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ABSTRACT 

In MSc Thesis, the characteristics, properties, and applications of Cuprous 

Oxide (Cu2O) are extensively analyzed. First, is carried out an extensive 

literature review on this material, with the previous research with target 

to find out how we must proceed the investigation on Cu2O. The purpose 

is to grow up a stable and high-efficient semiconductor material to 

become ready for use at industrial scale, since the energy amounts of our 

planet are increased rapidly. We described the whole procedure of the 

experiments that we done for the growth of our material on several 

substrates, to find out the optimum conditions for the deposition by 

Sputtering and post vacuum annealing by CVD, of a pure Cu2O. The 

methods that are used for growth and characterization of the materials, 

are described. We did fundamental research on Cu2O to understand the 

structural and optical properties of the material, and to explain the 

findings of characterization methods, of XRD, SEM, Raman Spectroscopy 

and Ultrafast Pump Probe Spectroscopy. Last, the next article is published 

by the collaboration with other investigators. 
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Chapter 1 – Introduction 
Nowadays, there are serious energy and environmental crises, and a huge increase of 

industry, which needs too much higher amounts of energy. To solve these problems, 

it is necessary to exploit new renewable and sustainable sources. This will be 

happened using the science of nanotechnology. 

Nanotechnology is the science which involved the design, synthesis, characterization, 

and application of materials and devices whose have dimensions on nanometer scale, 

at least in one dimension [1]. On more simple definition of nanotechnology, is 

“technology at the nanoscale”, which explains the previous phrase, and give us the 

scale of this technology. The nanoscale covers the range from 1 to 100nm. The 

important of combination of science and engineering at nanoscale is the discovery of 

new fundamental and unique properties that open the range of what modern 

technology can succeed.  

The solar energy is one of the best sources on the category of renewable and 

sustainable sources. Is renewable and sustainable, and we can have this kind of energy 

in high amounts, to produce electricity by the photovoltaic cells. So, the production of 

electricity by photovoltaic cells, helps in two ways, to the growing demand for energy 

as we said before, and to mitigation of global climate change by increasing of this 

energy and reducing of the production of energy by fossil fuels [2]. 

Furthermore, the solar cells that are produced by the industry are almost only, 

monocrystalline silicon cells because of their high efficiency. On laboratory scale, this 

efficiency was 25% before two decades, and on our days, increased slightly to 26.6% 

[2]. Because of the small increase on the efficiency for a long time, scientists are 

exploring alternative materials for the solar cells and manufacturing processes to 

create it, to reach higher efficiencies.  

On these materials, is our material, cuprous oxide (Cu2O), which is a promising oxide-

based p-type semiconductor, appropriate to develop a p-n junction for a solar cell. 

This material belongs to the category of thin films materials. The efficiency that 

succeeded from the incorporation of Cu2O is 2%. This is a heterojunction solar cell 

which was done by deposition of transparent conducting oxide (TCO) films on Cu2O 

substrates [3]. 

Also, for the concerning of climate crisis the certain material is used to reduction the 

CO2 with purpose the reduce of carbon emissions, with final positive effect on the 

planet. The CO2 in atmosphere has risen up over the last century from 280 ppm above 

the 400ppm according to climate information from National Oceanic and Atmospheric 

Administration (NOAA) about the atmospheric carbon dioxide [4]. Specifically, in 2023 

rise on 424 ppm, which was a new record, and the prediction until the new century is 

to rise to 700 ppm. So, the purpose is to discard CO2 or convert into a valuable 

resource. Cu2O is a potential material to use as a catalyst for CO2 reduction, because 
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of its many advantages, including the interfacial charge separation and transportation. 

CO2 transformations take place by photochemical and electrochemical phenomena. 

Sathya M. et al, on their review provides an idea of current photochemical and 

electrochemical CO2 fixing techniques by using Cu2O-based materials [5]. Further 

analysis will take place on Chapter 2 on this application of cuprous oxide. 

In addition to previous examples on applications of Cu2O in nanotechnology we have 

more, including the solar water splitting by the use of Cu2O as an emerging 

photocathode [6], and the use of Cu2O to understand the novel properties of excitons  

[7], etc. The interesting on this material is high, and therefore has been done big 

research. Many scientists have worked and are working on Cu2O, at last 80 years. At 

next Chapter (Ch.2) we have a literature review on our material, including the 

characteristics, properties, and applications of Cu2O. We emphasize on fabrication 

methods, how other researchers have deposited and form the Cu2O, by Sputtering 

technique and after how they did the annealing process of prepared sample, what 

pressure and inlet gases they have used. 

Next, at Chapter 3 we analyzed the methods that we have used on the lab for our 

experiments. We have worked with Sputtering and CVD techniques, for the deposition 

and growth up of the thin film at its final form, and we used XRD and SEM techniques, 

to characterize the prepared material. The principles, and the operation of these four 

techniques are described on this Chapter, with examples from the experiments on 

Cu2O, that we have done.  

In the next Chapter is described the whole procedure on the experimental part of 

work. The main purpose it is the growth of pure Cu2O, therefore we must find the 

optimum conditions for the best formation of this material. For the growth we used 

two techniques, Sputtering and CVD techniques, and we set different parameters for 

each technique, to start the experiments. The basic parameters that we changed are 

the time, cycles, and sputter current, at Sputtering technique, and the time, 

temperature, pressure, and inlet gases at CVD for the annealing process of prepared 

samples. Several combinations have been made to execute the optimum conditions. 

After each set of experiments, we characterized the samples by XRD to identify the 

material, that we grow up. All these combinations, the series of experiments, and the 

results from XRD are analyzed in detail at this Chapter, with execution of the optimum 

conditions from the best result. 

The cuprous oxide (Cu2O) due to its characteristics and properties is a promising 

material for the future of nanotechnology, and the fields that we refer before. Except 

from the other characteristics about structure, to form this material we need Cu and 

O2, which are two materials highly abundance in earth, and non-toxicity. So, for the 

concerning of planet these characteristics are important. Also, very important is the 

low cost and simplicity of synthesis. It is important for us to use simple techniques, for 

example the Sputtering technique to form this material in simple way, and to have a 

lot of experiments due to low cost. Much more are important for the field of industry 
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because they want to have a production, so they need low cost of fabrication, and 

high profits. 

Generally, the purpose of this research and thesis is the investigation of cuprous oxide 

(Cu2O), by a fundamental point of view, thus on the way that the cuprous oxide gets 

its final form, how it’s the structure, and what properties exhibit at the end. This will 

be achieved by the investigation, first on characteristics, properties, and applications 

of Cu2O that referred in literature, second on fabrication methods that referred again 

in literature, and finally on our experiments that are based on two previous steps. 

Also, the results from the characterization methods are important to execute 

conclusions about the findings for the structural and optical properties. The use of 

UPPS and Raman Spectroscopy give as more data about the properties. The target is 

to have a Cu2O thin film with high purity and good crystal quality, with final target the 

use of this material on an application.  

Also, we have published an article at APL Energy magazine [8], for the critical and 

controversial issues pertaining to the growth and properties of Cu2O in the context of 

energy conversion, which involves the results from this thesis. Amongst others, is the 

literature review for Cu2O, the optimization of conditions for Sputtering and Annealing 

techniques, and the introduction of hydrogen in the Annealing process. The article is 

found at supplementary material. 

 

Figure 1.1. Critical and controversial issues pertaining to the growth and properties of Cu2O 

in the context of energy conversion [8]. 
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Chapter 2 - Literature Review on Cu2O 

2.1. Characteristics 

Cu2O (cuprous oxide) is a promising oxide-based p-type semiconductor, which has 

been recognized as oldest p-type binary oxide material. A lot of research in the fields 

of optoelectronics and solar technology has been done the last 80 years on this 

material. Most of the theory of semiconductors was developed based on the Cu2O 

devices. Due to low band gap energy, Cu2O was the first choice to the researcher as 

photovoltaic applications rather than other TCO applications.  

However, there are very few papers, published in a last two decades on the use of 

Cu2O as a material on a solar cell. Recently, the interest was raising on oxide-based 

materials in the electronic fields due to some important factors for the general today 

situation in our planet. These factors are important for the environment. It’s nontoxic 

material, the raw materials to create it are abundant in the earth and the cost for its 

production is low [9]. 

It is very important to standardize a material by proper synthesize technique. Even a 

material gets importance in the field of industrial usage by its cost and the way of 

production [10]. 

Cuprous Oxide has very promising characteristics for several applications. Is a p-type 

semiconductor with photoelectronic properties like the energy band gap of 2.1eV, 

large optical absorption, optical gap of 2.62eV, and high carrier mobility. Also, this 

material has other characteristics, which are important for the environment. It’s 

nontoxic material, the raw materials to create it are abundant in the earth and the 

cost for its production is low [9]. Furthermore, has a cubic crystal structure with lattice 

parameter of 4.27Å, and the theoretical energy conversion efficiency is about on 20% 

[11]. 

2.2. Applications 

This material could be involved in some important applications. First, as an active p-

type layer in a structure of solar cell. For the fabrication of a heterojunction with the 

deposition of transparent conducting oxide (TCO) films on Cu2O substrates, like the 

Cu2O/ZnO [9], the Cu2O/SnO2 [12], the Cu2O/SnO2 and Cu2O/In2O3 [3],or a solar cell 

structure based on silicon [13].  

The Cu2O with the narrow direct band gap of 2.17eV, and the negative CBM 

(Conduction Band Minimum) of -1.4V ~ -0.3V vs NHE, has a photogenerated electrons 

which can easily be captured to achieve photocatalysis. However, there are limits for 

this application of cuprous oxide, which are the poor stability in aqueous solution 

under light irradiation, and further the oxidization of material to CuO. Also has low 

photocatalytic activity. These issues may be solved by modifying the Cu2O into a 

heterostructure.  
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On review of Indrajit V. Bagal et al [6], researchers among others, described the 

different strategies to reduce the photocorrosion and improve photocurrent density,  

and the advantages and disadvantages of Cu2O to use as photocathode for 

photoelectrochemical solar water splitting. They analyzed the existing issues and 

described the improvements in this Cu2O photocathode the last years, for enhanced 

H2   production. 

Furthermore, the CO2 reduction is one application of Cu2O, which is important in view 

of escalating climate crisis. As we said on Chapter 1, according to NOAA [4], the CO2 

was increased on our planet from 280ppm to more than 400ppm and will increase 

further to 700ppm, the next century.  

The Cu2O is used as catalyst for CO2 reduction, because of its many advantages, 

including the interfacial charge separation and transportation, enhanced surface area, 

quantum efficiency, and feasibility of modification via composite development or 

integration of the favorable surface functional groups. CO2 transformations take place 

by photochemical and electrochemical phenomena. Sathya M. et al [5], on their 

review provides an idea of current photochemical and electrochemical CO2 fixing 

techniques by using Cu2O-based materials. Also, one other research team on their 

investigation is trying to understand the chemical transformations in metal oxides, and 

the Cu2O, to achieve sustainable production of solar fuels and chemicals. This will 

happened by mitigation of degradation mechanisms in Cu2O photoelectrodes for CO2 

reduction to ethylene [14]. 

In addition to previous applications, Cu2O is used from researchers as an archetype for 

understanding the novel properties of excitons [7]. So, it is important to have thin films 

of Cu2O with high purity, and good crystal quality [8]. 
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2.3. Fabrication Methods 

There are several examples of Cu2O-based PV devices reported in the literature using 

simple low-cost synthesis techniques. The Cu2O thin films can be prepared by various 

methods, like the reactive (DC or RF Magnetron) sputtering process [9][10] 

[15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30], chemical and 

thermal oxidation [31][10] , electrodeposition [10], and sol gel spin coating technique 

[11]. Here we will discuss analytically the sputtering technique which is used broadly 

the last years for the synthesis of Cu2O.  

2.3.1. Sputtering Technique 

The Sputtering technique is one of the best methods for the preparation of thin films. 

Is provide very good characteristics, like the low cost and easy synthesis. Also, there is 

high quality uniform film deposition in a large area and controlling of parameters with 

precision. So, is useful for material synthesis and much more for the device fabrication. 

Some of the sputtering parameters that can be varying are the oxygen partial 

pressure, gas flow rate, chamber pressure, substrate temperature, sputtering power, 

and the distance between the target material to the substrate. After the optimization 

of the conditions, we can produce by the Sputtering method very good thin films [10]. 

So, for the cuprous oxide (Cu2O), the Sputtering is useful technique to grow up the 

material, with high precision by controlling the partial oxygen in the chamber. The 

most important is to find the phase of copper oxide by the control of Oxygen. There 

are a lot of publications on this issue.  

Parrettam et al. [2] had grown up the Cu2O on different partial oxygen pressures, on 

reactive rf magnetron sputtering, with a pure Cu target in an oxygen-argon 

atmosphere at 300 K. By the results of XRD on figure (2.1) they had showed that the 

phase of copper oxide films depends on the oxygen partial pressure, because we had 

a formation of different phases of copper oxides films. Also, they had showed that on 

higher pressures is more possible the formation of CuO films instead of Cu2O. 

They got single phase Cu2O 

film on the optimized 

oxygen partial pressure 

(0.08 Pa). It is also reported 

that the different substrate 

temperature can influence 

the phase of Cu during the 

deposition.  

Figure 2.1: XRD graphs of 

Parrettam et al. [2]. 
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On [18] the researchers reported the effect of oxygen partial pressure on the optical 

and electrical properties of copper oxide thin film deposited by DC reactive magnetron 

sputtering technique.  

Recently [19], by use of reactive DC Sputtering they succeed single phase of Cu2O at a 

relatively low substrate temperature using constant 200 watt DC power with varying 

oxygen flow rate. By that they observed a variation in band gap values from 1.62 eV 

to 2.54 eV. The surface sheet resistivity at room temperature was found to vary with 

the deposition parameters and film thickness.  

For Sputtering process, they have used glass substrates, pure solid copper target 

(99.99%) and two gases, the Oxygen (reactive gas) and the Argon (sputtering gas). In 

the chamber of Sputtering the vacuum pressure was 5x10-6mbar. The flow rate of Ar 

was constant at 20 Sccm, and the flow rate of O2 which was controlled by mass flow 

controllers and gas regulators interfaced to a computer, started from 2.5 Sccm, and 

increased to 25 Sccm. They have grown up different copper oxides thin films in each 

ratio depends on the flow rate of Oxygen. The temperature was kept constant at 325K 

and time at 15 minutes. 

According to the authors, the values of band gap is dependent on the kinetics of the 

oxide’s formation and the kinetics of the formation of oxides of copper during thin 

film deposition is dependent on following factors:  

• The nucleation rates of Cu, Cu2O and CuO during the growth  

• the sticking coefficient/sticking probability of the particles  

• re-evaporation and migration by the impinging copper and  

• the different growth rates of the nucleated specie.  

And all these factors depend on the sputtering power and the oxygen flow rate during 

the deposition.  Also, the effective sticking probability is important to understand 

which type of oxide is formed, the Cu2O or the CuO. It’s depending on the flux ratio of 

both of gases. Further, the kinetics of CuO formation is much slower than that of Cu2O. 

On [20] they have grown up the Cu2O by cryo-pumped vacuum chamber (CVC) 

magnetron sputtering. Again, the started materials were a solid copper target of 

(99.99%) and the two gases (Ar & O2). The Ar was set at 50 Sccm, and the O2   increase 

from 4 to 10 Sccm, at different ratios again. Now the power was set from 200 to 800W. 

Compared to the previous publication, now the time of Sputtering is 30 seconds. 

They showed that the power on Sputtering process plays a significant role in the 

optical transmission as we can see on figure 2.2, and on optical bandgap of the films. 

They have varied this power from 200W to 800W, and the result was the succeed of 

rich Cu2O and CuO TFs. Also, the highest optical transmission was succeeded on the 

lowest power of 200W. These parameters have significant influence on the properties 

of thin films and affect the electrical sheet resistance of the prepared films. 
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Figure 2.2: Transmission of Copper Oxide TFs on 200, 600, 800W, by 4 Sccm of O2 [20]. 

Recently [17], they prepared Cu2O TFs, by reactive sputtering in a mixture gas of Ar 

and O2, on transparent conducting oxide (TCO) on a glass substrate with TCO 

composed of double layers of SnO2:Sb (ATO) and ITO. The thicknesses of TFs were 

varied from 2 to 5 μm. The quality of these layers on TCO substrate was high, by using 

this technique and precise O2 flow control. By their measurements on XRD, the highest 

transmittance was obtained at the lowest impurity ratio of Cu and CuO. This is 

presented clearly by figure 2.3.  

Furthermore, the highest efficiency of 8.4%, was succeeded again on the lowest 

impurity ratio. This efficiency is the highest that was succeeded for this thin film 

material for solar cells. Also, according to device simulation analysis, a higher 

efficiency (over 10%) of Cu2O TFs, can be obtained by decreasing the surface velocity 

vs at p-n interfaces and increasing n-type carrier density nGaO at the n-layer. 

  

 

 

 

 

 

Figure 2.3: O2 flow dependence of average transmittance of Cu2O thin films on TCO 

substrates [17]. 
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The same investigation obtained high crystallinity on almost single component Cu2O 

thin films on the TCO substrate. The figure 2.4 shows the XRD patterns of the samples 

with this crystallinity. On these patterns there are small peaks from impurities from 

CuO and Cu that are marked by asterisks on the figure.   

 

 

 

 

 

 

 

Figure 2.4: Magnified view of x-ray diffraction patterns of Cu2O thin films on the TCO 

substrate. Small impurity peaks are marked by asterisks [17]. 

Other researchers have grown up the Cu2O thin film by doping of nitrogen in the 

material [16]. They have incorporated the basic gases (Ar & O2) with N2. They keep 

constant the total gas flow on 50 Sccm, the flow of O2 at 7.5 Sccm, and the varied the 

Ar/N2 ratio as following: 

 

 

Table 2.1: N:Cu2O thin film sample gas flows used during the 

sputter deposition process [16].  

                                                            

 

 

Also, there are some differences on this deposition by reactive DC Magnetron 

Sputtering. The first one is the substrate temperature at 400°C instead of room 

temperature, the rotation of sample stage at a constant speed of 12 rotations per 

minute, and the reduced compared to previous papers, deposition power at 100W. 

In general, the doping of Cu2O by Nitrogen does not affect the structural and optical 

properties of the material. However, as they have shown, the electrical properties can 

be modified by nitrogen doping. These include the decrease of resistivity and decrease 

of hole mobility with increase of doping level of Nitrogen. For example, this type of 

thin film can be incorporated at the back side of the Cu2O absorber layer in a Zno/Cu2O 

N2/Ar/O2 (sccm) 

0/42.5/7.5 

1/41.5/7.5 

2/40.5/7.5 

3/39.5/7.5 

5/37.5/7.5 

10/32.5/7.5 

15/27.5/7.5 
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heterojunction solar cell to reduce the charge carrier recombination at the rear 

surface and to form a low resistivity ohmic contact at the rear interface. 

S. Ghosh et al [15], did the deposition of copper oxides films by sputtering, and the 

varied the substrate temperature. They did three runs on 30°C, 150°C and 300°C. The 

have succeed at 30°C (figure 2.5) and 150°C (figure 2.6) the formation of Cu2O, and at 

300°C (figure 2.7) the CuO.  

First, the increase of temperature from 30°C to 150°C, make the XRD peak [1 1 1] of 

Cu2O, stronger with higher intensity, so the crystallinity is better. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: XRD pattern of Cu2O with substrate at 30°C [15]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: XRD pattern of Cu2O with substrate at 150°C [15]. 
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Secondly, the increase of temperature from 150°C to 300°C, leads to the formation of 

CuO. This is described by the following reaction: 

2Cu2O + O2 -˃ 4CuO 

Initially, at low temperatures the formation of Cu2O take place. According to this 

investigation, after the 200°C the Cu2O starts to react with O2, with result the 

formation of CuO, as we can see below at figure 8, with the [-1 1 1] and [2 0 0] XRD 

peaks. 

 

 

 

 

 

 

 

 

 

Figure 2.7: XRD pattern of Cu2O with substrate at 300°C [15]. 

2.3.2. Annealing process of samples – Hydrogen Treatment 

Furthermore, the Sputtering technique is combined in a lot of situations with a second 

technique for the growth of Cu2O. This technique is used for an annealing step to the 

prepared samples, with purpose the increase of temperature. As we know from the 

previous paper [15], with increase of temperature, the crystallization of the material 

increased.  

With similar parameters on Sputtering with previous references, Raj Kumar et. al [13], 

after the deposition on Sputtering with temperature on 400°C, they did annealing 

process on the samples in higher temperature. The temperature was set at 900°C for 

rapid thermal annealing, in an Annealsys Micro rapid thermal annealing (RTA) furnace, 

for 3 minutes, to improve the structural, optical, and electrical properties. After that, 

a hydrogen implantation step was done on the Cu2O TFs by a NEC Tandem accelerator 

at room temperature, with the implantation energy on 36keV. This was done to 

passivate the acceptor/defects levels in Cu2O material. Following that, a second 

annealing step, at different temperatures in a range from 100°C to 600°C, at Ar 

atmosphere. 
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The results after the annealing process shown higher crystallinity compared to as-

deposited film with showing preferential orientation growth, but the hydrogen 

implantation does not affect the Cu2O TFs. Furthermore, the [9] did an annealing step 

by RTA (Rapid Thermal Annealing) for 30s in an Ar atmosphere at various 

temperatures up to 600°C. 

Also, on passivation of defects of Cu2O TFs, has worked one more research team [21]. 

The worked-on passivation by the hydrogen or the cyanide treatment. Again, they 

grow up the material by the sputtering technique, with substrate temperature on 

400°C. The difference here is that they have used Oxygen and Nitrogen with Argon. 

The flow rate of oxygen was fixed at 200 ml/min, and the flow rate of nitrogen was 

varied from 0 to 20 ml/min. The nitrogen gives a p-dopant phase on a single phase of 

Cu2O. The hydrogen treatment was done by exposing the films to hydrogen plasma 

generated from the gas mixture of Ar and H2. The cyanide treatment was done by the 

immersing of films in a solution containing cyanide. 

The results from this experiment are the following. The Cu2O TFs which prepared are 

polycrystalline with the typical grain size of 0.2-0.4μm. According to the authors, for 

that reason is expected from the material to have many dangling bonds, which may 

act as non-radiative recombination centers or carrier traps, on the surface of 

polycrystalline grains. On figure 2.8, we can see the results of a PL spectra of Cu2O TFs 

before and after hydrogen or cyanide treatment. Before, there is not luminescence 

peak on as deposited film. After the hydrogen and cyanide treatment, is observed an 

emission of Cu2O at around 680nm, which was assigned as a nitrogen acceptor-related 

luminescence. By this we the result, that the H (hydrogen) and CN (cyanide) passivate 

the non-radiative recombination centers on and in polycrystalline grains. So, the 

treatment is important because we have improved optical and electrical properties of 

the material due to better configuration of film. 

 

 

 

 

 

 

 

 

 

Figure 2.8: PL spectra of nitrogen doped Cu2O thin films measured at 77K after: (a) hydrogen 

treatment, (b) cyanide treatment, and (c) before treatment [21]. 
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The following research [22] is like the previous. They researchers did a similar 

experiment, with hydrogen treatment of samples. In figure 2.9 are the results from 

electrical measurements, before and after this treatment. We observed a significant 

improvement in electrical properties of the material for the same reason as the 

previous research, for the passivation of defects by hydrogen. Hydrogen can indeed 

be beneficial in optimizing the properties of such thin films for use as active material 

in solar cells and may offer new pathways for raising the cell efficiencies of solar cells 

based on such films. Also, K. Hering et al [23], have used the Hydrogen in the 

Sputtering process. By this it is not necessary a post-growth treatment on the film, so 

in this way they have avoid an additional process step, fact that is important because 

is contributed to cost effectiveness in device fabrication. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Variations of hole density (a), Hall mobility (b) and resistivity (c) with hydrogen 

treatment time for nitrogen doped Cu2O [22]. 
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Other projects [24] used copper sheet to form Cu2O by oxidization at 700°C for 1 hour, 

and after that they have worked on magnetron sputtering. On the following 

investigation [28], they have synthesized Cu2O TFs from CuO. First, they synthesized 

CuO TFs by using the magnetron sputtering technique at room temperature. After that 

they did a vacuum annealing on CuO samples using these parameters, 5×10−6 mbar at 

430°C for 1 hour, with result the Cu2O thin film.  

The Cu2O films have enhanced crystallinity and larger grains. This was observed by 

XRD measurements on figure 2.10. We can observe first, the change of material from 

CuO (red line) to Cu2O (green line) according to the shift of peaks to theoretical peaks 

of material. Secondly, the intensity of peaks is higher after the vacuum annealing and 

formation of Cu2O, thus, enhancement crystallinity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: XRD of copper oxide thin films: “as deposited”, annealed in vacuum at 623K, and 

annealed in vacuum at 700K [28]. 

 

Using the Debye – Scherrer empirical formula, they calculated the grain sizes of CuO 

and Cu2O as 12.8 nm and 58.4 nm respectively. So, we have larger grains on Cu2O. This 

was verified by SEM images, figure 2.11, where the Cu2O image shows us larger grains 

at size. The above observations confirms that vacuum annealing changes the structure 

and composition of copper oxide thin films. 
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Figure 2.11: SEM images of as deposited CuO and annealed in vacuum at 700K (Cu2O) [28]. 
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Chapter 3 – Fabrication Methods 
On this Chapter will we analyzed the four methods that are used for fabrication of 

Cu2O thin film. The first two are the preparation methods, the Sputtering, and 

Chemical Vapor Deposition (CVD) technique. These methods are responsible for the 

growth of this material, at its final form. The next two, are the characterization 

methods, thus, the X-Ray Diffraction (XRD) technique, and the Scanning Electron 

Microscopy (SEM) technique. These two are responsible for the analysis and 

identification of the growth material. 

3.1. Preparation Methods 

3.1.1. Sputtering technique 

The first method that is used is the Sputtering. The Sputtering technique is one of the 

best methods for the preparation of thin films. Is provide very good characteristics, 

like the low cost and easy synthesis. Also, there is high quality uniform film deposition 

in a large area and controlling of parameters with precision. So, is useful for material 

synthesis and much more for the device fabrication. In our case is important because 

we have the initial materials in a form that are useful for the Sputtering [10]. For 

growing of Cu2O thin film is important because it allows effective control, high 

deposition rate, low resistivity, and uniform substrate heating during the deposition 

of the films. The physical properties of the deposited films depend critically on the 

sputtering parameters such as the oxygen partial pressure, sputtering pressure, 

substrate temperature, sputtering power, and distance from the target to the 

substrate. So, the Cu2O films with electrical resistivities from 102 to 104 Ωcm, hole 

mobility of 1-10cm2/V/s and optical band gap of 2.0-2.6eV, needs precise 

management of the oxygen partial pressure and sputtering power, so it’s important 

to use the Sputtering technique for the deposition of these thin films [27]. 

The two main ways of Sputtering are the DC (Direct Current) Sputtering, and the 

second is the RF (Radio Frequency, 13.56MHz) Sputtering. In RF Sputtering, the 

physical properties of the deposition film as we said before can be tuned to find the 

optimum conditions. In our lab we have the DC Sputtering technique as we can see in 

figure 3.1. 

 

 

 

 

 

 

 
Figure 3.1: DC Sputtering 

technique 
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The specific instrument is too much easy to work on it because it’s simple. The process 

is next. The first thing that we must do is the check of chamber if it is clear. This is 

necessary because we want to avoid reactions from elements from previous 

experiments in the same chamber. After the preparation of samples (cutting, cleaning 

etc.) and at same way, preparation of the target, we must put in the base of the 

chamber, which is in the middle of the chamber, and the target exactly perpendicular 

above from the base in his place (figure 3.2). 

Furthermore, we must open the flow of gases of our choice. There are several bottles 

with gases, Ar 100%, Ar:O2 - 90:10, Ar:O2 - 75:25, Ar:O2 - 50:50. Then the Sputtering 

instrument, and set the parameters that we need for the experiment. The parameters 

are the following: 

• Sputter Current (mA) 

• Number of Cycles 

• Time of each cycle (seconds) 

By setting the Sputter Current, we set the power that we want for the experiment. 

This parameter is dependent on the material of target. Some materials have low 

melting point, so they don’t need high values of current, for example the lead, because 

the target will be destroyed. The copper is not in this category because has high 

melting point, but the high current in cooperation with a certain number of cycles may 

cause a damage in the copper target. For that reason, it is good to run each cycle 

separately from the others, to cool down the temperature of the target.  

For the deposition of copper on substrates, we use a Sputter Current of 120mA, which 

is a high value. Also, the number of cycles is on 3 and the time is the maximum that 

this instrument provides, 4 minutes. After the choose of parameters we start the 

experiment. One pump that is connected to Sputtering, create a high vacuum in the 

chamber where the substrates are placed. 

 

 

 

 

 

 

 

 

 

 

Sputtering chamber 

Inlet mixture gas 

90% Ar – 10% O
2
 

Si, SLG Substrates 

Pure Cu target 

Base of Sputtering 

Sputtering Conditions: 120mA / 4’/ 3 cycles 

Figure 3.2: Schematic illustration of DC 

Sputtering 
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After the creation of vacuum the experiment is start with the insert of gases in the 

chamber. For the deposition of the material, is necessary the development of voltage 

difference between the target and the base. With this difference is created the 

plasma. The plasma is a gas, which it contains atoms, ions, from the material of the 

target and from the inlet gases. The high voltage that is created, hit the target as a 

result the remove of material by this and the deposition on the substrates. The color 

of plasma is dependent on the inlet gases. For example, if the inlet gas is pure Argon, 

plasma will has a purple color. Furthermore, the creation of plasma is the evidence of 

the right operation of the system. 

At the end of the run, the vacuum is venting automatically, and the opposite 

procedure take place to remove the prepared samples and closed the whole system, 

closing of flow gases, turn off Sputtering instrument. 

3.1.2. Chemical Vapor Deposition (CVD) technique 

The second technique that is used is the chemical vapor deposition, the CVD. This 

technique is used to take the advantage of using too much higher temperatures 

compared to the Sputtering technique, which is operated in room temperature. 

Specifically, chemical vapor deposition is one technique in which the deposited phase 

is produced in situ by chemical reaction(s). At this reaction a solid material is deposited 

from gaseous precursors onto a substrate. The substrate is typically heated to 

promote the deposition reaction and to provide sufficient mobility of the atoms to 

form the desired structure [32]. 

 

 

 

 

Figure 3.3: Reaction of materials in the chamber by introduced gas and precursor and 

deposition of the mixture on substrate [32]. 

On figure 3.3, we can see the reaction in the chamber of CVD.  The two reactive 

materials are the introduced mixture of gases, and the precursor material which is 

usually a solid material. The increase of temperature leads to the evaporation of the 

solid material to a gaseous phase and the deposition on the substrate. 

The advantage of this technique is several. The high deposition rate is one of the most 

important, which can be greater than tens of micrometers per hour. Other advantages 

are the too much high precision, the high purity, the control of stoichiometry, 

morphology, crystal structure, and orientation, which can be controlled by controlling 

deposition parameters. In contrast, some of disadvantages are the typical 

corrosiveness and the toxicity of the process gases.  
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The CVD technique, due to high range of temperatures (200°C-1600°C) has been used 

broadly for several purposes. Some of them are the annealing process on prepared 

samples, the oxidization, the initial deposition on substrates etc [33].  

There are several types of the CVD technique. First, is the TACVD, the thermally 

activated CVD, where the deposition is initiated and maintained by heat. The second 

is the plasma activated CVD. On this method, photons, electrons, and ions may induce 

and maintain the reaction of CVD. 

Also, we have: 

• APCVD: Atmospheric pressure CVD 

• LPCVD: Low pressure CVD 

• UHVCVD: Ultrahigh vacuum CVD 

• AACVD: Aerosol-assisted CVD 

• DLICVD: Direct liquid injection CVD 

• MPCVD: Microwave plasma-assisted CVD 

• RPECVD: Remote plasma-enhanced CVD 

• ALCVD: Atomic layer CVD 

• HWCVD: Hot wire CVD 

• MOCVD: Metal-organic CVD 

• HPCVD: Hybrid physical CVD 

• RTCVD: Rapid thermal CVD 

We used CVD technique for annealing process on our experiments. Annealing is a heat 

treatment process of materials which is used to increase the ductility and reduce the 

hardness of a material. This happened because of the reduction of dislocations in the 

crystal structure of the material being annealed. The three stages of annealing process 

as the temperature of the material are increased are, recovery, recrystallization, and 

grain growth. 

We want the annealing step on our experiment to increase the crystallization of 

prepared film (CuxO) on previous technique, Sputtering, for the formation of pure 

Cu2O thin film. There is control of the experiments by connected software on the 

instrument. On figure 3.4 is on the left the CVD instrument, and on the right the 

software.  

 

 

 

 

 

 

Figure 3.4: CVD instrument and software 
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The operation of the system is the following. First, we insert the prepared samples in 

the tube, we closed the system, switch on the sensor to check if the system it is ready 

to start. After that, we turn on the flow of necessary gases, and we set the flow of 

each on software, as we can see on the right picture above. The available gases are 

the following, Argon (Ar), Oxygen (O2), Ammonium (NH3), and Hydrogen (H2). If we 

want to apply a vacuum pressure on the tube, we must turn on the pump for this 

purpose. We start the experiment when the pressure is the appropriate.  

On the software we set the steps of the procedure on CVD. First, we have the purge 

of the chamber, that is the remove of all gaseous species. This lasts 10 minutes. After 

that we have the increase of temperature on the selected temperature. We set the 

step of this ramp. This step is 30°C/min and wants around 30 minutes to reach the 

setting temperature. for example, if we set the temperature on 1060°C, the second 

step of procedure lasts 35 minutes. At the same time, we have the insert of the gases, 

in low amounts because we want only the purge of chamber and the increase of 

temperature. On the third step, we hold the temperature for 10 minutes and we 

introduced much more higher amounts of gases that we already used, or we 

introduced the rest of gases that we need for the reaction. Usually, at the next steps 

we keep stable the temperature, and increase the time for each step. After that, step 

by step, we removed the gases, and if we want, we introduced other gases. The last 

step of procedure is the cool down of chamber on room temperature at the same 

ramp step of 30°C/min. 

So, the parameters that we can change are the following: 

• Temperature 

• Pressure 

• Time 

On the figure 3.5, we can see the horizontal gas flow in the chamber of the furnace, 

which it’s take place in our experiments.  

 

 

 

 

 

 

Figure 3.5: Horizontal gas flow in the chamber [33]. 
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3.2. Characterization Methods 

After the formation of Cu2O thin film by Sputtering and CVD techniques, we need the 

next two characterization methods, to analyze and identify the material.  

3.2.1. X – Ray Diffraction (XRD) technique 

The first technique is the X-Ray Diffraction, where the basic operation is to identify the 

crystal structure of the material.  

The techniques based on X-rays divided into three categories.  The first one is the X-

ray fluorescence spectroscopy, which is used for qualitive and quantitative chemical 

analysis, and the second one is the X-ray radiography which is an imaging technique 

based on the registration of the intensity passing through an object by using films or 

detectors. The third category includes the methods where X-rays diffracted by the 

crystals in that way on which we can distinguish the crystalline phases of material. 

It’s important to identify the crystal structure to know what material is, by the 

different data from an XRD graph. The peak position needs to investigate the lattice 

parameters, space groups, chemical composition, macrostresses, or qualitative 

phases analysis. The peak intensity gives information about crystal structure, thus 

atomic positions, temperature factor, occupancy, texture, and quantitative phase 

analysis. Also, the peak shape gives information about sample broadening 

contributions, thus microstrains and crystallite size [34].  

For our experiments we used the X-ray Diffraction where the X-rays diffracted by 

crystalline materials. The principle of this method is based on the diffraction of X-rays 

by periodic planes and the angle of the diffracted signal. This phenomenon is 

described by the Bragg’s law: 

nλ=2dhkl sin(θ) 

On this equation, the n is the order of diffraction, λ the wavelength of the incident 

beam in nm, dhkl the lattice spacing in nm and θ the angle of the diffracted beam in 

degree [34]. On figure 3.6 is the schematic illustration of the incident and diffracted 

beam of X-rays on a crystalline material. 

 

 

 

 

 

 

 

Figure 3.6: Geometrical condition for diffraction from lattice planes [35]. 
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The procedure for the XRD characterization of the materials is the next. First, we insert 

the prepared sample on a base in the chamber of Miniflex Rigaku XRD instrument 

(figure 3.7). After that we turn on the cooler of XRD to reduce the temperature at 19-

20°C. When this will succeed, we turn on the XRD, the software on P.C. and we set the 

parameters we want for the measurements. The parameters are the degrees of angle 

that will be scanned, the time, and the size of our sample. Finally, we turn on the X-

rays to start the procedure.  

 

At the end of the measurement, the executed data will be analyzed in the software of 

Origin. The executed graph has at y-axis the intensity of the peaks of the material, and 

at x-axis is the angle of diffracted beam at material, which is 2θ. To analyze the results, 

we compared them with the corresponding theoretical diffraction patterns that we 

expect to be closed to our results. We compared the peaks of patterns. If the peaks 

are the same, we succeed the material that we want. If are not the same, probably we 

are closed to theoretical peaks, and we must change (increase/decrease/remove) 

parameters to succeed the material. 

The XRD can be used to determine the crystallinity by comparing the integrated 

intensity of the background pattern to that of the sharp peaks. The crystalline patterns 

consisting well-defined, narrow, sharp, and significant peaks, the amorphous do not 

give clear peaks and have noise signals, and the semicrystalline patterns have a form 

of halo pattern. At figure 3.8 and 3.9, we can see the patterns with their differences 

[36]. 

 

 

 

 

 

Figure 3.8: Crystalline XRD pattern [36]. 

Figure 3.7: Hardware - Miniflex Rigaku 

XRD  
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Figure 3.9: Semicrystalline and Amorphous XRD patterns [36]. 

For example, our material, the Cu2O has three main theoretical high intensity peaks. 

These peaks are very closed to CuO peaks, and we must distinguish which material is 

between the two. Sometimes we have both on our sample. The best result is to have 

pure Cu2O with high intensity on the peaks on a crystalline pattern. 

3.2.2. Scanning Electron Microscopy (SEM) technique 

The second characterization technique that we used is the Scanning Electron 

Microscopy, SEM. This microscope is used for imaging at micro- and nanoscale on 

samples at these dimensions, like our samples. Gives the opportunity of high-

resolution images compared to simpler techniques like the optical microscopy. The 

magnifications are up to 100000x, while in optical microscopy is on 1000-2000x.  

Also, the great depth of field ate very low and high magnifications on producing 

images is an important advantage. This is happened with use of Secondary Electron 

Detector, which is one of the two detectors that are used on this microscope. The 

second one is the Backscattering Electron Detector where we can get useful 

information on chemical identity. At figure 3.10, is the configuration of a SEM 

microscope.  

 

 

 

 

 

 

 

 
Figure 3.10: Scanning Electron Microscope configuration. 
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The principle of SEM microscope is the next: this microscope utilizes a focused beam 

of high energy electrons to generate a variety of signals (figure 3.11) at the surface of 

solid specimens [37]. After that the electron signal is converted to an electronic signal 

which is portrayed on a cathode ray tube. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Schematic illustration of signals in SEM [37]. 

So, the secondary electrons are used from SE Detector for topographical information, 

the backscattered electrons are used from BSE Detector for atomic number and 

topographical information, and the Auger electrons are responsible for compositional 

information, thus the element analysis of a sample. The last operation is done by EDS 

(Electron Dispersive Microscopy), the technique that is on the same system with SEM, 

with only difference the operation of the procedure on different software.  

The procedure on SEM needs a careful sample preparation. The samples that are 

getting in SEM, must be small. It depends on the microscope, how many positions 

offers, and how many samples we want to input for our purpose. The form of samples 

is mainly solid, and it is necessary for that to be conductive, for the reaction of them 

with the electrons. If are not conductive, needs a thin layer of a conductive material 

on their surface, to be conductive. This can happen by a deposition in the Sputtering. 

The operation of SEM microscope starts with a venting of chamber, because is in 

vacuum when is off. So, after the turn on of computer software and SEM, we vent the 

chamber. For that is necessary to open the gas (N2) to break the vacuum. After the 

venting of chamber, we must put the samples in the base of microscope (figure 3.12), 

and then we pump the chamber to create the vacuum again. We wait for the pressure 

to reduce to 9x10-3 mbar, to start taking images. We must set the High Voltage from 

10KV to 30KV, turn on the heat and the HV (High Voltage) and the system is ready to 

take images. 
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The process of imaging is shown at figure 3.13. At the left of figure is what we can see 

from the microscope, at right is the camera where we can see the base from inside of 

chamber, and all the parameters that we can change to take the best image. The 

important parameters are below: 

• The speed that the sample is scanned: for the best image the speed must 

increase above the 7, which is a very low speed. 

• The necessary magnification 

• The WD (working distance), which is the depth on the surface of sample that 

we can get in and take better and cleaner image. 

• The PC (Probe Current): how many current (electrons) we send to samples to 

absorb.  

• The Signal (Gain/Black): the change in black and white color, that means how 

black or white is the image. 

 

 

 

 

 

 

 

 

 

Figure 3.12: Base of SEM – Placement of samples on the base 

Figure 3.13: Imaging process 

ANDREAS IO
ANNOU



Andreas Ioannou 32 MSc Thesis 

To take images from the BSE detector, is necessary to change the choice on the 

parameters, from SE to BSE. The BSE detector is getting above the samples manually 

from the outside. 

To have clear images to have detailed information about the surface regions of 

sample, it is necessary to reduce the speed of scanning at 7-8 and increase accordingly 

the magnification on 13-14kx. We used mainly the SE Detector, because we want 

information from sample surface. The secondary electrons are coming from the 

inelastic interactions between the primary electron beam and the sample  and have 

lower energy than the backscattered electrons. So, are useful for the topographic 

characteristics of the sample surface. 

For our experiments on Cu2O, we want to have images from samples, to see how the 

configuration on the surface is. We want a smooth, stable, and periodic surface with 

the same patterns. These characteristics leads to a crystalline structure of the 

material, and to a stable material, which is important to use the specific material in a 

structure synthesis with other materials. On figure 3.14 we can see examples of 

images from samples of Cu2O, which are promising results for next experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Imaging examples of Cu2O on 1kx and 500x 
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Chapter 4 - Growth of Cu2O 

4.1. Introduction 

At this chapter we described the whole procedure which was done for the growth of 

Cuprous Oxide (Cu2O). The techniques were used for the growth of Cu2O thin films are 

the Reactive Sputtering following by Chemical Vapor Deposition (CVD). The 

characterization was done by X-Ray Diffractometer (XRD), and finally the analysis of 

the XRD results was done by the Origin software. The purpose of these experiments is 

to export the optimum conditions for the Reactive Sputtering and CVD, thus creating 

a pure Cu2O. We divide the experiments on four main parts. The first one is the 

optimization of Reactive Sputtering Conditions, the second is the simple use of CVD, 

the third is use of vacuum pressure on process of CVD, and the last one is the 

introduction of Hydrogen on process of CVD. After the optimization of conditions, we 

are talking about the preparation of samples for measurements at Raman 

Spectroscopy, SEM characterization and Ultrafast Pump Probe Spectroscopy, as well 

the results from these measurements. 

4.2. Reactive Sputtering Conditions 

The first part of Cu2O thin films’ growth has the deposition of one thin amorphous 

layer on a substrate by Reactive Sputtering (figure 4.1). This layer must be a form of 

Cu2O thus become a pure Cu2O, after crystallization by thermal annealing. For 

observation of layer after Sputtering we need the XRD characterization. If the results 

are good, we must proceed furthermore by thermal annealing. So, the first step is to 

optimize the conditions of Reactive Sputtering. 

 

 

 

 

 

 

 

 

4.2.1. Initial Materials for Reactive Sputtering 

The initial materials must be the pure Copper (Cu) which is the solid target (figure 4.2), 

and the Oxygen (O2) which is the inlet gas in the chamber, to have a reaction between 

them and the deposition of the CuxO amorphous layer on a substrate. Substrates 

(figure 4.3) are crystalline n-type Silicon (Si) and amorphous soda-lime glass (SLG). 

Figure 4.1: Reactive Sputtering   ANDREAS IO
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First, we clean the pure target of Cu by Isopropanol (IPA) and substrates by the TMA 

(trichloroethylene, methanol, and acetone), IPA, and DI Water (Deionized Water), and 

we dried all of them by nitrogen gas.  

 

 

 

 

 

4.2.2. Initial Conditions for Reactive Sputtering 

By these materials may grow up several combinations of thin films. The most possible 

combinations are the Cuprous oxide (Cu2O) and the Copper Oxide (CuO). For that 

reason, it is necessary to define the optimum conditions for the growth of Cu2O, which 

is the desirable material.  

Compared to CuO, the Cu2O needs less O2 to form, so less oxygen in Sputtering, more 

possibilities to have Cu2O thin films. The oxygen is getting in the chamber in a mixture 

with Argon (Ar). The Argon is noble gas, so it is not get involved in the procedure, only 

controlled the quantity of O2. So, the first condition is the quantity of O2 in the inlet 

mixture gas. Initially, we did the experiment with a ratio of 90%Ar – 10%O2. 

The second parameter is the Sputter Current. The variation is from 60mA to 120mA. 

With low current (60mA) we have low deposition of Cu2O, and with high current 

(120mA) we have higher deposition. This highest value was chosen because in higher 

values than this, may the target become to failure. The two last parameters are the 

number of cycles of each run, and the time of each cycle. 

So, in the first experiment we did three different runs. We keep the minimum time, 

that means, 4 minutes and 1 cycle, and the sputter current it was 60, 80, and 120mA, 

respectively. After the deposition, all films had low deposited material. We need more, 

because in the next step of experiment we want the crystallization of film by thermal 

annealing.  

4.2.3. Optimum Conditions for Reactive Sputtering 

After the last observation, the parameters were change to maximum. The sputter 

current and the time of each cycle are kept constant, at 120mA and 4 minutes, 

respectively. The number of cycles change to 3 cycles for each deposition. By this, we 

have a very good, deposited material, appropriate for thermal annealing. This was 

verified by XRD measurements, where the results have peaks very closed to the 

desired material, the Cu2O. 

So, the optimum conditions for Reactive Sputtering are the 90%Ar – 10%O2 as inlet 

mixture gas, sputter current at 120mA, 4 minutes per cycle, and 3 cycles of deposition. 

Figure 4.2: Cu target   
Figure 4.3: Si & SLG substrates 
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4.3. Experiment 1 - Use of Optimum Reactive Sputtering 

Conditions with simple use of Chemical Vapor Deposition 

technique (CVD) 

After the optimization of R.S. Conditions, we have the first complete experiment. The 

combination of two processes, deposition of material by Reactive Sputtering following 

by Chemical Vapor Deposition. By using the CVD process, we can increase the 

temperature, as a result the thermal annealing of film, and the enhance of 

crystallization on Cu2O. After the growth of thin films, we must characterize them, by 

X-Ray Diffractometer (XRD), for observation of results. 

4.3.1. Experimental process  

Initially, we prepared samples on Si and SLG by Sputtering. The conditions are 90%Ar 

– 10%O2 as inlet mixture gas, sputter current at 120mA, 4 minutes per cycle, and 3 

cycles of deposition. All information about the Sputtering deposition is in Table 4.1 at 

Supplement.  

4.3.2. Initial Conditions for CVD 

The prepared samples now will get in the furnace 

of CVD for thermal annealing (figure 4.5). The 

conditions must be simple, to observed how effect 

the samples. At the first runs we keep constant the 

time and pressure and inlet gas, but we change the 

temperature.  

The time it is on 60 minutes, the pressure on 1Bar, 

and the inlet gas is the noble gas Argon (Ar). This 

was happened because we want the succeed of 

thermal annealing only, without any reaction of 

sample and gas.  

Sputtering chamber 

Inlet mixture gas 

90% Ar – 10% O
2
 

Si, SLG Substrates 

Pure Cu target 

Sputtering Conditions: 120mA / 4’/ 3 cycles 

Si or SLG 
Cu

2
O 

Thin film after Sputtering 

Figure 4.5: CVD Furnace 

Figure 4.4: Optimum Conditions on Reactive Sputtering   
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The only varied parameter is the temperature, which is varied from 300°C to 600°C. 

So, we did four runs in the CVD furnace, at 300°C, 400°C, 500°C, and 600°C. All 

information about the CVD process of experiment 1 is in Table 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Schematic Illustration of Experiment 1 

Sputtering chamber 

Inlet mixture gas 

90% Ar – 10% O
2
 

Si, SLG Substrates 

Pure Cu target 

Sputtering Conditions: 120mA / 4’/ 3 cycles 
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Cu

2
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Thin film after Sputtering 

CVD Conditions: 60’/1bar 

Inlet gas 

100% Ar 

Experiments on following Temperatures: 

300°C, 400°C, 500°C, 600°C 

Si or SLG 
Cu2O 

Thin film after CVD: Increase of 

crystallization of Cu
2
O 

Figure 4.6: Software for CVD 
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4.3.3. XRD Characterization & Results 

The final material needed to characterize to understand exactly what material is. The 

method of XRD is used for this purpose by the export of the crystallographic structure. 

The two possible materials that may grow up by the previous techniques, are the 

copper oxide (CuO) and the cuprous oxide (Cu2O). So, by the crystallographic structure 

we understand what material is, according to the peaks on XRD graphs. 

At the next figures there are the crystallographic structures of materials at each 

temperature, from 300°C to 600°C. At the figure 4.8 the growth materials have Si 

substrate and at the figure 4.9 is on SLG substrates. 
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Figure 4.8: Si/Cu2O TFs, Constant Ar:O2 - 90:10,Thermal Annealing at 1bar, Increase of 

Temperature from 300°C to 600°C 

Firstly, we can say that in both of substrates we can observed peaks of the desirable 

material Cu2O but also, we have peaks of CuO, and some peaks from other materials, 

for example the peak at 33.28° on 400°C, at figure 4.8. For the comparison of two 

substrates, we can say that the use of Si substrate gives us better uniform deposition 

of material compared to SLG substrate, and higher intensity peaks of material. 

The important result from graphs, especially from figure 4.8 is that the peaks are 

closed to the high intensity peaks of Cu2O, at 36,41°, 42,29°, 61,34°. Furthermore, at 

figure 4.8 the peak of Cu2O at 61-62° is constantly high at all temperatures.  
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Figure 4.9: SLG/Cu2O TFs, Constant Ar:O2 - 90:10, Thermal Annealing at 1bar, Increase of 

Temperature from 300°C to 600°C 

Generally, we can’t decide now which temperature is the best to proceed on this 

experiment. The only important result from figure 4.9 is that at 600°C, we have growth 

of CuO much more than Cu2O. So, we can avoid this temperature in the next 

experiments. Also, the growth material is not a pure Cu2O, which is the purpose of 

these experiments, but the results in a first phase are promising to have pure Cu2O, 

because we can distinguish the peaks of material.  

We can change several parameters to have better results, such as the pressure and 

the inlet gases at CVD furnace, and at the chamber of Sputtering the inlet mixture gas. 

We need to change the parameters to have more comparisons between the results. 

We have already some good parameters, which may be the optimum for the 

experiments, such as the percentage of Oxygen (10%) in the inlet mixture gas of 

Sputtering. 
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4.4. Experiment 2 - Use of Vacuum Pressure in CVD Furnace for 

Thermal Annealing – Change of O2 percent in Reactive Sputtering   

At the next step of experiment, we change two parameters. The first one is the 

pressure in the CVD furnace, which is now vacuum pressure instead of atmospheric 

pressure and the second one is the inlet mixture gas ratio on Reactive Sputtering, 

where we used more ratios of gases with change of quantity of O2. 

4.4.1. Vacuum pressure instead of atmospheric pressure  

The vacuum pressure offers to thermal annealing process one cleaner furnace without 

any elements and dusts from the atmospheric air. Also, prevent collisions between 

the vapor particles with a result the higher uniformity of material. In our experiment 

we need the vacuum to prevent the further oxidation of our samples due to oxygen in 

atmospheric pressure. This is necessary because if we have more reaction of Cu2O thin 

film with O2 the Cu2O will convert to CuO, which is not the desirable material. So, the 

pressure in the furnace is 10-1mbar now.  

4.4.2. Change of O2 percent in Reactive Sputtering 

The 10% of O2 in the Reactive Sputtering is very good percentage, because as we said 
before we need little quantity to grow up the Cu2O, and we don’t want the formation 
of CuO which is need more oxygen. However, at experiment 2 we change the quantity 
of oxygen to cover the whole range of possible quantities of oxygen in Reactive 
Sputtering, and to observed how all the combinations with the second step of 
annealing act and what is the final growth material. The minimum oxygen was 10%, 
goes to 25%, 50% and finally it was 100% O2 in the chamber. The rest of gas at first 
three quantities was again the Argon. 

4.4.3. Experimental Process 

The experiment 2 has the same steps as the first one. In the same way we cleaned the 

substrates (Si & SLG) and the pure Cu target. We used the optimum conditions for 

Reactive Sputtering, thus the Sputter Current at 120mA, the time on 4 minutes per 

cycle and the 3 cycles for each deposition. Now, as we said we used four different inlet 

gases. All information about the deposition by Reactive Sputtering is on Table 4.3 at 

supplement. 

After that we keep the same procedure as the first experiment, for thermal annealing, 

except that we changed the pressure to vacuum pressure. The temperature varied 

from 300°C to 600°C, the time was on 60 minutes and the inlet gas was Argon 100%. 

All the information for thermal vacuum annealing process is on Table 4.4 of 

supplement. On figure 4.10 is the schematic illustration of experiment 2. 
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Figure 4.10: Schematic Illustration of Experiment 2 

 

4.4.4. XRD Characterization and Results 

After the growth and annealing of material we characterized all samples by XRD 

technique. We have been exported several XRD combination graphs to determine the 

results as best we can. We execute 8 combination graphs as below: 

• Constant ratio of mixture gas on Sputtering (90:10, 75:25, 50:50), Si substrate, 

change of temperature (3 XRD graphs) 

• Constant ratio of mixture gas on Sputtering (90:10, 75:25, 50:50), SLG 

substrate, change of temperature (3 XRD graphs) 

• Constant temperature at 500°C, Si substrate, change of ratio of mixture gas 

(90:10, 75:25, 50:50) (1 XRD Graph) 

• Constant temperature at 500°C, SLG substrate, change of ratio of mixture gas 

(90:10, 75:25, 50:50) (1 XRD Graph) 

This was happened to understand how the increase of temperature at Thermal 

Vacuum Annealing at each gas ratio of Sputtering process was affect the growth of 

material. Also, the combination of graphs with constant temperature on 500°C was 

done because at 500°C, there is more purity of Cu2O instead of CuO, with higher peaks. 

Below are the results and some of the graphs on figures. 

Sputtering chamber 

Inlet mixture gas: 

(a) 90% Ar – 10% O
2 

(b) 75% Ar – 25% O
2 

(c) 50% Ar – 50% O
2 

  (d) 100% O
2
 

 

Si, SLG  

Pure Cu target 

Sputtering Conditions: 120mA / 4’/ 3 cycles 

Si or SLG 
Cu

2
O 

CVD Conditions: 60’/10-1mbar 

Inlet gas 

100% Ar 

Experiments on following Temperatures: 

300°C, 400°C, 500°C, 600°C 

Si or SLG 
Cu2O 

Thin film after Sputtering 

Thin film after CVD: Increase of 

crystallization of Cu
2
O. 
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Generally, we can observe an improvement on samples by the vacuum pressure 

compared to the previous experiment with atmospheric pressure. By vacuum 

annealing there is more uniformity and higher – stronger peaks on XRD graphs. The 

Cu2O is purer now by vacuum annealing. Also, in comparison between substrates, at 

materials with Si substrate at all ratio gases, there are higher peaks at 61°, and at 

materials with SLG substrates the higher peaks are at the 36° and 42°. 

At figure 4.11 we keep constant the inlet mixture gas on Reactive Sputtering at ratio 

of 90:10 (Ar:O2), because the 10% of O2 is very good low quantity. The temperature is 

increased from 300°C to 600°C. The results are good, but we don’t have pure Cu2O. 

We can observe at 61° a strong peak of Cu2O, but the other two main theoretical peaks 

of Cu2O at 36° and 42° are low. Also, we have peaks from the CuO. 
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Figure 4.11: Si/Cu2O TFs, Constant Ar:O2 - 90:10, Vacuum Annealing, Increase of 

Temperature from 300°C to 600°C 

At figure 4.12 again, we keep constant the inlet mixture gas on Reactive Sputtering at 

ratio of 90:10 (Ar:O2) on SLG substrate this time. Same with previous graph, the 

temperature is increased from 300°C to 600°C. Now we can observe that we have very 

good growth materials at the temperature of 300°C to 500°C. The most important is 

the pure Cu2O on 400°C at this graph, but also at 500°C, the growth of Cu2O is very 

good with the appearance of main theoretical peak, strong and high. Also, we have 

and the other peaks of Cu2O and two peaks of CuO which are very low. We can say 

that at 500°C with 10% O2   we can grow a very good Cu2O thin film. 
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Graph 4.12: SLG/Cu2O TFs, Constant Ar:O2 - 90:10, Vacuum Annealing, Increase of 

Temperature from 300°C to 600°C 
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Figure 4.13: Si/Cu2O TFs, Constant Ar:O2 - 75:25, Vacuum Annealing, Increase of 

Temperature from 300°C to 600°C 
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Next, at figures 4.13 & 4.14 we have the same analysis of data with only change, the 

inlet mixture gas on Reactive Sputtering. From 90:10 (Ar:O2), we have 75:25 (Ar:O2) 

now. Also, the 25% of O2 is low quantity of oxygen, so we can have good growth Cu2O 

TFs.       

At figure 4.13 (Si substrate) we observed again the strong peak of Cu2O at 61° at all 

different temperatures. At 500°C we have pure Cu2O, but the peaks on 36° and 42° 

are too much lower from the theoretical. At figure 4.14 (SLG Substrate) we have again 

pure Cu2O with low peaks. Furthermore, at 300°C the growth material is Cu2O with 

one stronger peak than the peaks of higher temperatures.  

In general, the range of temperature from 300°C to 500°C, provide good and pure 

growth Cu2O. At 600°C, we observe low peaks of both of materials, Cu2O and CuO. 

Maybe, the further increase of temperature is not appropriate for the growth of 

Cu2Oby this way. At this point we can’t say for sure that the higher temperatures are 

not appropriate. We must have extended experiments on higher temperatures to 

execute more and clear results about the optimum temperature. 
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Figure 4.14: SLG/Cu2O TFs, Constant Ar:O2 - 75:25, Vacuum Annealing, Increase of 

Temperature from 300°C to 600°C 

The experiments that have been done by the ratio of 50:50 (Ar:O2) in the Reactive 

Sputtering shows as that this percentage of oxygen is high for the desirable material. 

With higher amounts of oxygen, we observed better growth of CuO than the Cu2O. 
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At the next two figures, 4.15 & 4.16, we keep the temperature at 500°C, due to the 

previous results, which are shows us that one very good annealing temperature is this. 

With constant temperature at 500°C, we combine all the different ratios of inlet 

mixture gas at Reactive Sputtering, and we execute the following graphs. The figure 

4.15 is on Si substrate and the figure 4.16 is on SLG substrate. 

At figure 4.15 (Si substrate) we distinguish the strong constant peak at all different 

quantities of O2, at 61°. Also, we can say that the better growth material is at 25% and 

10% of O2, compared to other two (50% and 100% of O2). At 100% of O2 we can 

observe a mix phase of Cu2O and CuO with addition of one third material according to 

the peak at 33°. So, as we said before the higher quantities of O2 are not the 

appropriate for the growth of Cu2O. 
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Figure 4.15: Si/Cu2O TFs, Constant T at 500°C, Vacuum Annealing, Increase of O2 

At figure 4.16 (SLG substrate), again, we can say that the better growth material is at 

10% and 25% of O2, compared to other two (50% and 100% of O2), as the previous 

graph. The other two percentages of O2 they don’t give us something good, we have 

an amorphous layer. 

In general, we can avoid the 100% of O2, we can have some more experiments by using 

50% of O2 and changing of other parameters after the deposition on Reactive 

Sputtering. 

The time of 1 hour for thermal vacuum annealing seems very good. We can vary this 

parameter to see how affect our experiment. 
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Figure 4.16: SLG/Cu2O TFs, Constant T at 500°C, Vacuum Annealing, Increase of O2 

Finally, compared to the previous experiment on atmospheric pressure the results are 

much better. We succeed pure Cu2O, however, there is not a pure and quality phase 

of Cu2O on samples by vacuum annealing, yet. 

4.5. Experiment 3 – Use of Hydrogen gas (H2) in Vacuum Thermal 

Annealing  

The new parameter that is change in procedure is the introduce of Hydrogen (H2) in 

the inlet mixture gas of CVD furnace, for the vacuum thermal annealing. Also, have 

been done some experiments in higher temperatures and more time, compared to 

previous experiments. This was happened to have accuracy about the optimum 

parameters. 

4.5.1. Benefits of introduction of Hydrogen 

The introduction of H2 passivate defects and fills the holes, as a result the better 

electronic configuration of growth material. By the flow of H2, we can suppress the 

oxidation and reduced the Cu2O layers.  

4.5.2. Experimental process – Reactive Sputtering 

The process is the same as previous experiments. In Reactive Sputtering we have Si 

and SLG substrates, with the same ratio gases. We avoid the 100% of O2, because the 

results from this were not the expected. Also, we keep the other three ratios to see 
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how the results will be, after the introduction of H2. The oxygen varied from 10% to 

50% in incorporation with Argon. All information about the conditions in Reactive 

Sputtering is on Table 4.5 on supplement. 

4.5.3. Experimental process – Thermal Vacuum Annealing 

For the second step of Annealing, we keep the vacuum pressure of 10-1mbar. We make 

the runs for one hour, and at some runs we change the time from 1 to 2 hours, to 

observed how affect the last result this increase. For the same reason we change the 

range of temperatures. We did the experiments at three different temperatures to 

cover the whole possible range. We started from 300°C goes to 500°C, which is the 

best temperature until now, and we did some experiments at 800°C, to verify the 

optimum temperature. 

Subsequently, we have the important parameter of inlet gas. Now, the inlet gases are 

the Argon (Ar) and the Hydrogen (H2). Again, we vary the H2 from 10% to 100% to cover 

the whole possible range. We use at three different ratios, 10%, 50% and 100%. At the 

first two ratios the rest of inlet mixture gas is the noble Argon. All information about 

the conditions on CVD furnace was on supplement at table 4.6. 

At the figure 4.17 we have the procedure of experiment 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Schematic Illustration of Experiment 3 
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4.5.4. XRD Characterization and Results 

For the analysis of data, we must make combination XRD graphs with constant 

parameters, e.g., the Temperature, the inlet mixture gas at Reactive Sputtering or the 

inlet mixture gas at CVD furnace, or a combination of them. These combinations were 

done to understand the behavior of Hydrogen for the formation of Cu2O in the 

experiment. Below are the prepared graphs in summary. 

For samples with Si substrate: 

• Constant T at 500°C, Constant Ar:O2 at 90:10, Decrease of H2 (100% to 10%) 

• Constant T at 500°C, Constant Ar:H2 at 50:50, Increase of O2 (10% to 50%) 

• Constant T at 300°C, Constant Ar:H2 at 50:50, Decrease of O2 (50% to 25%) 

• Constant Ar:H2 & Ar:O2 at 90:10, Increase of T (300°C to 500°C)  

For samples with SLG substrate: 

• Constant Ar:H2 & Ar:O2 at 90:10, Increase of T (300°C to 500°C) 
• Constant T at 500°C, Constant Ar:H2 at 50:50, Decrease of O2 (50% to 10%) 

• Constant T at 500°C, Constant Ar:Ο2 at 90:10, Increase of Η2 (10% to 100%) 

• Constant Ar:H2 at 50:50, Ar:O2 at 75:25, Increase of T (300°C to 500°C) 

• Constant Ar:H2 & Ar:O2 at 50:50, Decrease of T (500°C to 300°C) 

• Constant T at 300°C, Constant Ar:H2 at 50:50, Increase of O2 (50% to 25%) 

At figure 4.18, we keep constant the best optimum conditions until now. The 

temperature at 500°C, and the inlet mixture gas in Reactive Sputtering, the 10% of O2. 

We vary the H2 from 100% to 10% at three levels. We did this decrease on H2 because 

as we can observed from each separate graph, as we decrease the H2, the peaks of 

growth Cu2O become higher and stronger.  

The results are too much better than the previous series of experiments. First, the H2 

gives to growth materials high uniformity and more clear and almost pure Cu2O. As 

we can see on this figure with 10% of H2, we succeed the three main theoretical peaks 

of desirable material, but we have also one small peak of CuO. This peak is the lowest 

from the other three. Compared to all the other graphs of the whole work on this 

growth of Cu2O, the peak at 36.24°, is the strongest and very close to theoretical value 

of Cu2O, the 36.41°.  
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Figure 4.18: Si/Cu2O TFs, Constant T at 500°C, Constant Ar:O2 - 90:10, Decrease of H2 

With 50% of H2 in the mixture gas, we succeed pure Cu2O with only 2 peaks at 36°, 

and 61°, with lower peak at 36°. The important is that this sample has only our 

material. At 100% of H2, we can observe low peaks, succeed of Cu2O, but we have two 

more peaks from completely different material. So, the range of H2 in the inlet gases, 

must me from 10% to 50%.   

After the results with pure Cu2O with 50% of H2, 500°C, we keep constant these 

parameters and we vary the O2, to compare the three different ratios at the figure 

4.19. As we can see the best XRD graph is this with the less quantity of O2, of 10%. At 

the other two percentages of 25% and 50%, we have materials near to Cu2O, but are 

not good and pure the first one. For example, the peak on 62°, at 50% of O2, shows as 

a shift on the right. In summary, we can say that we have execute very good 

parameters for growth of desirable material on Si substrate until now. The 

temperature at 500°C, the low O2 at 10% and 50% of H2.    
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Figure 4.19: Si/Cu2O TFs, Constant T at 500°C, Constant Ar:H2 at 50:50, Increase of O2 

Below we have two more combination graphs with Si substrate, with changing of 

temperature and time in CVD process. On the figure 4.20 we change and keep 

constant the time from one to two hours of annealing, we reduce the temperature at 

300°C, and we vary the O2, from 50% to 25%. Also, we keep constant the H2 at 50% 

because we succeed before pure Cu2O at this ratio. For the ratio of O2, we verified that 

in higher quantities we don’t succeed our material. Also, we have one peak only from 

our material. In combination with these two changes, we observed that we don’t have 

a better growth of Cu2O. Unlike, we have less and lower peaks, and less uniformity on 

the film. 

At figure 4.21, we keep constant the O2 and H2 at 10%, and we compared the two 

annealing temperatures, 300°C and 500°C. As we observed at 500°C, there is more 

much better growth of material than the 300°C, because we have higher, stronger and 

more peaks at 500°C.  

So, we verified these very good parameters for growth of Cu2O on Si substrates. The 

temperature at 500°C, the low O2 at 10% and 50% of H2.    
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Figure 4.20: Si/Cu2O TFs, Constant T at 300°C, Constant Ar:H2 at 50:50, 300°C, 2hrs Increase 

of O2 
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Figure 4.21: Si/Cu2O TFs, Constant Ar:H2 & Ar:O2 at 90:10, Increase of T 
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Following the growth of Cu2O on Si substrates, we have the results from the growth 

of Cu2O on SLG substrates. Generally, the H2 offers more uniformity on samples, but 

as we know the SLG is an amorphous material, so we don’t have the same uniformity 

as the Si substrates. 

In this analysis we started with constant O2 and H2 at 10%, to compare the growth on 

two annealing temperatures of 300°C and 500°C. As we observed at 300°C, we don’t 

have pure Cu2O, and, we don’t have the CuO which is near to Cu2O. At 500°C we 

succeed a very good pure Cu2O, with strong peaks at the main theoretical points, also 

we have the appearance of two more identical peaks of Cu2O at 30° and at 73°, which 

is important. So, from this result we can say that for SLG substrates in addition to 

previous optimum conditions, the H2 at 10% is also optimum. 
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Figure 4.22: SLG/Cu2O TFs, Constant Ar:H2 & Ar:O2 at 90:10, Increase of T 

At figure 4.23 we have a combination of previous optimum conditions for Si substrate, 

thus 500°C, 50% H2, and the three ratios of O2 at Reactive Sputtering. With decrease 

of O2 from 50% to 10% we observe clearly that the growth of Cu2O is much better. The 

material is not pure Cu2O but also has peaks from CuO. The important is that we 

verified the previous optimum conditions at 10% of O2. Furthermore, we have again 

the appearance of more than 3 peaks of Cu2O at SLG substrate. These results are 

important, even though we have the low peak of CuO at 39°. Also, is important that 

the theoretical peak of Cu2O with the highest intensity at 36°, is on this graph the 

highest. 
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Figure 4.23: SLG/Cu2O TFs, Constant T=500°C, Constant Ar:H2 at 50:50, Decrease of O2 

Subsequently, at figure 4.24 we keep again constant the temperature at 500°C, the O2 

at 10%, and we increase the H2, from 10% to 100%. We have pure material at 10% and 

50%. Compared to previous results on Si substrate at 100% of H2, now at SLG substrate 

we have very good growth of Cu2O with strong peaks and only the low peak of CuO at 

39°. 

At the next three graphs we present other combinations of conditions. At figure 4.25 

we keep constant the H2 at 50% as an optimum condition to increase and keep 

constant the O2 at 25%. The graph shows as the growth on two annealing 

temperatures 300°C and 500°C. At both of temperatures we have a simple growth of 

Cu2O, with one peak at 36°, and not pure material because we have and one lower 

peak of CuO at 39°. What we can say is that, from one peak of material we don’t have 

a good, deposited film. 

The same is happened at figure 4.26. The change from previous graph, is that we 

increase the O2 at 50%. The material is pure Cu2O with not peaks from other materials 

on both of temperatures, but the peaks are few and lower than the previous graphs 

on SLG substrate. Again, we have a simple growth of material.  

At last graph (figure 4.27) we reduce and keep constant the temperature at 300°C. The 

H2 is on 50%, and we have two materials with 25% and 50% of O2, in Reactive 

Sputtering. As expected, the growth with less O2 is better, but again the growth of 

Cu2O on both samples, is simple and not the best, we have few and lower peaks. 
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Figure 4.24: SLG/Cu2O TFs, Constant T at 500°C, Constant Ar:Ο2 at 90:10, Increase of Η2 
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Figure 4.25: SLG_Cu2O TFs, Constant Ar:H2 at 50:50, Ar:O2 at 75:25, Increase of T 
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Figure 4.26: SLG/Cu2O TFs, Constant Ar:H2 & Ar:O2 at 50:50, Decrease of T 
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Figure 4.27: SLG/Cu2O TFs, Constant T= 300°C, Constant Ar:H2 at 50:50, Decrease of O2 
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4.5.5. Optimum Conditions for pure Cu2O 

In conclusion, the optimum conditions with the introduction of H2 in experiment is 

clearer now. However, differ on two substrates at some points. The optimum 

temperature is 500°C on both of substrates. The vacuum pressure of 10-1mbar has 

very good effect at the annealing process, so we keep this pressure as the best. The 

O2 in Reactive Sputtering is 10% at all of cases. Compared to other two quantities of 

25% and 50%, the 10% is the best because is what we need, the less O2 to form Cu2O 

instead of CuO. However, if we change something else and we keep the 25% may be 

and this quantity very good for the growth of desirable material. 

Generally, the growth layers of Cu2O exhibited clear and well resolved peaks belonging 

to the cubic crystal structure of Cu2O. The last condition is the H2. Generally, the 

optimum quantity is on 50%. The addition of 10% of H2 was not enough to suppress 

the oxidation of Cu2O according to the chemical reaction: 2Cu2O + O2 –˃ 4CuO, and 

we observed peaks belonging to the monoclinic crystal structure of CuO. Furthermore, 

the addition of 100% of H2, give us the reduction of Cu2O and CuO to metallic Cu, 

according to the following chemical reaction: Cu2O + H2 –˃ 2Cu + H2O. As we said 

before, the optimum quantity is the 50% of H2, because is capable to prevent the 

oxidation and reduction of Cu2O. This is happened because the intersecting grain 

boundaries and the porosity of Cu2O provide diffusion paths and traps for hydrogen. 

So, the higher grain boundary density of Cu2O layers give us a faster reduction, which 

is starts when a certain density of accumulated oxygen vacancies is reached at the 

periphery of the Cu2O grains. For those reasons, is important to find the optimum flow 

of H2 at the annealing of Cu2O. 

4.6. Preparation of samples for SEM Characterization, Raman 

Spectroscopy and Ultrafast Pump Probe Spectroscopy (UPPS) 

The previous results are very good for the growth of a pure Cu2O. After that we must 

do a preparation of substrates in same way as the previous experiments, to have 

further analysis on characteristics with different substrates. The new substrates are 

the m, r, a - Al2O3. We chose these substrates because the process of annealing of 

Cu2O at higher temperatures leads to thermal diffusion and reacts with previous 

substrates. The sapphire can be used as a barrier against the thermal diffusion of 

copper up to 750°C, so we can do our experiments on the optimum temperature that 

we found before, 500°C. The second reason is that we need these substrates due to 

their characteristics, to probe the electronic band structure and gap states of Cu2O by 

UPPS, ultrafast pump probe spectroscopy. The Cu2O layers on these three substrates, 

were semi-transparent, had a light-yellow color. The purpose is to understand the 

mechanism of generation and recombination, which is important from an applied and 

fundamental point of view. 
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4.6.1. Experimental process - Preparation of Cu2O thin films 

The process is same as the previous experiments, the preparation the cleaning the 

deposition in Reactive Sputtering. Now, the substrates are the Si, and r-Al2O3, m- 

Al2O3, a-Al2O3. The size of them is smaller than the Si and SLG substrates. The 

dimensions are 5x5mm.  

For the Reactive Sputtering we use the same inlet mixture gases, the three ratios of 

10%, 25%, 50% of O2 with Argon. The target is again pure Cu. The sputter current is 

the same on 120mA, 4 minutes on each cycle and 3 cycles per sample. At some runs 

we reduce the number of cycles from 3 to 1, to reduce the thickness of deposited 

material. The thickness from 300nm is reduced to 100nm. This was happened to make 

the samples measurable for optical measurements (experiment 4). All information 

about the reactive sputtering conditions is on Supplement at Table 4.7. 

For the thermal vacuum annealing we use the optimum conditions. The temperature 

is on 500°C, 60 minutes, the pressure is on 10-1mbar, and the inlet mixture gas is on 

50% of H2, with 50% of Argon. Only one run on CVD was done by 100% of H2. All 

information about the thermal vacuum annealing conditions is on Supplement at 

Table 4.8. 

4.6.2. SEM and Raman Spectroscopy Results 

According to the characterization of Cu2O layers by SEM the grains have a size of 89.62 

± 7.87nm, as shown by the SEM image (figure 4.28). At this figure is introduced the 

corresponding histogram. The layers are nanostructured, and the protrusions on the 

surface with a diameter of d   ̴ 1μm, were found to be slightly richer in Cu by    ̴5 at %. 

By the EDS, which is on the same setup with SEM, we have the chemical composition 

of Cu2O. We find that the Cu2O layers consist of Cu and O, which are the basics 

components of the material. Also, EDS detect Al, due to the substrate Al2O3. 

 

 

 

 

 

 

 

 

Figure 4.28: SEM image of a 300nm Cu2O layer on m-Al2O3  with histogram of grain size [8] . 
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The Raman Spectroscopy is used for further investigation of structural and properties 

and composition of Cu2O layers. The Raman spectra on r-Al2O3, m- Al2O3, a-Al2O3 is on 

figure 4.29. 

   

 

 

 

 

 

 

Figure 4.29: Raman spectra on m-, r-, a-Al2O3 [8]. 

4.6.3 UPPS Results and Discussion 

By using the same Cu2O layers on m-, r-, a-Al2O3 and the ultra-fast pump probe 

spectroscopy (UPPS), we measured the temporal evolution of the differential 

transmission through these layers. The purpose of UPPS is to generate and 

recombined the photogenerated electron-holes at this semiconductor material with 

direct energy bandgap. On figure 4.30 is the schematic illustration of the mechanisms 

that UPPS did, the generation and recombination of direct energy bandgap 

semiconductor. 

For this operation, the pump gives a short pulse of energetic photons, which result in 

the excitation of electrons from the valence band into the conduction band. After the 

excitation, the electrons will gradually lose their energy, and from high above the 

conduction band minimum, now occupy lower energy states. They occupy the energy 

states closer to the conduction band minimum (Ec), and the empty states of Cu2O 

which are crystallographic imperfections (EI), that are located energetically in the 

energy gap of Cu2O. The temporal evolution of the occupancy of these states is probed 

by a separate light beam by varying the wavelength from λPR = 450 to 750 nm and 

measuring the change in transmission or differential transmission (dΤ/Τ).  

 

 

 

 

 

 

Figure 4.30: Mechanisms of 

generation and recombination 

of direct energy bandgap 

semiconductor, with crystal 

imperfections [8]. 
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So, if a state is occupied by an electron, then the photon with a specific λPR will not be 

absorbed, resulting in a positive increase in differential transmission. In contrast, if a 

state is not occupied by a photoexcited electron, then a photon with a specific energy 

will be absorbed, with result the reducing transmission at a specific λPR. On this way 

we can find the fundamental direct energy bandgap of Cu2O, and the states with 

crystal imperfections. 

The results from UPPS measurements are at two below figures. At figure 4.31 the 

measurements obtained on Cu2O layers on m-Al2O3 substrate using Ar:O2 90:10%. The 

case (a) is for 100 nm thickness of Cu2O layer, and (b) for 300 nm thickness of Cu2O 

layer. At both of cases, we observe two major peaks corresponding to a positive and 

negative maximum in dT/T at λPR = 450 and 487 nm which correspond to 2.75 and 2.54 

eV, respectively.  

 

 

 

At figure 4.32, the only difference with first one is the gases that are used for annealing 

of Cu2O layer, which is now Ar:O2 75:25%. The peaks that were observed on previous 

measurements, obtained again, but we have the occurrence of two more peaks at λPR 

= 570 nm and at λPR = 687 nm which correspond to 2.17 and 1.8 eV, respectively.  

The two maximum peaks 1.84 and 2.75 eV corresponds to positive dT/T, so are 

occupied by electrons. In contrast, the two maximum peaks 2.17 and 2.62 eV 

corresponds to negative dT/T, so here the photons absorbed, implying that these 

states are empty after the excitation and generation of excess electrons and holes. 

Consequently, the photogenerated electrons occupy the highest conduction band and 

after that move into lower states of crystal imperfections which are located 

energetically in the energy band gap of Cu2O.  

Also, we have not changes by increasing the excitation energy from 1 to 10 μJ, by 

increasing the thickness of layers from 100 to 300 nm and by using Ar:O2 50:50%. 

Figure 4.31: Differential transmission dT/T (no units) vs time delay τ (ps) 

and probe wavelength λp (nm) for the Cu2O layers on m-Al2O3 obtained 

using Ar:O2 90:10% with a thickness of (a) 100 nm and (b) 300 nm [8]. 
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Furthermore, the peaks observed at 2.17, 2.54, and 2.75 eV are related to the 

corresponding yellow, blue, and indigo direct gap transitions of Cu2O. This observation 

was succeeded at room temperature due to the careful optimization that we did for 

the growth and annealing of Cu2O layers under H2. Also, the direct gap transitions 

observed suggest that the Cu2O layers are not coherently strained to the underlying 

m-, r-, and a-Al2O3, and there is not any dependence of layers on orientation (m-, r-, 

a-). The suggestion is that the Cu2O layers are bulk-relaxed, and this is happened 

because of deposition by reactive sputtering at room temperature. 

Also, there is observation of one more broad maximum peak at 1.84 eV, at the Cu2O 

layers which annealed by higher amounts of oxygen, Ar:O2 75:25 and 50:50%. It seems 

like there is dependence of increase of oxygen and the occurrence of this broad peak. 

This is explained as a local density of states between 0.3 and 0.5 eV below the 

conduction band minimum inside the energy gap and comes to agreement with 

previous investigations that have proposed that oxygen vacancies, Vo, behave as 

donor-like states that reside 0.4 eV below the conduction band minimum at 2.2 eV. 

The occurrence of Vo donor-like states that are positively charged leads in surface 

band bending and depletion, so the Fermi level of Cu2O is at Vo state, figure 4.33. 

 

 

 

 

 

 

 

Figure 4.32: Differential transmission DT/T (no units) vs time delay τ (ps) 

and probe wavelength λp (nm) for the Cu2O layers on m-Al2O3 obtained 

using Ar:O2 75:25% with a thickness of (a) 100nm and (b) 300nm [8].  

Figure 4.33: Potential conduction and valence band of Cu2O with surface band bending and depletion [8]. 
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The photoconductivity phenomenon in Cu2O is due to the interaction between 

negatively charged copper vacancies V¯cu and positively charged oxygen vacancies V+
o 

or V++
o that form pairs due to electrostatic interactions. A lot of researchers proposed 

that the positive charge of Vo influence the electrical and optical properties of Cu2O, 

but Scanlon et al [38], proposed that Vo is not charged due to their theoretical 

calculations, and is energetically located close to the valence band. 

Consequently, the origin of the maximum at 1.8 eV, is controversial, and it is necessary 

to explain. One other explanation is that the states corresponding to the maximum of 

1.8 eV may be related to the formation of Cu2O/CuO nanostructures at the surface 

and/or grain boundaries. This formation was done by traces of CuO which are in Cu2O 

layer, and act as traps considering that the Cu2O/CuO heterojunction has a straddled 

(type I) band line-up and conduction band discontinuity ΔΕc of 1.0 eV as shown at 

figure 4.34. 

 

 

 

 

 

 

 

 

So, there is expectation of quantization inside Cu2O/CuO nanostructure, which in turn 

will give rise to a quantum confined level that will act as a trap. Also, if we consider 

that the size of Cu2O/CuO nanostructure vary and we have a broad transmission with 

a maximum at 1.8 eV, this will lead to an energetic distribution of traps. However, the 

crystal structures of these two materials, are different. The crystal structure of CuO is 

monoclinic with a lattice constant of 4.68 Å, and the Cu2O has a cubic crystal structure 

with lattice constant of 4.2696 Å, which is smaller than the CuO lattice constant. This 

leads to a rising to a plethora of states related to crystallographic defects at the 

Cu2O/CuO interface. 

Also, the high density of crystallographic defects at the Cu2O/CuO interface verified by 

the experiments for growing Cu2O by thermal oxidation of a Cu foil under O2, as well 

and the poor properties and quality of this interface. The reaction starts between Cu 

and O2, leading to the formation of Cu2O, but the latter keep the reaction to create a 

CuO layer above the Cu2O. Subsequently, the two layers will separate from each other 

after reaching a certain thickness due to the different crystal structure that they have, 

and lattice mismatch. This high density may be responsible for the distribution of 

states at 0.4 eV below the conduction band minimum. This suggestion agrees with 

Figure 4.34: Band line-up of Cu2O/CuO nanostructures [8]. 
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other investigations, like Zivkovic and de Leeuw [39], who showed that both Cu and 

O2 point imperfections give rise to states energetically located below the conduction 

band minimum inside the energy band gap of CuO. Also, with Shibasaki et al [17], who 

succeed the highest efficiency of all-oxide p-n junction solar cell, 8.4%, when Cu2O 

contained minimal Cu and CuO.  

So, the formation of Cu2O/CuO nanostructure in Cu2O layers is important because 

Cu2O layers react over time with ambient O2, which means that it is necessary to 

passivate their surface with a suitable oxide that will be transparent like the n-type 

Ga2O3 which is used by Shibasaki et al. Also, for the observation of Rydberg excitons 

in thin layers of Cu2O as opposed to natural occurring crystals.  Furthermore, for the 

application at solar cells the nanostructure of Cu2O/CuO has better photocatalytic 

performance compared to Cu2O or CuO single-component materials. 

In conclusion, we said that suppressing the formation of crystallographic 

imperfections due to the oxidation of Cu2O is critical in exploiting the properties of 

this novel metal-oxide semiconductor from a fundamental but also applied point of 

view in the context of energy conversion. 
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Chapter 5 – Conclusion  
The pure Cu2O was done successfully by the optimum conditions. These conditions are 

the deposition of Cu using Ar:O2, by reactive sputtering and the next ratio: 90:10, 

75:25, 50:50, and the post annealing by optimum conditions at 500°C under Ar:H2, at 

ratio of 50:50 at 10-1mbar. We find that the use of H2 is important because suppress 

the oxidation and reduction of Cu2O layers. Also, to prevent the further reaction of O2 

with Cu2O (oxidation), and the form of CuO, we need to reduce the partial pressure of 

oxygen during cooling. This was happened using vacuum pressure on thermal 

annealing. Also, vacuum pressure prevents collisions between the vapor particles as a 

result the higher uniformity of material.  

It has been done fundamental research on Cu2O. According to the executed 

information by characterization methods, XRD, SEM, Raman Spectroscopy and UPPS, 

the Cu2O layers have a cubic structure, consist of bulk-relaxed grains, and do not 

contain CuO, as observed by Raman Spectroscopy. By results on XRD we identify a 

pure Cu2O without other impurities. Also, Cu2O layers exhibited a detailed spectral 

structure and distinct peaks at 2.75, 2.5, and 2.17 eV corresponding to the indigo, blue 

and yellow direct gap transitions of Cu2O as a result from ultrafast pump probe 

spectroscopy at room temperature. 

However, we also observed a transition at 1.8 eV, which is related to a local density of 

states that is energetically located between ∼ 0.3 and 0.5 eV below the conduction 

band minimum inside the energy gap. This is usually attributed to positively charged 

donor-like oxygen vacancies, but alternative explanations must also be considered, 

like the formation of CuO/Cu2O nanostructures at the surface and grain boundaries of 

the Cu2O layers. It is then necessary to suppress completely the formation of 

CuO/Cu2O nanostructures, which we identify as one of the most important challenges 

in attaining high efficiency solar cells, as well as the observation of Rydberg excitons 

in Cu2O layers, not just natural occurring crystals. 

In conclusion, the cuprous oxide is a novel metal-oxide semiconductor according to 

the fundamental research that was done. Consequently, it is important to have a 

technological point of view in the context of energy conversion, for high efficiency 

solar cells, for photocatalysis e.g. water splitting, and for the reduction of CO2 which 

is important in view of escalating climate crisis. 
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Supplementary Material  

Experiment 1 

Table 4.1 

Constant parameters: Target: Pure Cu, inlet gases: 90%Ar – 10%O2, Sputter 

Current/Time/ Cycles:120mA/4’/3cycles 

 

 

 

 

 

 

 

 

Table 4.2 

Constant parameters: Inlet Gases : 100% Ar, Time / Pressure: 60’/1bar 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sputtering Conditions 

#_SP Substrate 

4_1 Si 

4_2 Si 

4_3 Si 

4_4 Si 

5_1 SLG 

5_2 SLG 

5_3 SLG 

5_4 SLG 

CVD Conditions 

#_CVD #_SP Material T (°C) 

3374_1 4_1 Si/Cu2O 300 

3374_2 5_1 SLG/Cu2O 300 

3375_1 4_2 Si/Cu2O 400 

3375_2 5_2 SLG/Cu2O 400 

3376_1 4_3 Si/Cu2O 500 

3376_2 5_3 SLG/Cu2O 500 

3377_1 4_4 Si/Cu2O 600 

3377_2 5_4 SLG/Cu2O 600 
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Experiment 2 

Table 4.3 

Constant parameters: Target: Pure Cu, Sputter Current/Time/Cycles: 

120mA/4’/3cycles 

Sputtering Conditions 

#_SP Substrate Inlet Gases  

6_1 Si 90%Ar – 10%O2 

6_2 Si 90%Ar – 10%O2 

6_3 Si 90%Ar – 10%O2 

6_4 Si 90%Ar – 10%O2 

7_1 SLG 90%Ar – 10%O2 

7_2 SLG 90%Ar – 10%O2 

7_3 SLG 90%Ar – 10%O2 

7_4 SLG 90%Ar – 10%O2 

8_1 Si 75%Ar – 25%O2 

8_2 Si 75%Ar – 25%O2 

8_3 Si 75%Ar – 25%O2 

8_4 Si 75%Ar – 25%O2 

9_1 SLG 75%Ar – 25%O2 

9_2 SLG 75%Ar – 25%O2 

9_3 SLG 75%Ar – 25%O2 

9_4 SLG 75%Ar – 25%O2 

10_1 Si 50%Ar – 50%O2 

10_2 Si 50%Ar – 50%O2 

10_3 Si 50%Ar – 50%O2 

10_4 Si 50%Ar – 50%O2 

11_1 SLG 50%Ar – 50%O2 

11_2 SLG 50%Ar – 50%O2 

11_3 SLG 50%Ar – 50%O2 

11_4 SLG 50%Ar – 50%O2 

12_1 Si 100%O2 

12_2 SLG 100%O2 

 

Table 4.4 

Constant parameters: Inlet Gases: 100%Ar, Time/ Pressure: 60’/10-1mbar 

CVD Conditions 

#_CVD #_SP T (°C) Material 

355_1 6_1 600 Si/Cu2O 

355_2 7_1 600 SLG/Cu2O 

356_1 6_2 300 Si/Cu2O   

356_2 7_2 300 SLG/Cu2O 
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Experiment 3 

Table 4.5 

Constant parameters: Target: Pure Cu, Sputter Current/Time/Cycles: 

120mA/4’/3cycles 

357_1 6_3 500 Si/Cu2O 

357_2 7_3 500 SLG/Cu2O 

358_1 6_4 400 Si/Cu2O   

358_2 7_4 400 SLG/Cu2O 

360_1 8_1 600 Si/Cu2O 

360_2 8_2 600 SLG/Cu2O 

361_1 8_3 400 Si/Cu2O   

361_2 8_4 400 SLG/Cu2O 

362_1 9_1 500 Si/Cu2O 

362_2 9_2 500 SLG/Cu2O 
362_3 10_1 500 Si/Cu2O   
362_4 11_1 500 SLG/Cu2O 

363_1 9_3 300 Si/Cu2O 

363_2 9_4 300 SLG/Cu2O 
363_3 10_2 300 Si/Cu2O   
363_4 11_2 300 SLG/Cu2O 

364_1 10_3 400 Si/Cu2O 

364_2 11_3 400 SLG/Cu2O 

365_1 10_4 600 Si/Cu2O   

365_2 11_4 600 SLG/Cu2O 

366_1 12_1 500 Si/Cu2O 

366_2 12_2 500 SLG/Cu2O 

Sputtering Conditions 

#_SP Substrate Inlet Gases  

13_1 Si 90%Ar – 10%O2 

13_2 Si 90%Ar – 10%O2 

13_3 Si 90%Ar – 10%O2 

13_4 Si 90%Ar – 10%O2 

14_1 SLG 90%Ar – 10%O2 

14_2 SLG 90%Ar – 10%O2 

14_3 SLG 90%Ar – 10%O2 

14_4 SLG 90%Ar – 10%O2 

15_1 Si 75%Ar – 25%O2 

15_2 Si 75%Ar – 25%O2 

15_3 Si 75%Ar – 25%O2 

15_4 Si 75%Ar – 25%O2 

16_1 SLG 75%Ar – 25%O2 
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Table 4.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

16_2 SLG 75%Ar – 25%O2 

16_3 SLG 75%Ar – 25%O2 

16_4 SLG 75%Ar – 25%O2 

17_1 Si 50%Ar – 50%O2 

17_2 Si 50%Ar – 50%O2 

17_3 Si 50%Ar – 50%O2 

17_4 Si 50%Ar – 50%O2 

18_1 SLG 50%Ar – 50%O2 

18_2 SLG 50%Ar – 50%O2 

18_3 SLG 50%Ar – 50%O2 

18_4 SLG 50%Ar – 50%O2 

CVD Conditions 

#_CVD #_SP T (°C) Material Inlet Gases Time/Pressure 
3397_1 13_1 500 Si/Cu2O  90%Ar – 10%H2 60’/10-1mbar 

3397_2 14_1 500 SLG/Cu2O 90%Ar – 10%H2 60’/10-1mbar 

3398_1 13_2 300 Si/Cu2O  90%Ar – 10%H2 60’/10-1mbar 

3398_2 14_2 300 SLG/Cu2O 90%Ar – 10%H2 60’/10-1mbar 

3399_1 13_3 500 Si/Cu2O  50%Ar – 50%H2 60’/10-1mbar 

3399_2 14_3 500 SLG/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3400_1 13_4 500 Si/Cu2O  100%H2 60’/10-1mbar 

3400_2 14_4 500 SLG/Cu2O 100%H2 60’/10-1mbar 

3401_1 15_1 500 Si/Cu2O  50%Ar – 50%H2 60’/10-1mbar 

3401_2 16_1 500 SLG/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3401_3 17_1 500 Si/Cu2O  50%Ar – 50%H2 60’/10-1mbar 

3401_4 18_1 500 SLG/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3402_1 15_2 800 Si/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3402_2 17_2 800 Si/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3403_1 15_3 300 Si/Cu2O  50%Ar – 50%H2 60’/10-1mbar 

3403_2 16_2 300 SLG/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3403_3 17_3 300 Si/Cu2O  50%Ar – 50%H2 60’/10-1mbar 

3403_4 18_2 300 SLG/Cu2O 50%Ar – 50%H2 60’/10-1mbar 

3404_1 15_4 300 Si/Cu2O  50%Ar – 50%H2 120’/10-1mbar 

3404_2 16_3 300 SLG/Cu2O 50%Ar – 50%H2 120’/10-1mbar 

3404_3 17_4 300 Si/Cu2O  50%Ar – 50%H2 120’/10-1mbar 

3404_4 18_3 300 SLG/Cu2O 50%Ar – 50%H2 120’/10-1mbar 
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Experiment 4 

Table 4.7 

Constant parameters: Target: Pure Cu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sputtering Conditions 

#_SP Substrate Inlet Gases  Sputter Current/Time/Cycles 
19_1 r-Al2O3 50%Ar – 50%O2 120mA/4’/3cycles 

19_2 m-Al2O3 50%Ar – 50%O2 120mA/4’/3cycles 

19_3 Si 50%Ar – 50%O2 120mA/4’/3cycles 

19_4 Si 50%Ar – 50%O2 120mA/4’/3cycles 

19_5 Si 50%Ar – 50%O2 120mA/4’/3cycles 

20_1 r-Al2O3 90%Ar – 10%O2 120mA/4’/3cycles 

20_2 m-Al2O3 90%Ar – 10%O2 120mA/4’/3cycles 

20_3 a-Al2O3 90%Ar – 10%O2 120mA/4’/3cycles 

20_4 Si 90%Ar – 10%O2 120mA/4’/3cycles 

20_5 Si 90%Ar – 10%O2 120mA/4’/3cycles 

20_6 Si 90%Ar – 10%O2 120mA/4’/3cycles 

21_1 r-Al2O3 75%Ar – 25%O2 120mA/4’/3cycles 

21_2 m-Al2O3 75%Ar – 25%O2 120mA/4’/3cycles 

21_3 a-Al2O3 75%Ar – 25%O2 120mA/4’/3cycles 

21_4 Si 75%Ar – 25%O2 120mA/4’/3cycles 

21_5 Si 75%Ar – 25%O2 120mA/4’/3cycles 

21_6 Si 75%Ar – 25%O2 120mA/4’/3cycles 

22_1 r-Al2O3 75%Ar – 25%O2 120mA/4’/1cycle 

22_2 m-Al2O3 75%Ar – 25%O2 120mA/4’/1cycle 

22_3 a-Al2O3 75%Ar – 25%O2 120mA/4’/1cycle 

22_4 Si 75%Ar – 25%O2 120mA/4’/1cycle 

22_5 Si 75%Ar – 25%O2 120mA/4’/1cycle 

23_1 r-Al2O3 90%Ar – 10%O2 120mA/4’/1cycle 

23_2 m-Al2O3 90%Ar – 10%O2 120mA/4’/1cycle 

23_3 a-Al2O3 90%Ar – 10%O2 120mA/4’/1cycle 

23_4 Si 90%Ar – 10%O2 120mA/4’/1cycle 

23_5 Si 90%Ar – 10%O2 120mA/4’/1cycle 

24_1 r-Al2O3 50%Ar – 50%O2 120mA/4’/1cycle 

24_2 m-Al2O3 50%Ar – 50%O2 120mA/4’/1cycle 

24_3 a-Al2O3 50%Ar – 50%O2 120mA/4’/1cycle 

24_4 Si 50%Ar – 50%O2 120mA/4’/1cycle 

24_5 Si 50%Ar – 50%O2 120mA/4’/1cycle 
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Table 4.8 

Constant parameters: T= 500°C, Time/Pressure: 60’/10-1mbar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CVD Conditions 

#_CVD #_SP Material Inlet Gases 
3426_1 20_1 r-Al2O3 50%Ar – 50%H2 

3426_2 20_2 m-Al2O3 50%Ar – 50%H2 

3426_3 20_3 a-Al2O3 50%Ar – 50%H2 

3426_4 20_4 Si 50%Ar – 50%H2 

3426_5 21_4 Si 50%Ar – 50%H2 

3426_6 19_3 Si 50%Ar – 50%H2 

3427_1 23_1 r-Al2O3 50%Ar – 50%H2 

3427_2 23_2 m-Al2O3 50%Ar – 50%H2 

3427_3 23_3 a-Al2O3 50%Ar – 50%H2 

3427_4 23_4 Si 50%Ar – 50%H2 

3427_5 22_4 Si 50%Ar – 50%H2 

3427_6 24_4 Si 50%Ar – 50%H2 

3428_1 21_1 r-Al2O3 50%Ar – 50%H2 

3428_2 21_2 m-Al2O3 50%Ar – 50%H2 

3428_3 21_3 a-Al2O3 50%Ar – 50%H2 

3428_4 22_1 Si 50%Ar – 50%H2 

3428_5 22_2 Si 50%Ar – 50%H2 

3428_6 22_3 Si 50%Ar – 50%H2 

3429_1 24_1 r-Al2O3 50%Ar – 50%H2 

3429_2 24_2 m-Al2O3 50%Ar – 50%H2 

3429_3 24_3 a-Al2O3 50%Ar – 50%H2 

3429_4 20_5 Si 50%Ar – 50%H2 

3429_5 22_5 Si 50%Ar – 50%H2 

3429_6 24_5 Si 50%Ar – 50%H2 

3430_1 19_1 r-Al2O3 100%H2 

3430_2 19_2 m-Al2O3 100%H2 

3430_3 20_6 Si 100%H2 

3430_4 21_5 Si 100%H2 

3430_5 19_4 Si 100%H2 
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ABSTRACT
Cu2O has been deposited on m-, r-, and a-Al2O3 by reactive sputtering of Cu using Ar with different contents of O2 followed by annealing
under carefully optimized conditions at 500 ○C under Ar:H2 in order to prevent the oxidation and reduction of the Cu2O layers, which have a
cubic crystal structure and are bulk-relaxed. We find that the content of O2 influences the structural and optical properties of the Cu2O layers
that exhibited a detailed spectral structure and distinct peaks at 2.75, 2.54, and 2.17 eV corresponding to the indigo, blue, and yellow direct
gap transitions of Cu2O as observed by ultrafast pump–probe spectroscopy at room temperature. However, we also observed a transition at
1.8 eV that is related to the occurrence of states ∼0.4 eV below the conduction band minimum of Cu2O. We discuss the controversial origin
of these states, which are usually attributed to donor-like oxygen vacancy states, and suggest that the origin of these states may be related
to traps at the interfaces of CuO/Cu2O nanostructures, which is important in the context of energy conversion pertaining to solar cells and
photocatalysis.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0165856

I. INTRODUCTION

Cuprous oxide (Cu2O) is a p-type metal-oxide semiconductor
that has a fundamental, direct energy bandgap of 2.1 eV and a cubic
crystal structure belonging to the Pn3m crystallographic space group
with a lattice constant of a = 4.2696 Å. The native p-type conductiv-
ity of Cu2O is related to the occurrence of copper vacancies, VCu,
that give rise to acceptor-like states located at EA ∼0.2 eV above the
valence band maximum.1

Cu2O has been suggested to be suitable as a solar cell absorber
for a long time due to the fact that it has a direct energy gap but
also an absorption coefficient that can reach α = 105 in the visible.2
However, so far, device efficiencies have been limited to less than
10%, despite the fact that the theoretical efficiency of Cu2O solar cells
is ∼20%.3

A Cu2O p-n junction solar cell with an efficiency of ∼2% was
fabricated by Elfadill et al.4 using Cl-doped n-type Cu2O and Na-
doped p-type Cu2O, while a Cu2O heterojunction solar cell (HJSC),
with an efficiency of 3.4% and a very small cell area of 8 × 10−3 cm2,
was fabricated by Ravindra et al.5 Others, like Markose et al.,6
fabricated an ITO/B:Cu2O/SiOx/n-Si/Ag HJSC that exhibited an
open-circuit voltage of 370 mV, a short-circuit current density of
36.5 mA/cm2, and an efficiency of 5.4%, but this was obtained on
Si. Similarly, Liu et al.7 employed a variety of interfacial engineer-
ing and light management strategies to push the efficiency limit of
Cu2O/Si solar cells and obtained a power conversion efficiency of
9.54%. More importantly, an all-oxide HJSC based on p-type Cu2O
and n-type Ga2O3 was fabricated by Shibasaki et al.8 on glass and
displayed an efficiency of 8.4% when the Cu2O contained minimal
Cu and CuO.
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In contrast to solar cells, Cu2O/CuO layers have been shown to
have better photocatalytic performance compared to Cu2O or CuO
single-component materials.9 Cu2O is, therefore, an active topic of
investigation for the fabrication of solar cells and photocatalysis, i.e.,
water splitting,10 but also for CO2 reduction,11 which is important in
view of the escalating climate crisis.10,12 Furthermore, Cu2O is inter-
esting from a fundamental point of view, as excitons were observed
for the first time in Cu2O by Gross13 in 1956, after which it has
been used as an archetype for understanding the novel properties
of excitons.14–16 Rydberg excitons with principal quantum numbers
as large as n = 25 and giant wavefunction extensions in excess of
2 μm were observed by Kazimierczuk et al. in natural gem crys-
tals of Cu2O.17,18 Excitons with principal quantum numbers up to
n = 3 have been observed in other semiconductors such as GaAs,19

but excitons with principal quantum numbers as large as n = 25
have only been observed in Cu2O. Very recently, Rydberg exciton-
polaritons were also detected in a SiO2/Ta2O5/Cu2O/Ta2O5/SiO2
Fabry–Pérot cavity in which the Cu2O layer was cut from a natu-
rally occurring crystal and attached with epoxy to Ta2O5/SiO2.20 It
is desirable then to obtain high purity and good crystal quality Cu2O
layers, which are important not just from a fundamental but also a
technological point of view.

Cu2O has been deposited using many different methods such
as molecular beam epitaxy (MBE), atomic layer deposition (ALD),21

pulsed laser deposition (PLD), electrodeposition (ELD),22 aerosol
assisted chemical vapor deposition (AACVD),23 successive ionic
layer adsorption and reaction (SILAR),24 sputtering,8,25 or the ther-
mal oxidation of copper.26 The hole density of un-doped (u/d) Cu2O
is of the order of p ∼ 1015 cm−3,27 and room temperature hole mobil-
ities of μp = 100 cm2/Vs have been achieved,28 while the mobility of
holes in Cu2O at 4.2 K has been shown to reach quite large values of
μp = 1.8 × 105 cm2/Vs.29 In general, p-type doping of Cu2O has been
carried out using Si,30 Mg,31 and N,32 while n-type doping is possible
with F, Cl, and Br33 but also with Al.34

However, despite ongoing efforts, single crystal epitaxial Cu2O
is not easy to obtain even by MBE on MgO (100), which has a lattice
mismatch of ∼1% with Cu2O. In other words, the epitaxy of Cu2O
on MgO (100) is not trivial and differs from simple cube-on-cube
epitaxy, thereby giving Cu2O epi-layers with multiple orientations.35

Consequently, it is necessary to anneal the Cu2O layers in order
to improve their crystallinity. It is useful to mention at this point
that single crystal Cu2O has been obtained in the past by Toth
et al.26 back in the 1960s via the thermal oxidation of metallic
Cu foils between 1020 and 1050 ○C, which resulted in polycrys-
talline Cu2O that was annealed at even higher temperatures. This
promoted recrystallization and the formation of single-crystals, but
Cu2O reacts with O2 according to 2Cu2O + O2 → 4CuO at the sur-
face or grain boundaries. The suppression of this reaction is critical
in obtaining high efficiency solar cells, like the p-type Cu2O/n-
type Ga2O3 solar cell fabricated by reactive sputtering on glass by
Shibasaki et al.8 This can be achieved by reducing the partial pres-
sure of oxygen during cooling in order to prevent a transition across
the phase boundary between Cu2O and CuO, in accordance with
Schmidt-Whitley et al.36 However, the process of annealing Cu2O
layers at elevated temperatures is complicated due to thermal inter-
diffusion and reactions that will occur between the Cu2O and the
underlying substrate of choice. It has been shown that sapphire,

i.e., Al2O3, can be used as a barrier against the thermal diffusion of
copper up to 750 ○C.37,38 Wagner et al.39 obtained Cu2O on a-Al2O3
by Vapor Phase Epitaxy (VPE) via melting Cu at 1080 ○C. Others,
like Ottosson and Carlsson,40 have grown Cu2O on r-Al2O3, but
the Cu2O will react with Al2O3 according to the reaction Cu2O
+ Al2O3 → CuAlO2 under N2 at temperatures higher than 700 ○C.41

Lower temperatures between 450 and 550 ○C have been shown to
yield lower crystallinity CuAlO2,42 which is a p-type transparent
conducting oxide (TCO) with an energy bandgap of 3.4 eV.43 It is
then necessary to anneal the Cu2O layers on Al2O3 at intermediate
temperatures to prevent thermal inter-diffusion and reactions.

Here we have deposited Cu2O on m-, r-, and a-Al2O3 by reac-
tive sputtering of Cu using Ar:O2 with different ratios of 90:10,
75:25, or 50:50% v/v, followed by annealing under optimum con-
ditions at 500 ○C under Ar:H2 at 10−1 mbar. In the past, only a
few, like Unutulmazsoy et al.,44 annealed Cu2O using Ar contain-
ing 5% v/v H2 at 10−4 mbar and 300 ○C. Here we have carried out a
systematic investigation into the optimization of the annealing con-
ditions over a wider temperature range and flows of H2 in order to
suppress the oxidation and reduction of the Cu2O layers and sub-
sequently probe the electronic band structure and gap states of this
novel p-type metal-oxide semiconductor by ultrafast pump–probe
spectroscopy (UPPS) in order to gain an understanding of the gen-
eration and recombination mechanisms that are important from an
applied and fundamental point of view. The Cu2O layers obtained
in this fashion exhibited a detailed spectral structure and distinct
peaks corresponding to the indigo, blue, and yellow direct gap tran-
sitions of Cu2O as observed by UPPS at room temperature, but we
also observed a transition related to the occurrence of states ∼0.4 eV
below the conduction band minimum of Cu2O. We discuss the
controversial origin of these states, which are usually attributed to
oxygen vacancy donor-like states, and suggest that their origin may
instead be related to the formation of CuO/Cu2O nanostructures.

II. EXPERIMENTAL
Square samples (10 × 10 mm2) were cut from m-, r-, and

a-Al2O3 and n-type Si (001), after which they were cleaned sequen-
tially in trichloroethylene, methanol, and acetone and rinsed in
isopropanol and de-ionized water at 20 ○C. Subsequently, they were
dried with nitrogen, followed by a dehydration bake at 120 ○C. A
Cu2O layer was deposited by reactive sputtering of a Cu (99.999%)
target with Ar:O2 at 10−2 mbar. The thickness of the Cu2O layers was
either 100 nm or 300 nm, and the Ar:O2 ratio used during deposi-
tion was 90:10, 75:25, or 50:50% v/v. The Cu2O layers were deposited
on m-, r-, and a-Al2O3 at room temperature and were subsequently
annealed under optimum conditions in a 1 in. hot wall, low pres-
sure chemical vapor deposition reactor capable of reaching 1100 ○C,
which was fed by a manifold consisting of four mass flow controllers
connected to Ar, NH3, O2, and H2. The reactor was initially purged
for 10 min, and then the temperature was ramped up to 500 ○C at
30 ○C/min. Upon reaching 500 ○C, the Cu2O layers were annealed
for 1 h, after which cooling took place. The samples were removed
only when the temperature fell below 100 ○C. A constant flow of
50 ml/min of Ar and 50 ml/min of H2 was maintained throughout
the entire process.
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The surface morphology of the Cu2O thin films was investi-
gated using JSM-7610F+ Field-Emission Scanning Electron Micro-
scopy (FESEM). The samples were coated with carbon film using a
JEOL-4X vacuum evaporator, and the thickness of the carbon coat-
ing did not exceed 200 Å. The composition of the Cu2O was mea-
sured using an Oxford (AZtec Energy Advanced) Energy Dispersive
X-ray Spectroscopy (EDS) system attached to the FESEM.

The Raman spectra were recorded in the backscattering geom-
etry using a DILOR spectrometer equipped with an optical micro-
scope and 100× objective along with an Ar+ laser operating at
514.532 and 487.986 nm that was used for excitation with a power
of about 4.5 and 7.5 mW on sample for the green (514.532 nm) and
blue (487.986 nm) laser lines, respectively. Energy calibration of the
spectra was performed utilizing a neon lamp.

The structural properties of the Cu2O films were also investi-
gated by X-Ray Diffraction (XRD) in the Bragg–Brentano geometry
using a two-cycle Rigaku Ultima+ powder x-ray diffractometer
with CuKa radiation (λ = 1.540 56 Å) operating at 40 kV and
30 mA.

Finally, the properties of the Cu2O layers were investigated by
measuring the time evolution of the differential transmission (dT/T)
on a ps time scale by ultrafast pump–probe spectroscopy (UPPS)
using a pump of λPU = 400 or 260 nm and a probe that was var-
ied between λPR = 450 and 750 nm. The measurements were carried
out in a typical pump–probe optical setup, as described in detail
elsewhere.45

III. RESULTS AND DISCUSION
It is instructive to begin by describing the optimization of the

growth and annealing conditions of Cu2O. Initially, Cu2O layers
were deposited on n-type Si (001) and soda lime glass (SLG) by
reactive sputtering of Cu under Ar:O2 with a ratio of 90:10, 75:25,
or 50:50% v/v and annealed at temperatures ranging from 300 to
600 ○C under a flow of 100 ml/min Ar for 60 min at 10−1 mbar.
All of the Cu2O layers obtained in this way exhibited small but
clear and well resolved peaks in the XRD corresponding to both
CuO and Cu2O. Consequently, an identical set of Cu2O layers was
prepared and annealed between 300 and 600 ○C under Ar:H2. The
content of H2 was 10, 50, or 100% v/v at 10−1 mbar, keeping all

FIG. 1. (a) XRD of a 300 nm-thick Cu2O layer obtained on glass with Ar:O2
(75:25% v/v) that was annealed for 60 min at 500 ○C under Ar:H2. The Cu2O
layer annealed under Ar:H2 (50:50% v/v) has no peaks corresponding to CuO, Cu
(b) unit cell of cubic Cu2O.

else equal. We find that the optimum annealing temperature for
the Cu2O layers is 500 ○C. The Cu2O layers exhibited clear and well
resolved peaks belonging to the cubic crystal structure of Cu2O, as
shown in Fig. 1(a), but the addition of 10% H2 was not adequate
to suppress the oxidation of Cu2O, i.e., 2Cu2O + O2 → 4CuO, as
we also observed peaks belonging to the monoclinic crystal struc-
ture of CuO in Fig. 1(a). On the other hand, 100% H2 leads to
the reduction of Cu2O and CuO to metallic Cu according to Cu2O
+H2→ 2Cu+H2O. In contrast, 50% H2 was sufficient to prevent the
oxidation as well as the reduction of Cu2O, which has a cubic crystal
structure and corresponding unit cell shown in Fig. 1(b). These find-
ings are consistent with Kim et al.,46 who showed that a large flow of
H2 will reduce CuO into metallic Cu without the formation of inter-
mediate Cu4O3 or Cu2O. However, only a few have investigated the
effect of H2 on the reduction of Cu2O layers, such as Unutulmaz-
soy et al.,44 who annealed Cu2O using Ar containing 5% v/v H2 at
10−4 mbar and 300 ○C and argued that intersecting grain bound-
aries and the porosity of Cu2O provide diffusion paths and traps
for hydrogen. Consequently, the higher grain boundary density of
the thinner Cu2O layers results in a faster reduction that starts once
a certain density of accumulated oxygen vacancies is reached at the
periphery of the Cu2O grains. Hence, a careful adjustment of the
reducing conditions and flow of H2 needs to be carried out when
annealing Cu2O.

After optimization, Cu2O layers with a thickness of 100 and
300 nm were deposited on m-, r-, and a-Al2O3 by reactive sputtering
under Ar:O2 (90:10, 75:25, 50:50% v/v), which were annealed under
50 ml/min Ar: 50 ml/min H2 at 500 ○C. The Cu2O layers on m-,
r-, and a-Al2O3 were semi-transparent, had a light-yellow color, and
consist of grains with a size of 89.62 ± 7.87 nm, as shown by the
Scanning Electron Microscopy (SEM) image of the Cu2O and cor-
responding histogram shown as an inset in Fig. 2(a). Evidently, the
Cu2O layers are nanostructured, and the protrusions on the surface
with a diameter of d ∼1 μm were found to be slightly richer in Cu by
∼5 at. %. We find that the Cu2O layers consist of Cu and O by EDS;
Al was also detected due to the underlying Al2O3, as the informa-
tion depth of EDS is about 1.5–2 μm.47,48 The structural properties
and composition of the Cu2O layers were investigated further by
Raman spectroscopy. The Raman spectra of the Cu2O layers grown
on m-, r-, and a-Al2O3, which were obtained with different Ar:O2
contents, are shown in Fig. 2(b). The unit cell of Cu2O contains six
atoms, resulting in 18 phonon modes, 15 of which are optical lat-
tice vibrations and 3 are acoustic vibrational modes. The vibrational
mode symmetries at the center of the Brillouin zone (k = 0) are49–51

A2u ⊕ Eu ⊕ T2g ⊕ 3T1u ⊕ T2u. A, E, and T symmetries correspond to
one-, two-, and threefold-degenerate phonons, respectively. All sym-
metries represent optical phonons except for T1u, which corresponds
to the three acoustic vibrational modes. Phonons having T2g sym-
metry are the only Raman active vibrational modes of Cu2O, while
the two remaining T1u symmetry modes are infrared active optical
modes, and the rest, i.e., phonons having A2u, Eu, and T2u symme-
try, are non-active Raman and infrared modes, i.e., silent modes.51

According to group theory, only the peak due to the threefold-
degenerate T2g lattice vibrational mode should appear in the Raman
spectra of a natural Cu2O crystal. However, more peaks are usually
observed in the Raman spectra of Cu2O, despite the fact that they
are either silent or infrared active phonon modes. This is due to49–51

(a) the excitation conditions and resonance with excitonic states of
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FIG. 2. (a) FE-SEM image of a 300 nm Cu2O layer on m-Al2O3; inset shows the histogram of grain size along with normal distribution fit (red line); similar surface morphology
was observed on r- and α-Al2O3 substrates. (b) Raman spectra of the Cu2O layers on m-, r-, and a-Al2O3 obtained with different Ar:O2 contents and annealed under Ar:H2
(50%:50% v/v) at 500 ○C for 60 min. The vertical line at 300 cm−1 corresponds to CuO (Ag), but we do not observe any clear peak, suggesting that the Cu2O layers do not
contain the CuO phase.

Cu2O, (b) the polarization and scattering geometry used, and (c) the
surface treatment. The non-stoichiometry of Cu2O also plays a key
role in the emergence of the non-active Raman lattice modes in the
spectra, inducing several intrinsic defects, i.e., anti-sites, interstitials,
and vacancies in the lattice.49,50 Point imperfections reduce the local
symmetry of a perfect Cu2O crystal, thereby relaxing the selection
rules and activating Raman-forbidden vibrational modes.

The Cu2O layers on m-, r-, and a-Al2O3 peaks due to the
following vibrational modes are detected: 93.2 cm−1 (T2u),50,51

108 cm−1 (Eu),50,51 148.6 cm−1 [T1u, Transverse Optical (TO) and
Longitudinal Optical (LO) phonons],50,51 217.5 cm−1 (2 Eu),50,52

516.7 cm−1 (T2g),50–52 and 626.9 and 643.5 cm−1 (T1u, TO and LO
phonons, respectively).50,51 A multi-phonon Raman scattering mode
appears at 413.7 cm−1, consistent with the literature,52,53 while at
196 cm−1, a peak is observed due to local vibrations of Cu on O-sites
with Td point symmetry.50,53 Moreover, the Ag Raman active mode
of CuO appears at 302.1 cm−1.54–58 As evident, the Cu2O phase
is dominant, and the Raman active mode of CuO that occurs via
the oxidation of Cu2O is not observable. In addition, we find no
evidence for the formation of CuAlO2, suggesting that there is no
reaction between Cu2O and Al2O3. Moreover, we do not find any
significant dependence of the properties of the Cu2O layers on the
different orientations, m-, r-, and a-, of the Al2O3 substrate. Never-
theless, the T1u peak of Cu2O at ∼150 cm−1, which is detected in the
Raman spectra of the Cu2O layers deposited on Si, gains intensity as
the O2 content in the Ar:O2 mixture increases and is attributed to
the formation of intrinsic point imperfections in the crystal lattice of
Cu2O (see the supplementary material for more details).

The temporal evolution of the differential transmission through
the Cu2O layers was measured by UPPS. Before considering in detail
the spectra obtained from the Cu2O layers it is useful to describe
the generation and recombination of photogenerated electron-holes
during UPPS in direct energy bandgap semiconductors.

Initially, the pump, i.e., a short pulse of energetic photons with
energy of EPU = 3.1 or 4.77 eV corresponding to λPU = 400 or
260 nm, will result in the excitation of electrons from the valence
band into the conduction band, as shown in Fig. 3. The photogener-
ated electrons will initially occupy empty states residing high above

FIG. 3. Generation and recombination, mechanisms, and pathways of photogen-
erated electron–hole pairs in a direct semiconductor with states related to crystal
point-imperfections residing in the energy bandgap.

the conduction band minimum. These hot electrons will gradually
lose energy via electron–phonon or electron–electron interactions
and will occupy lower energy states closer to the conduction band
minimum (EC) as well as empty states related to crystallographic
imperfections (EI) that are located energetically in the energy gap
of Cu2O. A separate light beam is used to probe the temporal evo-
lution of the occupancy of the above-mentioned states located at
different energies by varying the wavelength between λPR = 450 and
750 nm and measuring the change in transmission or differential
transmission (dT/T). If a state is occupied by an electron, then the
photon with a specific λPR will not be absorbed, resulting in a pos-
itive increase in differential transmission at the specific wavelength
corresponding to a particular energy state. In contrast, if a state is
not occupied by a photoexcited electron, then a photon with a spe-
cific energy will be absorbed, thereby reducing transmission at a
specific λPR. In essence, one may find the fundamental direct energy
bandgap(s) of a semiconductor as well as the energetic location of
states lying in the energy gap that are related to crystal imperfections,
similar to deep level transient spectroscopy.
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FIG. 4. Differential transmission dT/T (no units) vs time delay τ (ps) and probe wavelength λP (nm) for the Cu2O layers on m-Al2O3 obtained using Ar:O2 90:10% v/v with a
thickness of (a) 100 nm and (b) 300 nm; inset shows the peak at 450 nm in 3D.

The variation of dT/T vs τ and λPR for the 100 nm Cu2O lay-
ers on m-Al2O3 that were obtained using Ar:O2 (90:10% v/v) is
shown in Fig. 4(a). One may observe the occurrence of two major
peaks corresponding to a positive and negative maximum in dT/T at
λPR = 450 and 487 nm, i.e., 2.75 and 2.54 eV, respectively. We also
observe these by increasing the thickness of the Cu2O layer from 100
to 300 nm, as shown in Fig. 4(b) but the maximum at λPR = 450 nm
is not so pronounced compared to that in Fig. 4(a).

Similarly, the variation of dT/T vs τ and λPR for the 100 nm
Cu2O layers on m-Al2O3 that were obtained using Ar:O2 75:25% v/v
is shown in Fig. 5(a). One may observe the occurrence of the peaks
that appear in Figs. 4(a) and 4(b), but also the emergence of a maxi-
mum at λPR = 570 nm and a broad one at λPR = 687 nm, i.e., 2.17 and
1.8 eV, respectively.

It should be pointed out that the maxima at 1.84 and 2.75 eV
correspond to positive dT/T, indicating that these states are in fact

occupied by electrons. In contrast, the maxima at 2.17 and 2.62 eV
correspond to negative dT/T, implying absorption, and these con-
duction band minima states are in fact empty after excitation and
the generation of excess electrons and holes. It appears then that
photogenerated electrons occupy the highest conduction band and
subsequently move into states related to point-imperfections that
are energetically located in the energy gap of Cu2O. No changes
occurred by increasing the excitation energy from 1 to 10 μJ, as
shown by the inset in Fig. 5(a). In addition, no significant changes
occurred by increasing the thickness of the Cu2O layer from 100 to
300 nm, as shown in Fig. 5(b).

The spectral structure obtained from Cu2O on m-Al2O3 using
Ar:O2 50:50% v/v is also similar and shown as an inset in Fig. 5(b).
We find that the spectral structure obtained by UPPS is not depen-
dent on the thickness of the Cu2O and is also the same for m, r-, and
a-Al2O3.

FIG. 5. Differential transmission dT/T (no units) vs time delay τ (ps) and probe wavelength λP (nm) for the Cu2O layers on m-Al2O3 obtained using Ar:O2 75:25% v/v with a
thickness of (a) 100 nm; inset shows the spectrum obtained with an excitation of 10 μJ in 3D and (b) 300 nm; inset shows the spectrum for Cu2O obtained on m-Al2O3 using
Ar:O2 50:50% v/v in 3D.
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The four peaks observed at λPR = 450, 487, 570, and 687 nm
correspond to 2.75, 2.54, 2.17, and 1.84 eV, respectively. In order
to understand the origin of these optical transitions, it is necessary
to consider the electronic structure of Cu2O, as shown in Fig. 6(a).
The top of the valence band and bottom of the conduction band are
derived from states belonging to the same ion, so they have the same
parity, and dipole transitions are forbidden. The two upmost valence
bands, with Γ7

+ and Γ8
+ symmetry, are related to Cu3d electrons.

The lowest conduction band with Γ6
+ symmetry is related to Cu4s

electrons, and the next higher conduction band with Γ8
− symmetry

is related to O2p electrons.
Excitation from the two valence bands to the two conduction

bands results in a four-exciton series with energies of 2.17, 2.30, 2.62,
and 2.75 eV,59 which are usually observed at low temperatures and
described as the yellow, green, blue, and indigo transitions, respec-
tively, as shown in Fig. 6(a). Evidently, the peaks observed at 2.17,
2.54, and 2.75 eV are very close indeed to the corresponding yellow,
blue, and indigo transitions of Cu2O. These transitions are not
related to transitions of photogenerated electrons from the conduc-
tion band minima into the continuum at higher energies inside the
conduction band following excitation, as suggested by Shenje et al.;60

otherwise, we would have observed a host of other energetic transi-
tions. Similarly, they are not related to the excitation of electrons
occupying states below the top of the valence EV into empty holes
near the top of the EV. The peaks observed at 2.17, 2.54, and 2.75 eV
are related to the corresponding yellow, blue, and indigo direct gap
transitions of Cu2O. Their observation at room temperature is due
to the careful optimization of the annealing conditions under H2,
and the direct gap transitions observed suggest that the Cu2O is
not coherently strained to the underlying m-, r-, and a-Al2O3. This
may be understood by considering that m-Al2O3 is ideally suited
for the growth of cubic crystals such as Cu2O as it has an oxygen

terminated surface with a tetragonal, two-dimensional unit cell of
4.34 × 4.76 Å2, which is expected to result in Cu2O under a biaxial
tensile strain of 1.6% and 11.5% if epitaxial growth occurs, consid-
ering that the lattice constant of Cu2O is a = 4.2696 Å. The tensile
strain is expected to be even larger in the case of epitaxial Cu2O
on r-Al2O3, which also has a surface consisting of oxygen atoms
arranged in a tetragonal two-dimensional unit cell of 5.12 × 4.76 Å2,
and this in turn is expected to change the energy gap of Cu2O,
which is strongly dependent on strain.61 However, we do not observe
any dependence of the direct gap transitions of the Cu2O layers on
orientation, i.e., m-, r-, and a-Al2O3, suggesting that the Cu2O
layers are bulk-relaxed, not coherently strained, due to the fact that
they were deposited by reactive sputtering at room temperature.

In addition to the above direct gap transitions, we also observed
a broad peak with a maximum at 1.84 eV in the Cu2O layers
deposited under Ar:O2 75:25 and 50:50% v/v. In other words, the
broad peak appears to be dependent on the content of oxygen in the
Cu2O layers during deposition. It is reasonable then to suggest that
it is related to a local density of states that is energetically located
between ∼0.3 and 0.5 eV below the conduction band minimum
inside the energy gap. This is consistent and in very good agree-
ment with those who have proposed that oxygen vacancies, i.e., VO,
behave as donor-like states that reside ∼0.4 eV below the conduction
band minimum at 2.2 eV.18,62–66 The occurrence of VO donor-like
states that are positively charged results in surface band bending
and depletion, as shown in Fig. 6(b). In fact, it has been suggested
that the Fermi level (EF) of Cu2O is actually pinned at surface states
related to VO that reside energetically at ∼0.4 eV below the conduc-
tion band minimum. The energetic position of the Fermi level with
respect to the conduction band edge at the surface and in the bulk
governs the overall band bending. In the bulk, a flat band condi-
tion exists, provided that the surface depletion is smaller than the

FIG. 6. (a) The yellow, green, blue, and indigo exciton transitions of Cu2O; (b) conduction and valence band potential profiles of u/d Cu2O showing the surface depletion,
downward band-bending, work function ϕ, and electron affinity χ; (c) band line-up of CuO/Cu2O showing also trap states at the interface.
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thickness of the Cu2O layer. The surface depletion width is of the
order of a few tens of nm’s in u/d Cu2O as the static dielectric
constant of Cu2O is rather low, i.e., εR = 4. For completeness, it is
instructive to mention that the persistent photoconductivity effect
in Cu2O is due to the interplay between negatively charged cop-
per vacancies V−Cu and positively charged oxygen vacancies V+O or
V++O that forms pairs, e.g., V−Cu and V+O or V−Cu and V++O , due to
electrostatic interaction. According to Mittiga et al.,67 V++O reside
energetically in the upper half of the energy bandgap of Cu2O.

Evidently, many have proposed that VO donor-like states that
are positively charged influence the electrical and optical proper-
ties of Cu2O,18,62–66 but according to the theoretical calculations
of Scanlon et al.,68 VO is not charged and is energetically located
close to the valence band, so this is still a matter of controversy.
It is then necessary to find alternative explanations for the origin
of the maximum at 1.8 eV, which may be attributed to a transition
between acceptor-like states related to VCu that reside energetically
∼0.2 eV above the valence band maximum and states in the con-
duction band. However, the VCu acts as acceptor-like states, not
donor-like states, and does not lead to surface depletion or down-
ward band bending as observed experimentally.18,62–66 Hence, one
cannot rule out the existence of states residing energetically ∼0.4 eV
below the conduction band minima. We suggest that these states
corresponding to the maximum at 1.8 eV may be related to the for-
mation of Cu2O/CuO nanostructures at the surface and/or grain
boundaries. Despite the fact that we have not observed a significant
content of CuO in the Raman spectra of Fig. 2, the Cu2O layers may
well contain traces of CuO leading to the formation of Cu2O/CuO
nanostructures that will act in essence as traps considering that the
Cu2O/CuO heterojunction has a straddled (type I) band line-up and
conduction band discontinuity ΔEC(Cu2O/CuO) ∼1.0 eV as shown
in Fig. 6(c). The size of these Cu2O/CuO nanostructures is going
to be of the order of a few tens of nm’s considering that the Cu2O
is nanostructured, i.e., consists of grains with average sizes of less
than 100 nm. Consequently, one may expect quantization to occur
inside the Cu2O/CuO nanostructures, which in turn will give rise
to a quantum confined level that will act as a trap. Considering that
the size of the Cu2O/CuO nanostructures will also vary, this in turn
will lead to an energetic distribution of traps commensurate with the
fact that we observed a broad transition with a maximum at 1.8 eV.
However, one must also keep in mind that CuO has a monoclinic
crystal structure with a lattice constant of 4.68 Å that is larger than
the lattice constant of cubic Cu2O, which is 4.2696 Å, and as such
will give rise to a plethora of states related to crystallographic defects
at the Cu2O/CuO interface. The poor properties and quality of the
CuO/Cu2O interface are well known and clearly manifested when
trying to grow Cu2O via thermal oxidation of a Cu foil under O2.
Initially, the Cu reacts with O2, leading to the formation of Cu2O,
but the latter reacts again with O2, leading to the formation of a CuO
layer on top of Cu2O that will separate after reaching a certain thick-
ness due to the lattice mismatch between the CuO and Cu2O, which
inevitably leads to a very high density of crystallographic defects
at the CuO/Cu2O heterojunction interface that may be responsible
for the distribution of states ∼0.4 eV below the conduction band
minima as shown in Fig. 6(c). This hypothesis is consistent with
Živković and de Leeuw,69 who showed that both oxygen and copper
point imperfections give rise to states energetically located below the

conduction band minimum inside the energy gap of CuO. It is also
consistent with the fact that the all-oxide p-n junction solar cell of
Shibasaki et al.8 displayed the highest efficiency of 8.4% when the
Cu2O contained minimal Cu and CuO.

The formation of CuO on top of Cu2O at the surface is also
consistent with the observations of surface depletion and downward
band bending, which occur due to the band line-up and difference
in the energy gaps as opposed to the electrostatic band-bending
induced by positively charged donors.

Considering the above-mentioned arguments, we suggest that
the formation of CuO/Cu2O nanostructures in Cu2O layers is
especially important as Cu2O layers react over time with ambient
O2, which means that it is necessary to passivate their surface
with a suitable oxide that will be transparent like, for instance, the
n-type Ga2O3 used by Shibasaki et al.8 This is of paramount impor-
tance not just for devices but also for the observation of Rydberg
excitons in thin layers of Cu2O as opposed to natural occurring crys-
tals. In contrast to solar cells, Cu2O/CuO layers have better photo-
catalytic performance compared to Cu2O or CuO single-component
materials.9,70–73 This might seem perplexing at first, but it can be
explained by an increase in the surface area and porosity of the
Cu2O/CuO structure due to the formation of voids at the Cu2O/CuO
interface, which allows the infiltration of liquids. This is very similar
to the case of quantum dot sensitized solar cells, in which CdS/CdSe
quantum dots are deposited on top of a scaffold of TiO2 particles
with high porosity and surface area that is critical for the infiltration
of the liquid electrolytes.

We suggest in closing that suppressing the formation of crys-
tallographic imperfections due to the oxidation of Cu2O is critical
in exploiting the properties of this novel metal-oxide semiconductor
from a fundamental but also applied point of view in the context of
energy conversion.

IV. CONCLUSIONS
Cu2O has been deposited on m-, r-, and a-Al2O3 by reactive

sputtering of Cu using Ar:O2 (90:10, 75:25, or 50:50% v/v), after
which it was annealed under optimum conditions at 500 ○C under
Ar:H2 (50:50% v/v) at 10−1 mbar. The Cu2O layers have a cubic
crystal structure, consist of bulk-relaxed grains, and do not con-
tain CuO, as observed by Raman spectroscopy. The Cu2O layers
exhibited a detailed spectral structure and distinct peaks at 2.75,
2.54, and 2.17 eV corresponding to the indigo, blue, and yellow
direct gap transitions of Cu2O as observed by ultrafast pump–probe
spectroscopy at room temperature. However, we also observed a
transition at 1.8 eV, which is related to a local density of states
that is energetically located between ∼0.3 and 0.5 eV below the
conduction band minimum inside the energy gap. This is usually
attributed to positively charged donor-like oxygen vacancies, but
alternative explanations must also be considered, like the formation
of CuO/Cu2O nanostructures at the surface and grain boundaries
of the Cu2O layers. It is then necessary to suppress completely the
formation of CuO/Cu2O nanostructures, which we identify as one
of the most important challenges in attaining high efficiency solar
cells, as well as the observation of Rydberg excitons in Cu2O layers,
not just natural occurring crystals.
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SUPPLEMENTARY MATERIAL

The Raman spectra of the Cu2O layers deposited on n-type
Si (001) with different oxygen contents are described for complete-
ness in the supplementary material so that one may compare with
the Cu2O layers deposited on m-, r-, and a-Al2O3.
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59A. Živković, N. H. de Leeuw, B. G. Searle, and L. Bernasconi, “Electronic
excitations in copper oxides: Time-dependent density functional theory calcula-
tions with a self-consistent hybrid kernel,” J. Phys. Chem. C 124, 24995–25003
(2020).
60L. Shenje, S. Larson, Y. Zhao, and S. Ullrich, “Composition effects on ultra-
fast optical properties of CuxOy thin films: A transient absorption study,” J. Phys.
Chem. C 124, 24908–24918 (2020).
61A. Visibile, R. B. Wang, A. Vertova, S. Rondinini, A. Minguzzi, E. Ahlberg,
and M. Busch, “Influence of strain on the band gap of Cu2O,” Chem. Mater. 31,
4787–4792 (2019).
62S. Han, K. M. Niang, G. Rughoobur, and A. J. Flewitt, “Effects of post-deposition
vacuum annealing on film characteristics of p-type Cu2O and its impact on thin
film transistor characteristics,” Appl. Phys. Lett. 109, 173502 (2016).
63S. Han and A. J. Flewitt, “Analysis of the conduction mechanism and copper
vacancy density in p-type Cu2O thin films,” Sci. Rep. 7, 5766 (2017).
64S. Han and A. J. Flewitt, “The origin of the high off-state current in p-type Cu2O
thin film transistors,” IEEE Electron Device Lett. 38, 1394–1397 (2017).
65R. Zhang, L. Li, L. Frazer, K. B. Chang, K. R. Poeppelmeier, M. K. Y.
Chan, and J. R. Guest, “Atomistic determination of the surface structure of
Cu2O(111): Experiment and theory,” Phys. Chem. Chem. Phys. 20, 27456–27463
(2018).
66L. Grad, Z. Novotny, M. Hengsberger, and J. Osterwalder, “Influence of sur-
face defect density on the ultrafast hot carrier relaxation and transport in Cu2O
photoelectrodes,” Sci. Rep. 10, 10686 (2020).
67A. Mittiga, F. Biccari, and C. Malerba, “Intrinsic defects and metastability effects
in Cu2O,” Thin Solid Films 517, 2469–2472 (2009).
68D. O. Scanlon, B. J. Morgan, G. W. Watson, and A. Walsh, “Acceptor levels in
p-type Cu2O: Rationalizing theory and experiment,” Phys. Rev. Lett. 103, 096405
(2009).
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