3 Conditions and CuO Deposition

In this stage, the use of the Agar Auto Sputter Coater equipment was implemented, see Figure 6. As a
result of the analysis, the following conditions were proposed for Cu deposition: 30mA of current,
0.1mbar of vacuum pressure in ambient atmosphere. In addition, deposition times were performed in 5
minutes sessions. See Table 1.

_712\

.__za_mwm SPUTTER COATER

Figure 6
Agar Auto Sputter Coater sputtering equipment




Figure 7 shows how the deposition of CuO on the quartz substrate is carried out.

Box 7

Figure 7
Deposition chamber

Figure 8 below shows the coating on the substrate after deposition.

Box 8
™ Deposicién de CuQ
I = Sustrato de Cuarzo
Figure 8

Quartz substrate with deposition of CuO

Box 9
Table 1
Deposition times
No. Substrate Time Distance
M1 Quartz 30 minutes 5mm
M2 Quartz 45 minutes 5mm
M3 Quartz 60 minutes 5mm
M4 Quartz 75 minutes 5mm
M5 Quartz 90 minutes 5mm

2.4 Equipment conditions and preparation
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The following is a list of the conditions, preparation and operation of the work equipment. See Figure 9.
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‘ Materials ‘ Parameters
eSubstrate = 10mm x 10mm quartz » Temperature = 1000° C
substrate « Atmosphere air flow = 200 sccm (standard
*Quartz tube (65 cm x =1.5 cm) cubic centimeters per minute)
*Quartz Canoe = concave quartz «Oxidation time = 24 hours

fragment (0.8 mm x5 mm x 0.1 mm)

*High temperature furnace CMOD-
HAT-1100D25 = (40 cm x 20 c¢cm X
20 cm)

*Natural cooling

Figure 9
Equipment Mounting Conditions

To carry out the oxidation process by sputtering, in the assembly stage, a quartz tube was used in
which three marks were placed, at 7cm, 20cm and 20cm, these ensure that the tube is symmetrical to
place it inside the furnace. See Figure 10.

Figure 10
Quartz tube markings for mounting in oxidation

A Teflon lid was also placed at the end closest to the mark in order to connect a hose, through
which the air supply was made by means of a compressor. The quartz substrates were placed on the
quartz canoe which with the help of a rod was placed on the mark two, the substrates were located in the
center of the furnace. See Figure 11.

Figure 11

Position of the quartz canoe within the quartz tuve.

2.5 Thermal Oxidation Process

In order to obtain cupric oxide (CuO) by thermal oxidation, it was carried out in a high temperature
furnace.
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A hose is connected to the attached lid and air is made to flow through the tube for 2 minutes

(Figure 12), before introducing the tube into the furnace (the flow must remain continuous until the
oxidation process is finished).

Salida al
exterior

|

Flujo de
aire
continuo

Figure 12
Connecting the hose to the pipe

The oven is turned on and programmed at a temperature of 1000°C (Figure 13), for a time of 5
minutes; at the end of this time, the quartz tube is introduced into the oven to start the oxidation process
and the opposite lid is placed on the tube.

Box 14

Figure 13
Furnace programming at a T° =1000°C

Once the 24-hour period has elapsed without interruption, the furnace is turned off and the air
flow is cut off, allowing the samples to cool to room temperature, thus avoiding thermal shock and being
able to extract the quartz tube and the cupric oxide samples obtained by the procedure. Figure 14 shows
the complete system for the oxidation of copper substrates.
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Figure 14

System for oxidizing substrates with continuous air flow

Below is the plan view of the prototyping laboratory layout after the application of the DMAIC
methodology. See Figure 15.

Box 16

Figure 15
Plan view of the prototyping laboratory

3. Validation of improvements with DMAIC implementation

CuO sample - 30min

In Figure 16 corresponds to the Cu deposit sample, which was obtained with the help of the Sputtering
equipment with 30 minutes of Cu deposit time, later the sample went through a thermal oxidation process,
obtaining as a result CuO having an Oxford gray color where in turn are shown sections in which quartz
is still shown because in those areas there is no deposit of the CuO material, concluding that the deposit
time is very low to generate a continuous layer.
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Figure 16
CuO Physical Sample - 30min

Figure 17 shows the results obtained by X-Ray Diffraction in which we have characteristic peaks
at 2 theta = 36.06, 39.21, 49.27, 54.10, 62.01, 66.39 and 68.48 corresponding to the (-111), (200), (-202),

(020), (-113), (-311) and (-220) planes respectively of the CuO material according to the diffraction card
00-045-0937.

Box 18
600 -
[ —— CuO-30min|
P2
P1
— 400
<
2
>
‘B
[
[}
§ 200 + P4
MMWMW P3 PS5 pep7
oO+——F———7—7— 7T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
20(°)
Figure 17

Diffractogram sample CuO - 30min

MEB Figure 18 of the CuO sample shows a defined crystal structure at a magnification of x230,
the surface is continuous with irregularities, as well as high contrast zones characteristic of regions with
higher accumulation of material.
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“_senfz‘o’ibkv WD39mmP.C,50, HV  “x230 . 100pm

Figure 18
Surface MEB of CuO sample - 30min

Similarly, in Figure 19 of the MEB of the CuO sample there is an area where the brightness of
the substrate stands out, indicating that in that area there is no adhesion of the material, showing only the
quartz that is used as a substrate.

SED 10.0kVWD15mmP.C.53 HV  x140 200pm T

Figure 19
Surface MEB of sample 2 CuO - 30min

Figure 20 of CuO MEB shows the side of the quartz substrate where gray zones can be seen
interpreting the deposit of the material, while the bright zones show the quartz substrate.
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. .
SED 20.0kV WD27mmP &ﬁ‘:&’&

Figure 20
Lateral MEB of CuO sample - 30min

The EDS analysis reveals the predominant presence of copper (Cu) and oxygen (O) corresponding
to the deposited material, as well as silicon (Si) material corresponding to the quartz substrate, not
detecting other significant elements in the spectrum. See Figure 21.

Box 22

. HV
Name Date Time [kv] Mag [mm]

CuQ 30 min 8/23/2022 8:18:48 AM 20.0keV 60x 18.2mm

x 0.001 cps/eV

700
6003
5003
4004 L
3003

2001
1007

bbbt L i
T L

12 14 16 18 20
Energy [keV]
Name Date Time HV  Realtime Deadtime Pulses
[kv] [s] [%] [keps]
CuO 30 min 2895 8/23/2022 8:19:13 AM 20.0 100000 O 0.280
Spectrum C (0] Si Cu Nd

CuO 30 min 28595 10.53 57.41 13.20 18.86 0.00

Figure 21
EDS of CuO elements - 30min

The Raman analysis of the CuO sample reveals characteristic peaks of the material that
correspond to the vibrational modes of stretching and bending in the CuO structure, as well as a
comparison between the graph obtained from the measurement and a graph corresponding to the database
of the equipment. See Figure 22.
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1 - RvX #189; Copper Oxide]

1~ exportknowltAll

20

Figure 22
Raman CuO - 30min

CuO - 90min sample

In Figure 23 corresponds to the Cu deposit sample, same material that was obtained with the help of the
Sputtering equipment with 90 minutes of Cu deposit time, later the sample went through a thermal
oxidation process, obtaining as a result CuO having an Oxford gray color where at the same time sections
are shown in which the deposited material is detaching for having excess mass on the surface of the
quartz, concluding that the deposit time is too much.

Figure 23
Physical sample CuO - 90 min

Figure 24 shows the results obtained by X-Ray Diffraction in which there are characteristic peaks
at 2 theta = 32.66, 35.73, 38.84, 48.98, 53.69, 58.40, 61.73, 66.38, 68.25 72. 55 and 75.40 corresponding
to the (-110), (-111), (111), (200), (-202) (020), (202), (-113), (-311), ( -220), (311) and (-222) planes of
the CuO material according to diffraction sheet 00-045-0937.
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Figure 24

Diffractogram sample CuO - 90min

Figure 25 of MEB of the CuO sample, where the material layer is peeling off due to excess
material and lack of mechanical adhesion on the silicon substrate.

" SED 20.0kVWD29mmP.C.50 HV  x33 500p M  —

Figure 25
Surface MEB of CuO sample - 90 min

Similarly, in Figure 26 MEB of the side of the sample, the CuO particles appear in the form of
nano-rolls, a characteristic pattern in the deposit of this material.
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SED 20.0kVWD18mmP.C.50 HV x50 S0UHIN

Figure 26
Surface MEB of sample 2 CuO - 90 min

In Figure 27 obtained in MEB we can observe the accumulation of the deposited material forming
a continuous layer, but with an irregular surface since there is more accumulation of deposited material
in certain regions of the sample.

SED 20.0kVWD19mmP.C.50 HV  x150 400 )y —

Figure 27
Surface MEB of sample 3 CuO - 90 min

Also, Figure 28 of the SEM of the lateral surface shows the difference between the quartz
substrate which is the shiny part of the image and the gray part is the CuO layer showing a continuous
layer of the same material mentioned above.
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x65

Figure 28
CuO lateral MEB - 90 min

Figure 29 obtained in MEB shows an accumulation of CuO material with irregular surface
forming small mountains of material, but with the same deposition pattern.

Box 30

x4,300  5um

Figure 29
MEB Surface of sample 4 CuO - 90 min

Figure 30 obtained by EDS shows the elements obtained in the analysis of the sample,
highlighting the materials; copper Cu and oxygen O corresponding to CuO and the element Silicon Si
corresponds to the quartz substrate.
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Figure 30
EDS of CuO elements - 90 min

The Raman spectroscopy characterization technique was performed to identify and characterize
the material and was compared with the equipment database which corresponds to CuO. See Figure 31.

[

20—] - RvX #189; Copper Oxide

— exportkKnowltAll
15 ”
10 |
|

] |

57 I

] N A

] J l'a /\ *\,\f o

e o L s m e e e s e I B e s |

200 400 600 800 1000
cm™

Figure 31

Raman CuO - 90 min
4. Conclusions

The results obtained in this work constitute a significant advance in the fabrication of metal oxides by
sputtering, a key process in materials engineering. This method proved to be highly effective in
controlling the deposition step, which guarantees the formation of continuous and homogeneous layers
of metal oxides. In particular, the single phase copper oxide (CuO) was successfully achieved through
an optimized thermal oxidation method. This achievement highlights the ability to manipulate material
properties by carefully controlling critical variables such as deposition rate, sample volume, temperature
and excitation time.
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The use of the Six Sigma methodology (DMAIC) was crucial in this process, providing a
structured approach to optimize experimental conditions and minimize variability. This methodology
allowed the identification and adjustment of key parameters, ensuring consistency in the formation of the
CuO phase. X-ray diffraction analysis confirmed that the characteristic crystal structure of this
semiconductor was obtained, validating the effectiveness of the methodological approach adopted.

These results highlight not only the technical feasibility of applying sputtering and thermal
oxidation for the production of metal oxides in the laboratory, but also the positive impact of
incorporating continuous improvement tools such as DMAIC in a research environment. By transferring
typically industrial structured methodologies to an academic context, its flexibility and value in the
controlled production of advanced materials is demonstrated, opening possibilities for future
technological applications in semiconductor devices and renewable energies.
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