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General Introduction 

Ozone (O3) is a highly reactive and unstable gas, that is found naturally in the 

stratosphere. In this upper atmospheric layer, ultraviolet (UV) light from the sun, splits O2 

molecules into two atomic oxygen. When this atomic oxygen collides with an oxygen molecule 

it forms ozone. Stratospheric ozone is important for human life because it protects the earth’s 

surface from hazardous ultraviolet light (UV-B and UV-C). However tropospheric ozone is an 

air pollutant playing a role in climate change, air quality and ecosystem health. Due to the 

increase of anthropogenic emissions of O3 precursors, a steady rise of ozone level has been 

observed around the world since the 1950s [1]. Ozone regulated levels are regularly 

surpassed in the summer months in Europe. Besides the environmental problems derived 

from the usage of ozone in several industries, indoor office pollution is a major health concern 

according to the world health organization (WHO). It has been shown that ozone can be 

produced by laser and ink-jet printers, as well as other office equipment [2]. When inhaled 

ozone travels to the lungs, causing muscles to constrict, trapping air in the alveoli leading to 

inflammation of the airways and adverse respiratory effects. Long term exposure can cause 

chronic diseases, such as asthma and chronic obstructive pulmonary disease [3–5]. Recent 

studies have shown that daily exposure to high ozone levels may cause DNA damage, as 

previously reported for operators in photocopier centres [6].  

Ozone can be efficiently detected using UV absorbance and chemiluminescence sensors. 

However, these methods rely on a periodic sampling with large and expensive stationary 

analytical devices. The creation of portable, low cost, efficient ozone sensors opens novel 

possibilities in sensor networks for indoor/outdoor monitoring of air pollution with wireless 

communications for the rapidly expanding Internet of Things. 

Sensor networks are based on a group of sensors with different properties that can 

monitor (in some cases control) the physical conditions of the environment. Several sensor 

nodes are wirelessly connected, passing their data through the network to the central 

location. This allows fast data monitoring, with possibilities of hundreds of thousands of data 

collecting locations. After being developed by the military, sensor networks have grown into 

many industrial and consumer applications. The recent years have marked the increase in 

demand for low-cost sensor networks (LCSNs) [7]. The key to LCSNs is being able to produce 

low-cost sensors that are still reliable, in the target range whilst having low power 

consumption. Sensor networks will play a major role in the true deployment of internet of 

things (IoT), a fast pace growing market with an expected compound annual growth of 11%, 

potentially reaching 24 billion devices in 2030 and generating 1.5 trillion-dollar annual 

revenue. Physical events and conditions, such as temperature, pressure, atmosphere quality 

and radiation are continually measured, the collected data is transmitted to a monitoring 

centre and action can be swiftly taken (increasing the ventilation and evacuating the area). 
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With the integration of low-cost sensors onto portable devices, air quality can be monitored, 

in schools and office environments, saving billions of people from future health problems due 

to ozone exposure [8]. 

Solid state conductometric gas sensors have been presented as the solution, since they 

are simple to operate, have low production costs (since the techniques are batch fabrication 

compatible) and can be easily integrated into the sensor networks [9–11]. Even if these 

sensors are not as accurate and present lower selectivity, their robustness and longevity 

makes them the perfect candidates to be incorporated in sensor networks as alarm for 

dangerous gas concentrations. 

Several materials have been proposed as ozone metal oxide conductometric sensors, 

namely In2O3, ZnO, SnO2 and WO3, with good responses. However, these materials, in general 

require high working temperature (usually above 250°C) to be able to produce reversible 

measurements, what bumps directly into the requirements for low-cost sensor networks. 

Room temperature compatible ozone sensors have been proposed, making resource to a UV 

light to assist in the oxidation/reduction process. Whilst an interesting proposal it is not a 

solution since it merely substitutes one cost for another and it becomes less practical for 

miniaturization and integration into the sensor networks. Delafossite based (CuMO2 where M 

= Al or Cr) ozone sensors have been proposed, working with reversible reactions at room 

temperature [12,13]. These sensors have shown interesting response characteristics even if 

the lowest ozone concentration used, 50 ppm is about 500 times higher than the common 

health requirements for air safety (100 ppb for 8 hour exposure), these first studies create a 

research avenue for the use of p-type semiconductors into ozone gas sensing.  

Delafossite materials are a very promising kind of p-type transparent conductive oxide 

(TCO), with some of the highest reported conductivities and decent transparency in the visible 

range. It is rather cheap to manufacture and easily scalable, when produced by metal-organic 

chemical vapour deposition (MOCVD). 

Objectives and Outline of this work 

The aim of this work is to fabricate and investigate the ozone sensing properties of off-

stoichiometric copper chromium oxide. The study, by our research group, of this novel and 

original material has produced some of the best properties for p-type TCOs, in recent years 

[14]. The deposition by metal organic chemical vapour deposition (MOCVD) and the capability 

to produce thin films make it an ideal candidate for miniaturization and integration into 

sensor networks. We propose a deep study of the interplay between the deposition 

conditions, the post-deposition annealing treatments and the thin-film physical properties. 

Furthermore, different conductometric sensors will be produced and tested, under 

ozone atmospheres, in order to study the relationship between the thin film properties and 

the sensing response behaviour. During this work, we propose an advanced understanding of 
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the chemical interactions between ozone and off-stoichiometric Cu-Cr-O delafossite thin-

films, including the kinetics of the ozone – delafossite reaction. The sensors dependence on 

the film carriers concentration will first be characterized. Next, a study of the sensor under 

different ozone concentrations and working temperatures will be performed. 

Near ambient pressure x-ray photoelectron spectroscopy coupled with all the electronic 

studies, might allow us to have an important understanding of the kinetic reaction and the 

driver of the changes in conductivity upon ozone introduction. 
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1. State of the Art 

1.1. Ozone 

Ozone, or trioxygen (O3) is an allotrope of oxygen that is much less stable than the 

diatomic (O2) allotrope. Ozone is formed from dioxygen by the action of ultraviolet (UV) light 

and electrical discharges, that break down oxygen molecules. Atomic oxygen can then react 

with molecular oxygen, to form ozone (see equations 1-4). If atomic oxygen reacts with an 

ozone molecule or with another atomic oxygen, then it will form molecular oxygen. This is 

usually referred as the Chapman cycle [15]. 

Ozone is essential for human life in the stratosphere, where the commonly known ozone 

layer, acts as a shield absorbing most of the sun’s harmful UV-B and UV-C radiation (figure 2). 

Ozone’s concentration is maximum between 17 and 25 km from the earth’s surface. The 

ground concentration of ozone should me minimal, however in the last century this situation 

started to change. Ozone had been widely adopted in industrial processes, making ozone an 

urban pollutant. Due to its powerful oxidizing characteristic, ozone found mainstream usage 

for sterilization and purification in a panoply of industries, such as: pharmaceutical, food, 

textiles, water treatment, agriculture and medicine [9,16–19]. In addition, ozone has a 

significant effect on organic matter decay, with proven antibacterial and virus inactivation 

activity [20].  Environmental ozone in the troposphere is mostly a secondary pollutant, 

generated by photochemical reactions due to volatile organic compounds (VOCs) or oxides of 

nitrogen (NOx). Harmful concentrations of ozone in the environment are regularly coupled 

with high concentration of other pollutants [1,5,21–24]. Automobile nitrogen oxides 

emissions can be catalysed, mostly in the summer, due to sun radiation, into ozone (figure 1) 

[9]. Ozone is a contributing greenhouse gas, due to its absorptions of infrared radiation at 9.6 

µm [25]. 

Oxygen decomposition  𝑂2 + ℎ𝑣 → 2 𝑂 (1) 

Ozone Formation 𝑂 +  𝑂2 → 2 𝑂3 (2) 

Ozone decomposition 𝑂3 + 𝑂 → 2 𝑂2 (3) 

Oxygen recombination 𝑂 + 𝑂 → 2 𝑂2 (4) 
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Figure 1 - Ozone production from NOx pollutants: Oxygen atoms freed from nitrogen dioxide by the action 

of sunlight attack oxygen molecules to produce ozone. Nitrogen oxide can combine with ozone to reform nitrogen 

dioxide, and the cycle repeats. From https://www.niehs.nih.gov/ 

 

Figure 2 - The ozone layer in the stratosphere shields life on Earth from most UV-B and UV-C, the most 

harmful varieties of ultraviolet radiation. Surface-level ozone is however a pollutant. From 

https://scied.ucar.edu/learning-zone/atmosphere/ozone-layer  

1.1.1. Ozone hazard 

When ozone is inhaled it travels to the lungs. Its strong oxidizing properties make it very 

corrosive to the respiratory tract. Ozone can cause muscles to constrict, trapping air in the 

alveoli leading to inflammation of the airways and adverse respiratory effects, such as 

wheezing, shortness of breath, coughing, pain chest or sore throat. Exposure can aggravate 

lung diseases such as asthma, emphysema, and chronic bronchitis. Long-term exposure can 

be the cause for asthma and abnormal lung development in children as well as causing chronic 

obstructive pulmonary disease [3–5]. A summarized effect and ozone exposure consequence 

can be found in reference [26], a report by the World Health Organization (WHO).  

https://www.niehs.nih.gov/
https://scied.ucar.edu/learning-zone/atmosphere/ozone-layer


21 
 

Levy et al. [27], estimated a grand mean of 0.21% in mortality per 10 μg/m3 increase of 

1 hour maximum ozone, without controlling other air pollutants. Besides human health, 

ozone can also damage plants, trees, crops and vegetation [28,29]. Staehelin et al. [30], found 

an increase by a factor of 2, in ozone concentration, between the decades of the 1950s and 

the 1990s in Arosa (Switzerland). 

The environmental protection agency (EPA), sets the limits of exposure at 70 ppb or 140 

μg/cm3 during 8 hours per day. A limit of 1 ppm for 15 minutes has been fixed as critical 

danger for human health. Due to an increase in anthropogenic emissions of O3 precursors, a 

steady rise of O3 levels has been seen, with legal limits set by the environmental agencies 

regularly surpassed every summer [1], as can be observed in the map in figure 3. Ozone 

formation is favoured by increased atmospheric temperatures. Based on this, it is expected 

that with the climate change and temperature rise, ozone can be an ever more present risk 

to human health [5]. 

 

Figure 3- Observed concentrations of O3 in 2018. The map shows the 93.2 percentile of the O3 maximum 

daily 8-hour mean, representing the 26th highest value in a complete series. 41 % (895) of all stations reporting 

O3, with the minimum data coverage of 75 %, showed concentrations above the target value for the protection 

of human health in 2018. Figure from [28]. 
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1.1.2. Office environment ozone pollution 

Indoor office pollution, where people spend a major portion of their days, is one of the 

most serious environmental risks to human health according to the World Health 

Organisation (WHO). Office equipment such as ink-jet and laser-jet printers or other laser-

based equipment can produce ozone or volatile organic compounds (VOCs) that then may 

react with oxygen to form ozone [2]. Recent studies have shown that daily exposure to high 

levels of ozone may cause DNA damage, as previously reported for operators in photocopier 

centres [6]. It is therefore, of particular importance to monitor air quality and ozone levels in 

office environments and schools, where people spend a major part of their days. Several 

studies have found that air cleaning devices may increase indoor ozone concentrations to 

harmful levels [31]. 

A periodic sampling of air quality in office environment is key to act swiftly, thus requiring 

inexpensive, easy to integrate and miniaturizable, portable ozone sensors. 

1.2. Ozone gas sensors 

At present, several conventional analytical methods such as UV absorbance, 

optochemical (chemiluminescence, fluorescence), optical, electrochemical and mass 

spectrometry methods are available for the accurate detection of ozone concentration in air 

[9,19,39,20,32–38]. However, these methods rely on a periodic sampling with large and 

expensive stationary analytical devices. Besides the high cost, their implementation to control 

air quality distribution inside office environments is simply impractical. Solid-state 

conductometric gas sensors are attracting a great deal of research to be used for ozone 

monitoring, due to their low-cost and miniaturization possibilities. A comparison of the main 

types of ozone sensors and their advantages/disadvantages are shown in table 1.  
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Table 1 - Comparison of different available techniques for ozone detection; Refs. [9,19,20,37] 

SENSING METHOD ADVANTAGES DISADVANTAGES 

UV ABSORBANCE 

High resolution; wide detection 

range; long lifetime; good 

selectivity; accuracy; quick 

response 

Periodic air sampling; large 

and expensive stationary 

analytical devices; requires UV 

source; high energy 

consumption 

OPTOCHEMICAL: 

CHEMILUMINESCENCE, 

FLUORESCENCE 

High resolution; RT operation; 

wide detection range 

Require light source; high cost; 

sensitive to temperature 

fluctuations; high energy 

consumption 

ELECTROCHEMICAL 

Low power consumption; RT 

operation; continuous 

monitoring; inexpensive 

Less sensitive than optical 

technologies; cross-sensitivity 

to toxic gases and oxygen; 

short lifetime; periodic 

maintenance (every 2 

months); limited operating 

conditions 

MASS SPECTROSCOPY High sensitivity; high selectivity 
Complex; high costs; limited to 

laboratory usage 

SOLID-STATE 

CONDUCTOMETRIC 

GAS SENSORS 

High sensitivity to ozone; low-

cost; miniaturizable; wide 

operating temperature range; 

long lifetime 

Low selectivity; drift of 

operating characteristics; high 

power consumption 

(operating temperatures 

usually above 250°C) 

 

1.3. Solid-state conductometric gas sensors 

The main advantage of solid-state conductometric gas sensors is their ease of fabrication, 

using thin films, resulting in low production costs, as manufacturing techniques are easily 

scalable. These sensors are small and usually easy to miniaturize, being the ideal candidate 

for portable devices. Their fabrication technology is also easy to integrate into sensor 

networks processing [7,8]. They lack of selectivity and, in many cases, have presented a 
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baseline drift, however they can be used as an alarm for air pollution monitoring in low-cost 

wireless sensor networks [10,11,19]. 

Polycrystalline metal-oxide materials are the reference materials used in solid state gas 

sensors, due to a combination of benefiting factors: high surface area, small crystallite size, 

cheap design technology and stability of structural and physical-chemical properties. 

Amorphous materials are generally not stable enough for gas sensing, mainly at high 

temperature. Single crystalline or epitaxial materials face technological and cost limitations 

[40].  

Several materials have been proposed as ozone metal oxide conductometric sensors, 

with In2O3 [9,41–47], ZnO [48–53] and WO3 [21,32,54–60] driving most of the attention. Yet 

these sensors have an important drawback, the high working temperature required (usually 

above 250°C). Furthermore, the resistor responsible for the heating of the sensor may drift 

over time, with a reduction of the power output, leading to a decrease of the measuring 

temperature, causing an effect in the sensitivity as the sensor ages [16]. Room temperature 

ozone sensors have been proposed, making resource to a UV light to assist the 

oxidation/reduction process at the sensor’s surface [42,48,50,58,61–63]. This introduction of 

a UV source increases the sensor cost and is not favourable to miniaturization and integration 

of the sensors into sensor networks. Besides, this solution may present selectivity problems 

towards molecular oxygen as the photoreduction promotes the dissociation of all oxidizing 

species present at the sensor’s surface [64]. Long-term stability is also scarcely discussed for 

this kind of sensors. Table 2 gives an overview of some of the most commonly used materials 

for conductometric ozone sensors based on metal oxides. Delafossite based (CuMO2 where 

M = Al or Cr) based ozone sensors have been proposed, with reversible reactions at room 

temperature [12,13]. These sensors have shown interesting response characteristics even if 

the ozone concentration used, 50 ppm is about 500 times higher than the common health 

requirements for air safety, these studies called for further studies related to the use of p-

type semiconductors into ozone gas sensing.  

Table 2 - Overview of some of the most commonly used materials for conductometric ozone sensors based 

on metal oxides 

Material Sensing Layer Sensitivity 
Detection 

range 

Working 

temperature 
Reference 

ZnO Nanorods ~ 9 at 1.2 ppm 0.1 – 1.2 ppm 250°C [53] 

In2O3 
Thin film 

10 3 − 10 4 at 1 

ppm and 300°C 

20 ppb - 1 

ppm 
200 – 300°C [9,65] 

Thin film ~ 10 20 – 85 ppb 200°C [66] 
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WO3 

Thin film 
~ 6 at 68 ppb 

and 500°C 
13 – 68 ppb 500 - 530°C [32] 

Thin film 
~ 10 2 at 800 

ppb and 150°C  
30 - 800 ppb 150 – 400°C [59] 

SnO2 Thin film 10 3 − 10 4 1 ppm 200 – 300°C [9,65] 

NiCO2O4 Nanostructures 12 at 560 ppb 30 – 560 ppb 200°C [67] 

CuO Thin film ~ 2 at 300 ppb 50 – 300 ppb 250°C  [68] 

CuAlO2 + 

CuO + 

CuAl2O4 

Thin film 
~ 10 2 at 350 

ppb and 300°C 
70 – 350 ppb 300 – 500°C [69] 

CuCrO2 Nanocrystals ~ 2 at 200 ppm 50 – 200 ppm RT [12] 

 

1.4. Metal oxide sensors: working principle and sensing 

mechanism 

Electrical properties of semiconductor oxides depend on the composition of the 

surrounding gas atmosphere. The surface conductivity of the sensor is modified by the 

adsorption of reactive gas species and related space charge effects. In oxidizing atmosphere, 

the oxide surface is covered by negatively charged adsorbates and the adjacent space charge 

region is electron depleted, increasing the semiconductors’ surface electron affinity and 

inducing a bandbending. For n-type oxides, the layer presents therefore an increased 

resistance, while for p-type oxides it presents a reduced resistance. Under reducing 

conditions, the oxygen adsorbates are removed by reaction with the reducing gas species and 

the electrons are re-injected into the space charge layers [54,57,70].  

It is generally considered, for n-type materials, that the sensitivity to ozone is due to the 

presence of surface oxygen vacancies, which induce defect states in the band gap that act as 

electron donors. The filling of the vacancies by decomposing ozone, traps free charge carriers 

producing an associated shift in resistance [32,54]. It is known that ozone is a highly unstable 

molecule that readily donates its extra oxygen atom to free radical species. Upon ozone 

exposure, absorbates are created in the film’s surface, due to the oxidizing nature of this 

species, creating a bandbending as represented in figure 4. Usually O3 is adsorbed on the 

semiconductor surface as 𝑂− or 𝑂2
−, capturing an electron from the conduction band [45,69]. 

𝑂3
−can not be ruled out entirely at relatively low temperatures. This form of adsorbed oxygen 

is highly unstable at elevated temperatures, quickly being transformed into 𝑂− or 𝑂2
−. Only 
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one work, Naydenov et al. [71], in 1995, showed the formation of 𝑂3
− on metal oxide surface 

(CeO2), at temperatures of 65°C. Using Electron Paramagnetic Resonance (ESR) spectroscopy 

the study has shown that 𝑂3
− easily dissociates into 𝑂− even at temperatures below 70°C. To 

the best of our knowledge no other authors reported the formation of 𝑂3
− [45,46]. It is still 

unknown however if ozone first adsorbs and then the molecule dissociates or the molecule 

dissociates during the adsorption, although the latter seems to be favoured in some cases 

[45,68,69]. Ozone has a much lower dissociation energy than oxygen: 1.2 eV and 5.1 eV 

respectively [72]. Ozone’s half-life is fairly short, (25 hours at 24°C) and temperature 

dependent (2.5 s at 250°C). Upon reaction with the surface of the sensors it usually easily 

decomposes. The likely adsorption equations can be described as follows [73]: 

Oxygen adsorption 𝐴𝑆 + 𝑂2 + 𝑒− → 𝐴𝑆 − 𝑂2
− (𝑎𝑑𝑠) + ℎ+ (5) 

Ozone adsorption 

𝐴𝑆 + 𝑂3 + 𝑒− → 𝐴𝑆 − 𝑂3
− (𝑎𝑑𝑠) + ℎ+ (6) 

2𝐴𝑆 + 2𝑂3 + 3𝑒− → 𝐴𝑆 − 3𝑂2
−(𝑎𝑑𝑠) + 3ℎ+ (7) 

3𝐴𝑆 + 𝑂3 + 3𝑒− → 3(𝐴𝑆 − 𝑂−(𝑎𝑑𝑠)) + 3ℎ+ (8) 

Desorption 𝑦(𝐴𝑆 − 𝑂𝑥
−(𝑎𝑑𝑠)) + 𝑛ℎ+ →

𝑥𝑦

2
(𝐴𝑆 + 𝑂2) + 𝑛𝑒− (9) 

Where AS represent the adsorption sites in the sensing layer. In equation 6, it is likely 

that 𝑂3
−, rapidly decomposes into 𝑂−(𝑎𝑑𝑠) + 𝑂2(𝑔𝑎𝑠), as this form of adsorbed oxygen is 

unstable [45,71]. In figure 4 a schematic representing a p-type semiconductor material, when 

exposed to air a) and to ozone b) is shown. 𝐿𝐷 represents the Debye length, that is the distance 

in a semiconductor over which chemical electrostatic effects can propagate. Related to 

materials physical properties, that affects the distribution of free charge carriers; 𝐿𝐷 is 

dependent on the doping as per equation 10. Debye length is a key parameter in 

semiconductor gas sensors, since it can be understood as up to which depth in the grains the 

adsorbed species will impact the electronic properties.  

 𝐿𝐷 =  √𝜀 ∗
𝑘𝑇

𝑞2𝑁𝐴
 (10) 

Where 𝜀 is the semiconductor permittivity, 𝑁𝐴 is the acceptor density and 𝑘𝑇 are the 

Boltzmann constant and temperature, respectively.  

When ozone is introduced, more species are adsorbed at the surface, increasing the 

bandbending observed. The Debye length will have a direct impact in the resistance relation 

between the Rs and Rb, that are respectively the resistance in the grain that is affected by the 

electrostatic effects of oxygen adsorbates and the region unaffected by it (schematic 

represented in figure 4). In an extreme case where the grain size is comparable to the Debye 

length, we can consider that all the grain is ionized and therefore we have Rtotal = Rs. 
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Sensor’s response to ozone is usually calculated as the ratio of the resistances measured 

in the atmospheres containing and not containing ozone, 𝑆 =  𝑅𝑜𝑧𝑜𝑛𝑒/𝑅𝑎𝑖𝑟. Most metal oxide 

sensors show a better response above 200°C, when the sites are free from molecular water 

since the hydroxyl groups may limit the oxygen adsorption, by occupying the same adsorption 

sites. For so, working at lower temperatures might lead to saturation at lower ozone 

concentrations. Wagner et al. [42], showed for WO3 the humidity interference was only 

noticeable for concentrations of ozone in the ppm range, where occupancy of adsorption sites 

by hydroxyl groups leads to a saturation of the sensors’ response at lower ozone partial 

pressure, whilst measurements using ozone concentrations in the hundreds of ppb range at 

20% and 40% relative humidity, didn’t present a significative influence of humidity. Even if at 

𝑇 ~ 100°𝐶, molecular water desorbs from the surface, hydroxyl groups may react with ozone 

to form intermediate species such as HO2 and HO3 [9]. Furthermore, these hydroxyl groups 

are known to catalyse ozone decomposition. This may lead to a weaker change in resistance 

upon exposure to ozone.  At temperatures higher than 350°C the influence of relative 

humidity becomes insignificant [9,45]. Humidity interference has been shown to have a 

strong effect on SnO2 and In2O3-based sensors and a moderate effect on WO3 sensors [21,42].  

While an increased working temperature is necessary for fully reversible measurements 

and to increase the sensing response, at high temperature (above 400°C) the desorption 

mechanism increases significantly, and the system may become less sensitive. Therefore, the 

coverage of chemisorbed species shows a maximum with increasing temperature (typically in 

the range 350° – 500 °C) [57]. This has lead in several works to show an optimum sensitivity 

temperature, where a maximum ratio of sensitivity upon ozone exposure was achieved 

[45,54,59,68,69]. Bendahan et al. [57], has shown that the optimum sensing temperature is 

dependent on the ozone concentration, for WO3 sensors. In their work, they observed an 

ideal sensing temperature of 275°C for 0.1 ppm of ozone, whilst for 1 ppm it was observed 

375°C as the optimum sensing temperature. In their review Korotcenkov et al. [9], suggests 

an optimal working temperature 𝑇 ~ 350 − 400°𝐶, for In2O3 and SnO2 gas sensors. However, 

in the literature there is a scarcity of data regarding the influence of the measuring 

temperature regarding the selectivity of the films, namely towards molecular oxygen that 

may create the same adsorbate species. 

The response and recovery time are directly related to the adsorption and desorption 

activation energies, respectively. This can be explained by considering the temperature 

dependence of the surface coverage of chemisorbed species. Since both these reactions are 

thermally activated, the response time is usually favoured at higher temperatures.  

Most sensors operate at high temperature, for this purpose it is incorporated onto a 

resistive heater together with a microcontroller [9]. Ideally the adsorption reactions are 

reversible and have an equilibrium point determined by the sensor’s working temperature, 
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however some reactions may be irreversible, leading to a poisoning of the sensor, decreasing 

its baseline resistance and its sensitivity [16]. 

Studies have shown, for metal oxides, such as SnO2, TiO2 and SrTiO3 that in the 

temperature range below 500°C, the incorporation reaction of the adsorbed oxygen atoms 

into the lattice (bulk diffusion) is very slow. Therefore, for most sensors that actuate in this 

temperature range, chemisorption is the dominant effect that controls the sensing 

mechanism, as a general rule. Only at higher temperatures (500 – 700°C range), the 

incorporation of oxygen into the lattice of metal oxides, which takes place due to oxygen 

diffusion, becomes the dominant mechanism responsible of the change of their resistance, 

[9]. 

Few studies have been reported using p-type semiconductors, that are in general further 

behind of the most commonly explored n-type counterparts but may prove to be an 

interesting alternative for ozone sensing. Studies have shown that Copper based oxides (CuO 

and CuAlO2), present a high catalytic activity for ozone decomposition [68,69]. In these works, 

it has been shown the sensitivity of copper oxides to relevant ozone concentrations, in the 50 

– 100 ppb range, albeit working at temperatures above 250°C. 

 

Figure 4 - Schematic representing the oxygen adsorbates on a grain of a p-type semiconductor sensing layer 

upon: a) exposure to air; b) exposure to ozone, depicting all the possible oxygen species formed at the surface. 

The equivalent circuit is represented with a parallel of resistors. The individual contribution of each is dependent 

on the Debye length (𝐿𝐷); c) represents the expected bandbending of energy levels at the surface, upon exposure 

to atmospheric air and to ozone; d) represents the expected behaviour for a p-type semiconductor with the 
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decrease in resistance upon ozone exposure, until a plateau has been reached and the full reversibility of the 

measurements. 

1.4.1 Response behaviour of semiconductor sensors 

The gas sensors response to target gas, has been known empirically for several decades 

to follow a power law behaviour, of the type 𝑆 =  𝐴𝑃𝑔𝑎𝑠
𝑛  , where A and n are constants and P 

is the gas partial pressure [41,45,70,74,75]. Yamazoe et al. [70], has been able to correlate 

the experimental results with the semiconductor theory, resulting in the theory of power 

laws. Hao et al. [76], was also able, combining the Schottky barrier model and the law of mass 

action to explain this power law behaviour, reaching similar results to those of Yamazoe, 

corroborating its validity. In their work they combined the depletion theory of semiconductor, 

which deals with the distribution of electrons between surface state (surface charge) and 

bulk, with the dynamics of adsorption and/or reactions of gases on the surface, which is 

responsible for accumulation or reduction of surface charges.  

Gas sensors based on polycrystalline thin-films can be approximated to arrays of grains, 

considering enhanced diffusion of gas molecules along the grain’s boundary. In cases where 

the grains are connected to their neighbour’s through grain boundaries a potential barrier 

known as double Schottky barrier is formed (figure 5 a)) [77]. The barrier plays a key role in 

determining the total resistance of the sensor. For n-type metal-oxides semiconductor, upon 

exposure to an oxidizing gas, if the adsorption of the target gas is stronger than that of oxygen, 

the surface potential barrier will increase, resulting in an increase in the resistance of the 

material. Electrons can also be transported by tunnelling when the grains are a small distance 

apart albeit not in contact. Even in this case tunnelling current is attenuated in the same way 

by the surface potential on the oxide grains [70]. 
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Figure 5 - Schematic of electron transfer in a grain conduction model: a) Double Schottky barrier b) 

Tunnelling model; c) Surface depletion layer formed by oxygen adsorption for a n-type semiconductor. From [70] 

We approximate the accumulation layer in each grain, to a 1D model as depicted in figure 

5 c), where x denotes the depth from the surface. When surface states are present at energies 

below Fermi levels in flat band conditions, in n-type materials electrons are transferred from 

the conduction band until Fermi level becomes constant (equilibrium) [70]. The resulting is a 

bandbending (depletion layer) that is described by a depth profile of potential energy of 

electrons 𝑞𝑉(𝑥), and surface potential barrier 𝑞𝑉𝑆, and depletion depth 𝑤, where 𝑞 is the 

electron elemental charge and 𝑉(𝑥) and 𝑉𝑆 are electric potential at given depth and surface, 

respectively. 𝑉(𝑥) is correlated with space charge density, 𝜌(𝑥), by Poisson’s equation [70], 

as follows: 

 
𝑑2𝑉(𝑥)

𝑑𝑥2
= −

𝜌(𝑥)

𝜀
  (11) 

Where ε is the permittivity of the oxide. For n-type semiconductors 𝜌(𝑥) = 𝑞(𝑁𝑑(𝑥) −

𝑛(𝑥)), where 𝑁𝑑 and 𝑛 are the densities of ionized donors and conduction electrons at a given 

depth, respectively. For a case where all donors are ionized completely (shallow donors), 𝜌(𝑥) 

can be approximated by an abrupt change model [78], where 𝜌(𝑥) = 𝑞𝑁𝑑, for 0 < 𝑥 < 𝑤 and 

𝜌(𝑥) = 0, for 𝑤 < 𝑥 and 𝑄𝑠𝑐 = −𝑞𝑁𝑑𝑤. 𝑄𝑠𝑐 is the surface charge density. Based on this 

model the Poisson’s equation can be solved to give an expression of 𝑞𝑉(𝑥) as follows [70]: 

 𝑞𝑉(𝑥) =
𝑞2𝑁𝑑

2𝜀
(𝑥 − 𝑤)2   (12) 
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The height of potential barrier can be expressed, as surface potential is given by 𝑞𝑉𝑆 =

𝑞𝑉(0) leading to: 

 𝑉𝑆 =
(𝑤/𝐿𝐷)2

𝑞/𝑘𝑇
   (13) 

The density of conduction electrons at the surface [𝑒] can be expressed in terms of 

surface potential as [70]: 

 [𝑒] = 𝑁𝑑 exp (−
q𝑉𝑆

kT
)   (14) 

It can be rewrote as: 

 [𝑒] = 𝑁𝑑 exp (−
(𝑤/𝐿𝐷)2

2
) = 𝑁𝑑 exp (−

𝑚2

2
)   (15) 

Where 𝑚 is the reduction depletion depth defined by 𝑚 = 𝑤/𝐿𝐷. The conductance at 

each grain boundary is proportional to [𝑒] and hence the resistance of the sensing body 

according to Yamazoe et al. [70], can be considered inversely proportional to it. 

 
𝑅

𝑅0
= exp (

𝑚2

2
) (16) 

This equation shows that the resistance is uniquely determined by the reduced depletion 

depth. If we consider the response to ozone as: 

 𝑂3 + 3𝑒− → 3𝑂−(𝑎𝑑𝑠) (17) 

The rate of accumulation of 𝑂− is given by [70,76]: 

 
𝑑[𝑂−]

𝑑𝑡
= 𝑘1𝑃𝑂3

[𝑒]3 − 𝑘−1[𝑂−]3 (18) 

Since ozone decomposition is mostly an irreversible reaction, but ozone can desorb from the 

surface as per equation 18, a steady state will be reached, where 
𝑑[𝑂−]

𝑑𝑡
= 0 

 
𝑘1

𝑘−1
𝑃𝑂3

[𝑒]3 = [𝑂−]3 (19) 

Combining the chemistry taking place in the grains surface with the semiconductor’s physics 

previously described. Assuming that there are no electrons-trapping except for 𝑂− in the 

surface, then 𝑂− would be solely responsible for the surface charge density [70,76] 

 [𝑂−] = −
𝑄𝑆𝐶

𝑞
= 𝑁𝑑𝑤 (20) 

If we combine equation 20 with 19 and 16, we can rewrite: 
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 (
𝑘1

𝑘−1
𝑃𝑂3

)
1/3

exp (−
𝑚2

2
) = 𝑤 (21) 

 𝑅0

𝑅
=

(
𝑘1

𝑘−1
𝑃𝑂3

)

1
3

𝑤
 

(22) 

The exponent that correlates the ratio of resistance, comes directly from the kinetics of 

the equation. This theoretical understanding derived by Yamazoe et al. [70], allowed to 

correlate what had been previously observed empirically with a fundamental understanding, 

explaining the power law behavior, 𝑆 =  𝐴𝑃𝑔𝑎𝑠
𝑛 . In this case if we consider that the sole 

decomposition of ozone on surface reaction is into [𝑂−], an exponent of 1/3 is to be expected. 

This formalism can be generalized as: 

 
𝑥

𝑎
𝑂3 +

𝑎

𝑥
𝑒− →

𝑎

𝑥
𝑂𝑥

− +
𝑎

𝑥
𝑝+ (23) 

From this analysis, it is possible to understand that the exponent, of the power law is 

dependent on the reaction undergoing at the surface of the sensor [45]. Table 3 schematizes 

the different possible response functions for ozone.  

Table 3 - Expected response function for O3 gas sensors [45] 

Gas Adsorbed Species Response (𝑺~𝑷𝒈𝒂𝒔
𝒏 ) 

𝑂3 

𝑂3
− 𝑺~𝑷𝑶𝟑

 

3

2
𝑂2

− 𝑺~𝑷𝑶𝟑

𝟐/𝟑
 

3𝑂− 𝑺~𝑷𝑶𝟑

𝟏/𝟑
 

 

The exponent (n) of the power law is dependent on the gas and of the catalytic reaction 

with the metal oxide. Different materials have shown different exponent responses. 

Furthermore, studies have shown the exponent to be temperature dependent [76]. Yamazoe 

et al. [70], in their work, measured a constant exponent equal to one, for WO3 based ozone 

sensors. For In2O3, Kiriakidis et al. [61], observed a linear increase in sensitivity with ozone 

concentration. Gurlo et al. [45] studied the variation of sensor response, for SnO and In2O3 

materials, working at 250°C, with 0.7 < 𝑛 < 0.5. For n-type semiconductors, CuO has been 

reported to have 𝑛 = 0.53 [68]. 
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1.4.2 Langmuir Adsorption Theory 

The interaction between the thin film and its environment is modelled by the Langmuir 

theory of adsorption-desorption balance [79]. The Langmuir isotherm has three major 

assumptions:  

• Each active site interacts with only one adsorbate molecule (monolayer coverage) 

• Adsorbate molecules are adsorbed on a finite number of well-defined localized sites 

(AS) and the saturation coverage corresponds to complete occupancy of these sites. 

• The adsorption sites are all energetically equivalent, and there is no interaction 

between adjacent adsorbed molecules. 

In that case Langmuir isotherm is represented by: 

 𝜃 =
𝑘𝑃

1 + 𝑘𝑃
 (24) 

θ is the fraction of sites that are filled on the surface with the adsorbed gas, P is the 

partial pressure of the gas and k is the reaction kinetic constant. At a given pressure the extent 

of adsorption is determined by the value of k, which is dependent upon both the temperature 

(T) and the enthalpy of adsorption. The adsorption enthalpy reflects the strength of binding 

of the adsorbate to the substrate [80]. The adsorption is proportional to the fraction of 

unoccupied sites, while desorption is proportional to the fraction of the adsorbent surface 

that is covered. 
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Figure 6- Langmuir isotherm expected dependence of coverage on pressure with increasing reaction 

constant k, reflecting either the increase in the adsorption enthalpy or a decrease in temperature. 

The equation of evolution of θ overtime can be written as [32,54]: 

 
𝑑𝜃

𝑑𝑡
= 𝑘1𝑃(𝜃𝑚𝑎𝑥 − 𝜃) − 𝑘−1𝜃 (25) 

𝜃𝑚𝑎𝑥  represents the total number of adsorption sites available. However, for the 

measurements of gas concentrations, a more relevant consideration related to the detection 

of ozone concentrations is a time-dependent dynamic model. Considering only O3, as the 

interacting gas on the surface, and assuming no initial coverage (i.e. all adsorption sites are 

unoccupied), integrating the Langmuir isotherm as a function of time, leads to the following 

expression for the fraction of adsorption sites being occupied, upon O3 exposure: 

 
𝜃(𝑡)

𝜃𝑚𝑎𝑥
= 1 −

𝑘−1 + 𝑘1𝑃𝑒−(𝑘−1+𝑘1𝑃)𝑡

𝑘−1 + 𝑘1𝑃
 (26) 

When the target gas is an oxidizing gas and the gas pressure is high enough, there can be 

competitive adsorption and displacement of species, that have to be considered [45,70,76]. 

The formalism can be readily expanded to take oxygen adsorption into account by adding 

𝑘2[𝑂2] [32]. 
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𝜃(𝑡)

𝜃𝑚𝑎𝑥
= 1 −

𝑘−1 + (𝑘1𝑃 + 𝑘2[𝑂2])𝑒−(𝑘−1+𝑘1𝑃+𝑘2[𝑂2])𝑡

𝑘−1 + 𝑘1𝑃 + 𝑘2[𝑂2]
 (27) 

The detection limit is dependent on 𝑘1 and 𝑘2. This means that materials with high 

adsorption constant for the target gas and a low one for O2 will feature smaller detection 

limits. Surface dopants, stoichiometry, polarity, or surface energy and other changes in the 

materials properties can significantly change the ratio between 𝑘1 and 𝑘2 [76], that can be 

understood as the selectivity of the materials towards ozone compared with molecular 

oxygen. 

Langmuir’s theory has its disadvantages, based on the assumption it makes: each active 

site interacts with only one adsorbate molecule (monolayer coverage); adsorbate molecules 

are adsorbed on well-defined localized sites (AS) and the saturation coverage corresponds to 

complete occupancy of these sites; the adsorption sites are all energetically equivalent 

(homogeneous), and there is no interaction between adjacent adsorbed molecules [81]. The 

first assumption (adsorbates monolayer) is only possible for low partial pressure conditions. 

According to Guerin et al. [77], the Langmuir isotherm has however a good accuracy for 

describing the adsorption theory, even more so on lower covering ratio (less than 5 × 10−3). 

Furthermore, there are possibly electrostatic interactions between the adsorbate species. 

The model has however a good accuracy when the bonding energy is comparable to a 

constant (due to the fact that all adsorbates are ionized), what is mostly the case as ozone 

sensing is mostly performed using low gas concentrations [32,77,82]. 

Other models have been proposed to study the interaction between the metal oxide 

semiconductor and the ozone adsorbates, namely the Wolkenstein adsorption theory [83], 

by Guerin et al. [57,59,77]. This model assumes, that the adsorption of an oxidizing gas species 

is carried out with two successive steps, a weak or neutral chemisorption and a strong or 

ionized chemisorption. During the first step, the bond is weak and does not involve electronic 

transfer. The second step leads to the transfer of an electron from the conduction band to 

the adsorbed species. The weak chemisorption is only limited by the number of adsorption 

sites, while the strong one is limited by the bandbending [77]. 

However, these models also present their own limitations. They cannot be solved 

analytically and only a numerical solution can be achieved, with a number of assumptions 

about the thin film [77]. The sensors are considered to consist of homogeneous stacking of 

identical grains (same size and shape, in this case the authors considered equal spherical 

grains), that each grain is single crystal, and that the resistivity of the layer results from the 

properties of only one grain [59]. It furthermore assumes that all chemical mechanisms are 

fully reversible in the whole range of temperature. All these claims are most likely not true 

for the case of polycrystalline materials, that have a wide variety of sizes and geometries. The 

authors made no studies to further justify these assumptions. As discussed, in many cases the 

reactions are also not fully reversible, mainly at room temperature. 
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Although the group proposes both models, Langmuir [54,57,84] and Wolkenstein [59,77] 

to study the interaction between ozone and WO3, no conclusions or comparisons were drawn 

in between the two and the extracted parameters. 

1.4.3 Morphology effect 

Polycrystalline materials are very complicated to study, because the electro-conductivity 

and sensing properties of the materials depends on a great number of factors. The porosity, 

grain size, active surface area, thickness, crystalline structure and conductivity are some of 

the properties that modulate the sensing characteristics (selectivity, sensitivity and response 

time) of metal oxide sensors [40,44,57,72,84–86].  

The sensing layer can either be more compact or more porous. For compact surfaces the 

gas interaction takes place mainly at the surface inducing a partly charged layer. Two 

resistances are formed in parallel. In the extreme opposite case, with highly porous layers, 

the gas may diffuse into the sensitive layer down to the substrate, bathing every grain [40,87]. 

The gas interaction can therefore take place at the surface of each individual grain, at grain 

boundaries, creating a fully charged regime depending on the grain size and doping of the 

oxide materials as per the Debye length (equation 10).  

In most cases the sensitivity will be governed by the surface layer. It has been observed 

that the sensitivity has a negative correlation with the film thickness, when all other 

parameters are kept constant, in the case of polycrystalline ZnO ozone sensors [63]. The 

thickness however can’t be thought as a standalone parameter, as it can be related with the 

porosity of the material. Thickness changes can lead to changes in the magnitude of the 

sensor’s response and the ideal operating temperature. Increases in thickness can lead to 

slower response times. Most works have pointed out the benefits of using thin films instead 

of thicker ones: increasing the sensitivity and decreasing the response times [40,88,89]. The 

morphology of the films can have an impact since it may change the number of adsorption 

sites available and so control the sensitivity of the sensor. For thin films, thickness is key, since 

the grain size has regularly a direct increase with thickness [40]. 

Chemical composition and crystalline orientation can change the ozone catalysis process 

created by the oxide. Inter-grain contacts and gas permeability can be changed depending on 

the polycrystalline shaping. Every crystallographic plane has their surface state density and 

surface energy, creating changes in the adsorption/desorption activation energy. Golovanov 

et al. [90], has shown that the adsorption/desorption for humidity changes with different 

crystalline orientation of SnO2 thin films. Gurlo et al. [45] noticed that the characteristics of 

In2O3 sensors strongly depend on the conditions of their preparation, which determines the 

structure, phase composition and indium electronic states. The surface stoichiometry 

changes the adsorption ability and controls the bandbending created by the adsorbates [40]. 
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In general, metal oxide conductivity is described using a grain model [74,75,77,91–95], 

according to which, there are Schottky type contacts with the height of potential barrier 

depending on the surrounding atmosphere, such as represented in figure 7. The conductivity 

of the 3D networks of grains is controlled by the intergrain resistance contacts, as follows 

[40,72]: 

 𝑅 ≈ exp (
𝑞𝑉𝑠

𝑘𝑇
)  (28) 

Where VS is the height of the Schottky barrier at the inter-grain boundary, which can be 

modified with the adsorbed species. In general, it is established that a decrease in the grain 

size in metal oxide semiconductors should lead to an increased sensitivity of the sensors. A 

special strong increase has been shown, when grain sizes are comparable to the Debye length 

(extensive review can be found by Korotcenkov [40]). If we consider 𝐿𝑆, as the width of surface 

space charge region, as in equation 29, if 2Ls is larger than the grain size, then every grain will 

be fully involved in the space charged layer. This will mean when the model represented in 

figure 4 is considered, that the contribution of 𝑅𝑆 is total. 

                    𝐿𝑆 = 𝐿𝐷√
𝑒𝑉𝑆

𝑘𝑇
 (29) 
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Figure 7 – Schematic model of the microstructure and energy bands, representing the potential barriers of 

the interface region between grains. 

In most studies the grain size decrease has consistently shown an increase in sensing 

behaviour [61]. Vallejos et al. [21], claims that for WO3 gas sensors it can be observed a clear 

impact on the sensors response based on the grain size and the number of free bonds. It was 

noted that a decrease in grain size from 24 to 17 nm promoted an increase in sensor response 

by a factor of ~ 2. For ZnO it was reported the decrease in sensitivity of the sensors with the 

increase in grain size [48,50]. Comparisons between micro and nanocrystals for p-type CuCrO2 

have shown an increase in response of 2.5 times, when nanocrystals are used [12]. Decrease 

in grain size, from 60 to 10 nm in In2O3 thin films has shown a considerable decrease in the 

response time, albeit not in the recovery time [65]. Some works have tried to correlate the 

grain size (D), with sensitivity. Rothschield et al [96], predicted that the sensitivity is inversely 

proportional to the grain size 𝑆 ~ 𝐷−1. However, this hasn’t been corroborated by other 

authors, such as Suchea et al. [49,97], who observed a higher inverse dependence. 

Korotcenkov et al. [72], observed a dependence up to 𝑆 ~ 𝐷−3, in the range 10 to 50 nm with 

In2O3 thin films. The sensor behaviour sensitivity dependence, results from more than 

changes in grain size. The property engineering present to change the grain size, may involve 

the change of other properties, such as the porosity, the stoichiometry of the grains and the 

surface energy of the surface. These properties can affect the sensing behaviour. It has been 
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further shown by Korotcenkov [65,72], that In2O3 thin films show a much greater dependence 

on the grain size than SnO2 based ones. In some cases, in these films, a quadratic kind of 

behaviour was observed, where a minimum has been reached at about 40 nm and either an 

increase or decrease of grain size proved to have an increase in sensitivity. According to the 

author this is due to the fact that the decrease in grain size is obtained by changes in the 

deposition temperature, that leads to a lower porosity. Liu et al. [88], observed that for films 

annealed at 500°C, despite the grain size increase the sensors performance increased due to 

the increase of porosity. 

There are several routes of controlling the films properties, namely its grain size and 

porosity: by changing the deposition parameters or technological route, by post deposition 

thermal annealing, exposure to different atmospheres, via chemical attacks or etchings, in 

between others. Figure 8 schematically represents methods of thin film property engineering 

that can be used to change the properties of the sensing layers. The key is to understand 

which other parameters are also being modified simultaneously that can affect the sensors. 

Determining which parameters are among the most important ones in a gas sensor 

depends on many factors, including the technological routes during the synthesis of the 

sensing layer and the thermal budget/atmosphere of the post-deposition treatments (when 

considering annealing). In general, it is impossible to determine in advance which parameter 

of the sensing layer will be the most effective to increase the gas sensitivity. The different 

parameters cannot be simply looked in a vacuum because they are mostly interdependent. 

The process of changing one of the properties of the material will invariably lead to changes 

in one or more of the other properties. Changes in the grain size can induce other changes 

such as [72]: tendency to agglomeration [98], porosity [88,99], specific surface area [100], 

transport and electronic properties [101], surface state density [102], crystalline structure 

[103,104], stoichiometry [105], adsorption capabilities [106,107] and the catalytic activity 

[107,108]. All these interdependencies on possibly inverse effects of the thin film sensing 

response, make it complicated to predict in a generic way the ideal parameters to be 

optimized for gas sensing [40]. These parameters will be always dependent on the sensing 

layer, the technological route and the gas to be detected. 
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Figure 8 - Diagram illustrating methods of thin film property engineering that can be used in solid state gas 

sensors. Inspired from [40] 
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1.5. Delafossite Materials 

Generally, high electrical conductivities and wide energetic bandgaps - leading to high 

optical transparencies - are sought for high figure of merit Transparent conductive oxides 

(TCOs), but seemingly mutually exclusive properties. TCOs are exceptional materials, 

combining high electrical conductivity, optical transparency and reasonable electrical 

mobility. Depending on the donor (electrons) or acceptor (holes) level in the bandgap of such 

material, they are either n- or p-type, with carrier concentration (𝑛) and optical bandgap (𝐸𝑔) 

typically above 1020 cm-3 and 3 eV, respectively. The most employed TCOs at industrial scale 

– Sn-doped In2O3 (ITO), Al-doped ZnO (AZO) and F-doped SnO2 (FTO) – have n-type 

conductivity; among them, ITO stands out with electrical conductivity around 104 S.cm-1 and 

transparency above 80 % in the visible range  [109,110]. N-type TCOs have been reported and 

explored for more than half a century and they dominate the transparent electronics market, 

with their two main applications as transparent electrodes for flat panel displays and 

photovoltaic cells; and as active layer for transparent thin film transistors (TFT), UV light 

emitting diodes (LED), gas sensors and other transparent electronic devices [111]. However, 

challenges are still faced to find a matching p-type counterpart (extensive reviews can be 

found in [112,113]). The evolution of a capable p-type TCO would open a new era in 

transparent electronics, by promoting the fabrication of transparent active devices such 

transparent p-n junctions (diodes) [113,114] and complementary transistors [115,116] . This 

would open a new range of transparent electronics applications including: smart windows 

[117–120], transparent UV LEDs [121,122], heterojunction solar cell [123,124], advanced gas 

sensors [114,125–129], electromagnetic shielding [130]. 

A multitude of materials have been proposed as p-type TCOs, such as: ZnO [131,132], 

In2O3 [133], doped [134,135] or non-doped NiO [136], SnO [137–139] and β-Ga2O3 [140–142], 

mixture of In2O-Ag2O [143]; layered oxychalcogenides (LaCuCh, Ch = S [144–146],  Se [147]); 

spinel oxides (NiCo2O4 [148,149], ZnCo2O4 [150,151] ZnIr2O4 [150] and ZnRh2O4 

[150,152,153]); SnSeO [154]; Ba2BiTaO6 [155]; SrCu2O2 [121,156–158]; LaCrO3 [159] and 

doped Cr2O3 [160,161]). Among the different p-type candidates, delafossite materials have 

shown promising conductivities and consistent optical transparency over the visible range as 

well as a very good stability in air (see reference [162] for an extensive review). 

1.5.1. Delafossite properties 

The challenge in improving optoelectronic properties of these p-type TCOs arises from 

their intrinsic electronic structure. The valence band edge of most oxide materials is 

composed by strongly localised oxygen 2p levels, owing to its large electronegativity [163]. 

These levels lie far lower than the valence orbital of the metallic atoms, leading to a non-
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dispersive valence band maximum (VBM); the high-electronegative oxygen atoms trap the 

holes, resulting in flat energy bands, therefore impeding the introduction of shallow acceptors 

and a high effective hole mass, leading thus to poor transport characteristics [163,164]. In a 

p-type crystalline solid, a few aspects might be considered to favour a considerable hole 

concentration:  

i) a low formation energy of point defects that produce holes (e.g. native acceptors such 

as cation vacancies or oxygen interstitials).  

ii) small ionisation energy of these defects, to release holes (i.e. a shallow acceptor level 

with respect to the host valence band).  

iii) and most importantly, high formation energy of native defects that annihilate holes 

(e.g. native donors such as anion vacancies) [165],[166],[167]. 

Amidst all investigated p-type semiconducting materials, those having a delafossite structure 

were thoroughly investigated due to their interesting properties with applications in various 

fields. 

Delafossite materials triggered a lot of interest as p-type TCOs candidates since 1997, 

when Kawazoe et al. [158,168], successfully fabricated a stable p-type undoped delafossite 

CuAlO2 with a considerable conductivity (0.95 S.cm-1) at the time. Although the value was 

about 3 orders of magnitude smaller than state-of-the-art n-type TCOs, the results were 

promising [158,169]. They proposed a strategy - the so-called chemical modulation of the 

valence band (CMVB) - for broadening the valance band and consequently achieve lighter 

effective mass/ higher carriers mobility [165]. Within this approach they outlined three 

criteria that must be met to manipulate the valence band edge of p-type TCOs without 

compromising their optical transparency. First, the energy levels nd of the shell of metallic 

cations and O 2p should be similar to promote hybridization, forming strong covalent bonds, 

resulting in a more dispersive valence band edge pushed up above the bonding O 2p or 

metallic cations nd states that furthermore ameliorates holes delocalisation, increasing the 

material mobility. Second, these levels should have closed electronic shells (nd10) to avoid any 

coloration due by d-d excitations. Additionally, the coordination around oxygen atoms anions 

shall be tetrahedral, allowing to pair electrons in 2s and 2p orbitals of oxygen to bond with 

two other atoms; this configuration reduces the strong localisation of the carriers at the 

valence band maximum (VBM) [166]. From the theoretical point of view, the achievement of 

a p-TCO with improved characteristics relies on the delocalisation of the VB by promoting the 

orbital hybridization between metal cations nd10 and O 2p orbitals. This model explains thus 

the higher holes mobility (above 1 cm2 V−1 s−1) achieved in this type of materials when 

comparing with other p-type TCOs. 

Delafossite materials are ternary oxides compounds, with a layered structure AMO2, 

where A and M are monovalent and trivalent cations, respectively. The A cations have small 
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size, favouring a linear (II) coordination; M cations and O anions have coordination (VI) and 

(IV), respectively.  This structure allows to meet all the required criteria to modulate the VBM:  

the A cation has a closed-shell energy level close to (just above) the O 2p level; M cations have 

a closed electronic shell nd10; and oxygen ions with tetrahedral configuration. The A cation is 

a noble metal d10 cation, generally Ag, Cu, Pd and Pt; the latter two are known to create 

“metallic” delafossites [170,171]. Ag-based delafossites (AgBO2) have  been reported, but the 

deposition processes are very difficult and low electrical conductivities have been achieved 

until now [172–176]; despite that, these materials have shown promising results for 

biomedical applications due to their antimicrobial properties. Cu-delafossites have attracted 

attention due to their expected large hole mobility, resulted from the mixing of Cu 3d and O 

2p states forming the valence band. It has been reported that the delafossite structure allows 

to host a multitude of M cations, namely p-block elements (Al [158,168,177,178], B [179–

181], Ga [158,174,182,183] and In [184–187]), transition metals (Cr [188,189], Sc [190–192] 

and Y [191,193–195]), or lanthanides (La, Nd and Eu). These materials were thoroughly 

investigated as they demonstrated interesting antibacterial, (photo)catalytic [196–200], 

electrical, magnetic [201–205], multiferroic [206], optoelectronic [207,208], superconducting 

[209] and thermoelectric [196,202,210] properties. Among the Cu delafossites, copper 

chromium oxide delafossite (CuCrO2) has been considered a promising candidate p-type TCO, 

due to covalent mixing between Cr3+ and O2-, high density of Cr 3d states near the VBM, wide 

bandgap, reasonable optical transparency and tuneable properties by allowing doping 

substitution with aliovalent and/or isovalent cations at the Cr site [176,189,211–216]. In 

addition, it has the lower synthesis temperature and a favourable thermal stability in air 

among all delafossites. 

1.5.2. Delafossite crystalline structure 

The CuCrO2 delafossite structure is composed of two alternating layers: a close-packed 

layer of slightly distorted edge-shared CrO6 octahedra sandwiching planes of close-packed Cu 

cations, in dumbbell-shape linear coordination to oxygen anions in the adjacent CrO6 layers 

[217–219]. The Cr cation is located in a distorted edge shared CrO6 octahedra with Cr as 

central position with a nominally +3 oxidation state. The oxygen ion is in pseudo-tetrahedral 

coordination with one Cu and three Cr cations. In a simpler way, the delafossite structure can 

be visualized as consisting of two alternating layers: a planar layer of Cu cations in a triangular 

pattern and a layer of edge-sharing CrO6 octahedra flattened with respect to the c-axis. 

Depending on the orientation of each layer in the stacking, CuCrO2 has two polytypes: 

ABABAB stacking leads to hexagonal α-2H polymorph (P63/mmc) [ICDD PDF 04-010-329] 

[220], whereas ABCABC leads to the rhombohedral α-3R polymorph (R-3m) [ICDD PDF 04-

010-330] [221]. In the primitive rhombohedral cell, there are only four atoms: one Cu, one Cr 

and two O atoms [222,223]; however, the hexagonal cell is conventionally used to describe 
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rhombohedral structures [224]. Within the Cu based delafossites, the CuCrO2 has relatively 

small a-axis and c-axis (a = 2.97-3.05 Å and c = 17.09-17.10 Å for rhombohedral crystal 

structure).  

 

Figure 9 - Delafossite structure a) 2H polytype, P63/mmc space group symmetry; b) 3R polytype, R3¯m 

space group symmetry (rhombohedral unit cell). Adapted from [225].  

It has been reported that the crystalline structure of delafossites has a large anisotropic 

electrical conductivity, with the in-plane (ab) conductivity (σab) being far larger than along the 

c-axis   (σc); [189,211,226–230]. CuCrO2 was reported with a resistivity ratio of ρc/ρac ≈ 35  at 

300 K, implying that [CrO2] and/or [Cu+] planes are better conducting path than Cr-O-Cu along 

c-axis [231]. According to electronic structure calculations performed for CuCrO2 [232], the d 

orbitals of Cr3+ are mainly contributed near the Fermi level as compared to those of Cu+, which 

could imply that the carriers would be mainly in the Cr planes rather than in the Cu ones. An 

increase in the (00l) orientation implies a greater presence of Cu+ (ab planes) in the 

conduction path [232]. The effective mass is also affected by the B cation: a higher radius B 

leads to a larger ab lattice constant, increasing the Cu-Cu distances, reducing the VBM 

dispersion and therefore a higher effective mass, justifying the lower mobilities in delafossites 

compared with Cu2O [112]. Nagarajan et al. reported that a B cation with smaller ionic radius 
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tends to decrease the lattice parameter in the Cu+ plane, increasing the overlap of Cu d orbital, 

hence improving the mobility [188]. However, results reported by Marquardt et al. [233] 

contradict this theory, where they measured a conductivity of 4x10-4 S.cm-1 for CuAl1-xMgxO2, 

much lower for the reported one for CuCr1-xMgxO2 by Nagarajan et al. (220 S.cm-1) and 

considering that Cr has a larger ionic radius than Al [193]. 

Delafossite  has been consistently proposed to exhibit electrical transport limited by 

small polaron hopping [111,191,234–239]. This can be justified by the high effective mass, 

due to the polaronic interaction between carriers and the lattice [240]. In the case of small 

polaronic conduction, the distortion of the lattice extends over distances smaller than the 

lattice constant. The strong interaction between the lattice and the carrier, makes the latter 

become trapped by their own polarization [241]. Polaron conduction is characterized by 

hopping properties [242]. In contrast to other conduction mechanisms, lattice vibrations do 

not inhibit conduction but rather allow it, like as in ionic conductivity. Bywalez et al. [239], 

observed that the delafossite Seebeck coefficient was temperature-independent. This is in 

agreement with the theory of Nell et al. [243], that concludes that the small polaron 

conduction is characterized by a temperature-independent Seebeck coefficient. Similar 

results have been achieved by Ingram et al. [244] and Sinnarasa et al. [238]. The fact that the 

conductivity is thermally activated while the thermopower is temperature-independent is 

indicative of small polaron conduction [245]. In the case of small polarons the electrical 

conductivity is given by Mott and Davies [246]: 

 𝜎 =
𝐴𝜎𝑝

𝑇
𝑒

𝐸𝜎𝑝

𝑘𝑏𝑇 (30) 

Where 𝐸𝜎𝑝 is the activation energy for polaronic conduction, 𝑘𝑏 is the Boltzmann 

constant and 𝐴𝜎𝑝 is a constant. 

CuCrO2 is a p-type semiconductor transparent to visible light, with a direct optical 

bandgap in the range of 2.95 - 3.30 eV [247].   It should be noted that in Cr d-d transitions are 

possible, inducing some coloration and decreasing transparency. The energy level of Cr3+ ions 

from partially filled 3d shell will split into several levels according to the ligand field theory, 

the excitation of electrons from the lower to the upper of these levels could happen by 

absorbing photons in the visible range [248]. 

1.5.3. Delafossite deposition 

Delafossites exhibit electrical conductivities ranging from insulating to semiconductive. 

Their electrical properties can be tuned, through different processing approaches, deposition 

techniques and conditions [233]. A myriad of deposition methods for CuCrO2 have been 

reported, namely atomic laser deposition (ALD) [249], chemical vapour deposition [250], 

pulsed laser deposition (PLD) [205,251,252], sol-gel [253,254] , solid-state reaction 
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[196,199,255], spray pyrolysis [256,257] and sputtering [258,259]. Sol-gel techniques are 

more difficult to prepare high-quality films owing to the evaluation of thermodynamic and 

kinetic stability; nevertheless they are claimed to be more flexible regarding composition and 

stoichiometry control [218]. In some methods, such as ALD [249] and sputtering [238,258], 

annealing at high temperatures is needed to fully convert the parasitic phases (CuO, CuCr2O4 

and Cr2O3) to the CuCrO2 phase [223,226,238,260–266]. 

Pure (undoped) delafossite materials have relatively low conductivity (≈ 10-4 S cm-1), due 

to low acceptor defects concentration [267]. There are usually two routes for CuCrO2 thin 

films doping, intrinsic doping [154,258,268]: which is attributed to copper vacancies 

[229,230,269] and oxygen interstitials [190,194]; and extrinsic doping of which Mg 

substitution on the chromium sites is the most common [210,239,259,270–274], but also Fe, 

N, Al or Zn can be considered [203,275,276]. As shown by Chikoidze et al. [277], increasing 

Mg content will decrease oxygen vacancies and so enhance hole concentration, up to a 

maximum at 5% Mg. The same work shows an increase in conductivity up to 3 orders of 

magnitude with Mg concentration of 4.7%. 

1.5.4. Delafossite post-deposition treatment 

Post-deposition thermal treatment has been reported in delafossite for different 

purposes. Besides the conversion of parasitic phases to pure phase delafossite, when these 

are present, annealing the films may reduce the carrier concentration and increase 

transmittance values in the optical region up to 20% [260,262,265,278], as well as increase 

the crystalline quality. Changes of morphology and grain size have also been observed [200]. 

The preferred orientation (001) of CuCrO2 films strengthens with increased temperature 

[265,279]. The optical bandgap of delafossite seems not to be affected by annealing processes 

[278]. Still in the literature there is a lack of quantitative studies, when it comes to CuCrO2 

without extrinsic doping, on the influence of the annealing processes on the electrical 

properties of the films. 

1.5.5. Delafossite based gas sensing 

CuAlO2 delafossite thin-films, were first proposed in 2004, by Zheng et al. [13], as one of 

the first p-type semiconductor ozone sensors. They showed a sensitivity to ozone and 

reversible measurements using 0.1% ozone diluted in oxygen. Although this concentration is 

at least one million times bigger than the one that is required to be measured to be purposely 

used, it was still an important step in a direction of a low-cost p-type ozone sensor. When the 

ozone production was stopped, there was a recover of the baseline current. In figure 10 b) 

they presented the resistivity upon introduction of O2 and Ar, showing no influence of these 

two atmospheres. The base resistivity seems however decreased when compared with the 



47 
 

base resistivity present in 10 a). In figure 10 c), they compared the influence of different film 

thicknesses, leading to the best response, for 0.1% of ozone, at 450 nm thick films. No further 

conclusions were drawn regarding the porosity change or other parameters with the different 

thicknesses. 

 

Figure 10 - Room temperature measurements by Zheng et al. [13], showing: a) reversible responses to 1000 

ppm of ozone; b) response to O2-Ar-O2 cycles; c) comparison between different thin film thicknesses, with 

optimized response at 450 nm 

Later on, in 2009 [12,280,281], it was studied, the effect of ozone on CuCrO2 thin films. 

In these works, it was compared the response of thin films prepared by PLD and thick films 

sintered using the sol-gel method, with a favouring of the latter. The author claims that PLD 

smooth and dense surface is the reason behind lower sensitivity compared with sol-gel that 

is prone to greater number of impurities. In their work [281], no thickness values or other thin 

film properties were studied, that would be key to enable this further discussion. Further on 

they compared the response of nanocrystals (10 - 80 nm) and microcrystals, when injecting 

different concentrations of ozone (50 ppm – 200 ppm), diluted in oxygen. The responses, 

depicted in figure 11, showed a clear improved response for the nanocrystal-based sensors, 

what the authors attributed to the increased surface area of sensing. In their work, no 

selectivity, or response comparisons were drawn in between oxygen response and air. 
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Figure 11 - Room temperature measurements by Zhou et al. [13], showing the response to increasing ozone 

concentrations of: a) CuCrO2 nanocrystals and b) CuCrO2 microcrystals. 

Nevertheless, the authors were able to show reversible measurements down to 50 ppm 

of ozone. In another work [280], they compared the results of different delafossite materials: 

CuCrO2, CuAlO2 and CuYO2, with the first two showing very similar responses.  

These results were a first step in the direction of integration of CuCrO2 layers into gas 

sensing, in specific ozone sensing at low temperature (ideally at room temperature). Many 

limitations and a lack of data is still patent. The lowest studied ozone concentration was 50 

ppm, with a sensitivity of 40%, whilst the limits imposed by the health agencies situate at 70 

ppb for 8-hour exposure and 1 ppm can be considered immediate danger. There is still a gap 

of concentration to be filled of about 3 orders of magnitude. Furthermore, in these works, 

the authors scarcely related the material properties, electrical and morphological with the 

sensing responses. Selectivity was also barely addressed. 

1.6. Conclusions 

In this first chapter it was explored the ozone pollution dangers and presented the state 

of the art for ozone sensing. In particular, due to their small size and their potentially ease to 

be integrated into devices enabling the deployment of sensor networks, conductometric gas 

sensors were reviewed. In table 4, a comparison of different technologies for ozone sensing 

fabrication and the key features for usage in low cost sensor networks for air pollution 

monitoring is provided. Spectroscopy based sensors, have the best sensitivity and selectivity 

performance. They are however large equipments, expensive and impractical for integration. 

Optochemical based sensors, rely on change of optical properties of the materials used, upon 

ozone exposure. They suffer from cross-sensitivity problems and require an external light 

source, decreasing its integration potential.  
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Electrochemical based ozone sensors present good sensitivity to ozone. However, these 

sensors have a limited range of operation, since they need to be recalibrated upon changes 

of relative humidity and are quite susceptible to changes in oxygen content or other oxidizing 

gases [18,282]. These sensors are cheap to produce, but the periodic calibration and 

maintenance of the membrane and electrolyte required, drive up the long-term cost. The 

temperature range is also limited, as electrochemical sensors are temperature dependent. 

Indeed, conductometric metal oxide ozone sensors seem to be the most promising for 

integration into this kind of devices. These can be split into two categories: standard 

conductometric ozone sensors, that work high temperature (usually above 250°C), thus 

increasing the power consumption due to constant heating and require a preheating time, up 

to 48 hours and photo-assisted conductometric ozone sensors, that albeit having the 

potential of working at room temperature require a UV-source, decrease the sensors 

selectivity and its integration potential. There is however still a strong lack of products based 

on conductometric gas sensors on the market. 

Table 4 - Comparison of key features of different technologies used for ozone sensors for usage in low cost 

sensor networks for air pollution monitoring 

 

In this work we are focusing on CuCrO2, due to its promising electro-optical properties, 

low cost synthesis, possible miniaturization and preliminary studies indicating its capability to 

detect ozone at room temperature (even if the reported ozone concentrations are almost 3 

orders of magnitude larger than desirable). The properties of p-type delafossites in general 

and CuCrO2 in particular have been discussed. In comparison with others p-type TCM, the 

delafossite CuCrO2 materials developed in LIST exhibit one of the highest trade-off: electrical 
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conductivity - visible transparency, with conductivities up to 100 S/cm and transparencies of 

about 50% in the visible range. 

Off-stoichiometric copper-chromium-oxide, chromium rich, has been explored in the 

group [263,283–285], reaching some of the best electronic properties for undoped materials. 

Its conduction mechanism is directed by copper vacancies and unsaturated bonds. This makes 

it an interesting candidate that has never been deeply investigated for low temperature 

ozone sensing applications. 

Films will be deposited by metal organic chemical vapour deposition (MOCVD), and the 

deposition parameters will be tailored in order to obtain different thin film properties. Post-

deposition thermal annealing is another mechanism that will be on-purpose employed for the 

film property engineering. The interplay between the film’s properties and the sensors 

response will be studied.  

A deeper investigation and understanding of the chemistry and the kinetics of the 

reaction undergoing at the surface of the film will be studied to propose scientific rationales 

driving the sensing mechanisms of ozone onto off-stoichiometric copper-chromium-oxide, 

using the described power law behaviour, giving us insights of the reactions undergoing at 

the surface and a dynamic model based on the Langmuir theory of adsorption with the 

extraction of relevant kinetic parameters. Near ambient pressure X-ray photoemission 

spectroscopy (NAP-XPS) studies will give further insight about the ozone-delafossite reactions 

and its key feature drivers. 
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2. Experimental Methodologies 

In this chapter, we present the original techniques developed during this work as well as 

the characterization techniques used. The core of this project is to develop conductometric 

gas sensors, based on off-stoichiometric copper chromium oxide, that are able to detect 

ozone concentrations in the tens/hundreds of ppb range. For this purpose, we have 

developed a totally new gas sensing setup, with the incorporation of ozone generators and a 

probe station. We furthermore took steps to introduce technological developments that can 

be key for the integration of delafossite thin films into active devices. These technological 

steps may allow new device architectures, leading to more complex gas sensing devices, such 

as p-n junction or back gate transistors-based sensors. 

In a first part we describe the original techniques used. Firstly, is discussed the setup 

developed for gas sensing. Next, we discuss the thin film synthesis, using metal organic 

chemical vapour deposition. We then discuss the novel experiment in collaboration with Max-

Planck institute in Germany, making resource to NAP-XPS, with the introduction of in-situ 

ozone, allowing us to study the interactions between the ozone molecules and the thin films 

surface. The preliminary research regarding Cu0.66Cr1.33O2 etching is also discussed. 

The sensor fabrication is discussed in the first part of this chapter, leading to the sensors 

schematically represented in figure 12. In this drawing: 1 - represents the substrate, in this 

case sapphire and silicon were used. 2- is the delafossite thin film. Its thickness was changed 

between 32 and 150 nm and is represented by ‘e’ in this schematic. The gold contacts (50 nm 

thick) are represented by the number 3. The gold contacts are then connected to the electrical 

setup (number 4), where a constant voltage is applied (1 V) and the current is measured. The 

distance between the pads (L) was kept constant at 500 μm, during this work. 
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Figure 12 - Schematic drawing of the delafossite based sensor and the electrical measurements in the probe 

stage. 1 – Substrate, 2 – Delafossite thin film, 3 – Gold contacts, 4 – electrical apparatus, e -delafossite thickness, 

L – distance between contacts (500 μm). 

The sensors properties were tuned by means of thermal annealing, which is discussed in 

sub-chapter 2.5. For the sensor fabrication, patterning processes were necessary, such as 

discussed in sub-chapter 2.7. 

A p-n junction was fabricated, with copper-chromium-oxide and zinc oxide. The latter 

was deposited using atomic layer deposition (ALD), as is discussed in sub-chapter 2.6.  

For the thin films and sensors characterization several techniques had to be used to 

extract important physical and chemical information, such as SEM, XRD, Raman, AFM and 

different electronic measurements (mainly I-V and Seebeck measurements). 

2.1. Ozone setup development 

An important part of this work was marked by the development of a gas testbench that 

allowed precise measurements of low ozone concentrations diluted in model gas. At the 

beginning of this project, no gas sensing measurements had been realized at LIST. Many of 

the studies here present were first developed in the WELCOME platform of the Université 

Catholique de Louvain-La-Neuve in Belgium. During the duration of the project, we have 

successfully created a gas sensing testbench that is fully operational, being currently used by 

several users of different projects. This involved: getting different quotations, run demos, 

installing the equipment and testing it. This is one of the important experimental 

accomplishments of this project. 
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For the development of this setup, a Linkam HFS359EV-PB4 model probe station, as 

shown in figure 13, was used. This probe stage was chosen due to the wide temperature range 

possibilities, from -195° to 600 °C and its small volume (~ 50 𝑐𝑚3). This allowed us to make 

electrical measurements under controlled atmosphere and temperature. A limitation of this 

system is the manual placement of the probes, leading to necessarily large contact pads 

(ideally at least 500 x 500 μm2). The ozone was generated from dry air, injected directly from 

a bottle, with a controlled flow. Analytik Jena UVP ozone generators (figure 14), 97-0066-01 

and 97-0067-01, were used. The ozone generators are based on the photochemical reaction 

of ozone under shortwave UV (185 nm) to produce a continuous flow of ozone. A unit consists 

of a stable source of 185 nm radiation, based on a pen-ray mercury discharge lamp, a quartz 

reaction duct and radiation housing. This system, coupled with an appropriate supply of dry 

air or oxygen of uniform flow rate, will provide a stable source of ozone for hundreds of hours 

of operation. A graduated shield is used, for an accurate control of the length of exposed 

lamp, controlling the ozone concentration in the gas flow injected in the chamber. The 

calibration curves under dry air flow can be seen in figure 15. Two ozone generators are used 

to cover a wide range of ozone concentrations. While the first can produce concentrations 

from 50 to 600 ppb with a flow of 1 sccm/min of air, the second can produce concentrations 

up to 2.5 ppm, under the same conditions. Concentrations up to 5 ppm of ozone are possible 

by substituting the inlet of air by pure oxygen. This allows to control a wide range of ozone 

concentrations in the most relevant range for human life, i.e. from 50 ppb to 5 ppm.  
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Figure 13 - Linkam HFS359EV-PB4 with testing delafossite sample with gold pads. 
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Figure 14 – a) Analytik Jena UVP ozone generator 97-0066-01; b) Analytik Jena UVP ozone generator 97-

0066-02; c) Sierra mass flow meters for accurate gas flow control. 

 

Figure 15 - Calibration curve under a constant flow of dry air for Analytik Jena UVP ozone generators (figure 

12), 97-0066-01 and 97-0067-01. 

A schematic representation of the gas sensing testbench is shown in figure 16. The gas is 

flown from the dry air bottle into a mass flow controller and through the ozone generator 

with a fixed aperture that allows a precise control of the ozone concentration. The ozone 

diluted in dry air is then flown into the probe station where the reaction takes place. The 

electrical measurements are done using a high impedance Keithley 2634B. The small chamber 

size, coupled with the room temperature gas flow, leading to an ozone half-life of 25 hours, 
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leads to a safe assumption that the ozone present inside the chamber, will be in the range 

given by the calibration curve of the ozone generator. PTFE tubbing was used for all 

connections, as it a material that does not assist in ozone decomposition. 

 

Figure 16 - Schematic of gas sensing testbench, with dry air being used; its flow controlled by a mass flow 

meter will pass through the ozone generator with a given aperture for a controlled ozone concentration. Lastly 

it will flow into the probe station where the ozone exposure to the delafossite will take place and the electrical 

measurements performed. 

2.2. Metal Organic Chemical Vapour Deposition 

Delafossite films were deposited using a Dynamic Liquid Injection - Metal Organic 

Chemical Vapour Deposition system (DLI-MOCVD), MC200 from Annealsys (Figure 17), which 

is a stagnation point-flow warm-wall reactor. 

Chemical vapour deposition (CVD) is based on the injection of precursors (can be in solids 

sublimated, liquids evaporated or gases) that are transported to the chamber by a carrier gas 

and then can be mixed with other gases, such as oxygen for the formation of oxides. These 

gaseous reactants react or decompose into the substrate. This produces solid clusters in the 

solid-gas interface, creating a coating. In the case of Metal Organic CVD, metalorganic 

precursors are used, which are constituted of metal atoms bonded to organic radicals. 

Dynamic liquid injection refers to the fact that the precursors are actually injected in the liquid 

form. The precursors are kept under high pressure, 5 Bar and upon entering the reactor, the 

sudden decrease in pressure leads to a flash evaporation. 

The used copper and chromium precursors are bis[2,2,6,6-tetramethyl-3,5-

heptanedionato] copper(II) and tris[2,2,6,6- tetramethyl-3,5-heptanedionato]chromium(III), 

respectively (Cu(thd)2 and Cr(thd)3, Strem Chemicals). Cyclohexane solutions with a total 

precursor concentration of [Cu(thd)2] = [Cr(thd)3] = 2,5 mM were used. The total canister 

solution used was 1.075 g Cu(thd) + 1.5 g Cr(thd) diluted in one liter of Cyclohexane. The gas 

carrier used is N2.  
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Deposition parameters were optimized as discussed in chapter 3. A table representing 

the best parameters, that were used for the deposition of the sensors studied in chapter 4, is 

presented. 

Table 5 -Parameters used for delafossite deposition for ozone sensors studied in chapter 4. 

Parameter Value 

Substrate temperature 450 °C 

Reactor pressure 12 mbar 

Precursor flow 2 g/min 

Gas flow 2000 sccm 

Gas carrier flow 350 sccm 

Injector frequency 2.5 Hz 

Rotation of Substrate holder 10 rpm 

Ratio of Precursors in solution (Cu/Cu+Cr) * 0.5 

Deposition Time 450 – 1800 s 

 

Figure 17 - Annealsys MC-200 DLI-MOCVD used for the growth of our delafossite thin films 
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2.3. In-situ ozone NAP-XPS analysis 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that provides 

valuable quantitative and chemical state information based on the photoelectric effect. The 

average depth for XPS measurements is usually up to 5 nm, with exponential weighting of the 

surface signal. XPS allows for the quantitative determination of the elemental composition, 

binding state and oxidation state [286]. The depth of the measurements is dependent on the 

elements analysed, as per their electron inelastic mean free path (λ), as represented in figure 

18. In the case of Cr, O and Cu, one inelastic mean free path of 1.5 ± 0.3 nm is expected. This 

can be understood as that 66% of the signal comes from the top 1.5 nm, whilst 95% comes 

from the top 3 nm. 

XPS spectra are obtained by exciting the sample surface with single energy Kα X-ray 

causing photoelectrons to be emitted from the surface, while simultaneously measuring the 

kinetic energy of electrons that are emitted from the material. The kinetic energy of the 

electrons depends upon the photon energy emitted by the x-ray source and the binding 

energy of the electron (i.e. the energy required to remove the electron from the surface). 

Peaks appear in the spectra from atoms emitting electrons with particular characteristic 

energies. The binding energy depends on the element from which the electron is emitted, the 

orbital that it was occupying and the chemical environment of the atom. From the binding 

energy and intensity of the peak, the chemical elements and their oxidation state can be 

identified and quantified. Therefore, XPS can be used to ascertain surface elemental 

composition. [286–290] An extensive review of thin film XPS analysis can be found in [290].  
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Figure 18 – XPS photoelectronic signal as function of depth, with each λ representing an inelastic mean free 

path of a photoelectron from an element 

Traditionally, XPS is an ultra-high vacuum technique (< 10-8 mbar), due to inelastic 

scattering of the emitted electrons, leading to a poor signal noise ratio [291]. However in 

recent years, several efforts have led to the development of near ambient pressure (NAP) 

XPS, with the ability to work in pressures of tens of millibars [292,293]. The XPS working 

principle and the recent evolution of NAP-XPS, is carefully detailed elsewhere [294]. For this, 

however conductive layers are a must due to charging effect present in non-conductive 

samples leading to erroneous results. In a NAP-XPS measurement, a photoemission signal is 

measured from a sample, while the sample is exposed to a gas atmosphere. Pressures for 

NAP-XPS measurements typically range from 0.01 up to 100 mbar [291]. In this case, we 

present a study of the response of copper-chromium-oxide thin films to different ozone 

concentrations via XPS spectra. Different temperatures and gas environments lead to 

different core level and valence band maximum energies. A lower binding energy corresponds 

to a decrease in distance between the Fermi energy and the valence band maximum, (i.e. a 

more oxidized sample). A schematic representation of the expected behaviour of our copper-

chromium-oxide thin films upon ozone exposure is present in figure 19. The bandbending in 

the different core levels and the valence band maximum is expected to be in the same range 

[295]. 
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Different scan resolutions can reveal different information. A survey scan was first done 

in order to identify the elements present at the surface. A high-resolution scan of the most 

important elements, Cr, Cu and O were then performed to analyse the types of bonds and 

concentrations present at the surface. The valence state of Cu and Cr were carefully 

investigated, as different electronic states have different binding energies [296]. 

 

Figure 19 - Schematic representation of the band structure of copper-chromium-oxide, before and after 

ozone exposure, evidencing the expected bandbending 

Furthermore, charge transfer can be observed, by shifts in the core-levels of the XPS 

peaks [297], as depicted in figure 19. Additionally, the electronic structure of the surrounding 

matrix can alter the screening properties of the photoemission process, giving rise to 

additional binding energy shifts and possible changes in peak line shape. In this case via the 

shift of core level peaks, information can be gathered about the charge transfer that happens 

upon ozone exposure. 

The determination of surface potentials is straightforward using XPS, which allows the 

direct assessment of the Fermi level position with respect to the core levels.  A higher binding 

energy corresponds to a larger distance between the Fermi energy and the measured 

electronic state, i.e. a more reduced sample [293]. 
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All spectra presented in this work were measured using a Phoibos NAP-150 

hemispherical analyser from Specs GmbH. The nozzle used to separate the sample 

environment from the electrostatic lens system had a diameter of 0.8 mm. The distance from 

the sample surface to the entrance aperture of the nozzle was always set to be equal to the 

nozzle diameter. Prior to the presented spectra, heating up to 600 °C under pure oxygen was 

performed to remove surface carbon. During XPS measurements gas was leaked into the 

sample chamber using a mass flow controller, and pressure was held constant during 

measurement by means of a throttle valve. The throttle valve controls the pumping cross 

section of a differential pumping stage. Pressure was measured using a diaphragm 

capacitance pressure. Nano ozone generator from absolute ozone was used, due to its high 

ozone production capacity and the low pressures required for performing the measurements. 

During ozone measurements presented, the flow was kept constant at 50 sccm/min, for a 

constant ozone production of 15 % in weight. The change in pressure was used to vary the 

ozone partial pressure and therefore its concentration. All peaks and atomic quantification 

were performed with Casa XPS software. 

2.4. Delafossite Etching 

In order to implement delafossite into applications, there are important process 

developments that need to be optimized. To pattern device structures, a key element is the 

etching process. There is however lack of literature regarding the etching of Cu-Cr-O 

delafossite. Only one group, Lim et al. [298,299], studied CuCrO2 etching processes, to the 

best of our knowledge. Wet etching has been achieved using (𝑁𝐻4)2𝐶𝑒(𝑁𝑂3)6/𝐻𝑁𝑂3/𝐻2𝑂 

solutions to produce microstructures of the order of 100 μm. 

We studied the influence of a standard chromium etchant (Sigma Aldrich) in our off-

stoichiometric delafossite. The product consists of a mixture of Amonium Cerium Nitrate (20 

– 25 %) and Nitric Acid (5 – 10%) diluted in water. This solution was further diluted in water, 

in concentrations of 2.5 to 10 %. Standard polymeric photoresist was used for the masking 

process. Figures 20 and 21, show the results of sequential etched / non-etched lines, with 10 

and 10 μm; 2 and 5 μm; 5 and 5 μm. 
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Figure 20 - Wet Etching of Cu-Cr-O delafossite using standard chromium etchant (5%) diluted in water, 

showing the ability to etch efficiently copper-chromium-oxide for microstructures down to 10 μm and the 

technology limitations when approaching the micrometric unit 

For smaller lines (i.e. < 2 μm), the technology limitations are evidenced, with some of the 

copper chromium oxide lines being broken. The isotropic nature is characteristic of the wet 

etching processes, thus dry etchings are preferred when sub-μm resolutions are sought. 

Preliminary Dry etching studies PLASMATHERM 790 Reactive Ion Etching, with a mixture of 

75 % Cl2 / 25% Ar, were satisfactory, but need further confirmation regarding the resolution 

and the minimum thickness to be etched, that were out of the scope of this work. 

All in all, it is noteworthy that our delafossite can be etched, using a cheap and standard 

solution for device scales within a few micrometre range, making it furthermore interesting 

for device applications. 
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Figure 21 - Wet Etching of delafossite using standard chromium etchant (5%) diluted in water, showing the 

ability to etch efficiently copper-chromium-oxide for microstructures of 5 μm 

2.5. Thermal Annealing 

All the annealing processes were performed on a Rapid Thermal Annealing reactor 

(Annealsys), under vacuum (< 10-2 mbar). The annealing curve was first a heating ramp with 

5 °C/s, a waiting time at constant peak temperature and a cooling ramp with -5 °C/s. The 

varied annealing time was the waiting time and the heating and cooling times are not 

considered. 

2.6. Atomic Layer Deposition 

Atomic layer deposition (ALD) was carried out in the ALD reactor Beneq TFS 200 (Figure 

22). The deposition of ZnO followed the process described by Roge et al. [300], using in our 

case Argon as purge and carrier gas, for 500 cycles and with a pulse sequence: 1 - Diethylzinc 

(DEZ, Zn(C2H5)2) pulse 150 ms; 2 - purge 10 s; 3 - H2O pulse 200 ms; 4 – purge 10 s. 
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Figure 22 - ALD reactor Beneq TFS 200 used for ZnO for the transparent P-N junction developed. 

2.7. Patterning Processes 

Lithography processes were necessary for several parts of this work. The gold contact 

deposition on the sensors followed a standard lift-off process using a bilayer of photoresist 

LOR3A with 300 nm and on top a Shipley S1813 with 1.2 µm. The exposure was processed 

using Heidelberg Instruments MLA 150. The samples were developed using MF319 for 40 s. 

The gold contacts were deposited using a DC sputtering, Leica EM ACE 600. The lift-off was 

completed with remover PG. 

For the P-N junction developed, an etching of ZnO was carried out. A similar lithographic 

process was used with a bilayer of photoresist. The samples were developed and etched in 

0.1% FeCl2 during 15 s. 
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2.8. Characterization techniques 

Several techniques were used for the characterization of our thin films. Extensive reviews 

of these techniques can easily be found. It is not in the framework of this thesis to do so, only 

a brief description of the equipment used are provided. 

2.8.1. Scanning electron microscopy 

The surface morphology of the films was inspected by Scanning Electron Microscopy 

(SEM) with 10 kV of acceleration voltage, FEI Helios Nanolab 650 with EDX spectrum analysis 

connected to SEM Oxford Instrument Xmax 50mm2. Thickness of the CuCrO2 films was 

measured using the same equipment with a cross-section view on silicon. The analyses are 

performed under vacuum (≈ 10-6 mbar) and all images are obtained by secondary electron 

detection. 

2.8.2. X-Ray diffraction 

The film crystallographic structure was examined by X-ray diffraction (Diffractometer 

Bruker D8 Discover with Cu Kα radiation (l = 1.54 Å) at 40 kV and 40 mA, in Grazing incidence 

configuration. In GIXRD configuration, the X-ray beam enters the sample at a very low angle 

of incidence. The use of small incidence angles limiting the wave penetration and thus 

increasing top surface sensitivity leads to better signal for thin films due to a lesser 

contribution of the substrate, what is of critical importance for thin films. The incidence angle 

was kept at 0.5°.  

2.8.3. Raman spectroscopy 

Raman spectroscopy is based on an inelastic scattering of light by a material. Raman 

analysis may provide important structural properties. In this work, Raman spectra are 

performed by a Renishaw inVia confocal Raman microscope. It was used a laser beam with 

442 nm wavelength to characterize the chemical structure of delafossite thin films. 

2.8.4. Atomic force microscopy and Kelvin Probe force microscopy 

Topography acquisitions were carried out with a Bruker’s AFM Innova in tapping mode 

by maintaining the amplitude of the cantilever’s resonance constant. The surface roughness 

was extracted via the NanoScope software. 
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Kelvin Probe Force Microscopy (KPFM) measurements have been performed in the same 

equipment using the amplitude modulation to determine the contact potential difference 

between the Pt-Ir coated tip and the sample surface. The analysis is done in one pass mode, 

the first resonance amplitude is used to track the topography while the KPFM signal is 

acquired at a second frequency (23 kHz). Freshly cleaved Highly-Oriented Pyrolytic Graphite 

(HOPG) is used as reference. Measurements are performed under dry N2 atmosphere in order 

to avoid water condensation on the surface. 

2.8.5. Electrical measurements 

Resistivity was measured using four probes in linear configuration while for the Seebeck 

effect measurement a homemade system was used with a copper wire as reference. 4-Point-

Probe measurements were realized on a Jendel Cylindrical four-point linear probes head with 

a Keithley Source Meter 2614B to extract the sheet resistance of the films according to: 

 𝑅𝑠 = 4.532 ∗ 0.925 ∗
𝑉

𝐼
 (31) 

 The mobility of copper chromium oxide thin films is too low for the Hall effect 

measurement system, we have at our disposal. The mobility was therefore extracted from 

the Seebeck coefficient (equation 32). The set-up is shown in figure 23. It is made of two 

copper pieces attached to each other through an insulating plate in order to avoid thermal 

and electrical conduction between each piece. The larger copper piece is thermalized to the 

base temperature (room temperature during the experiments here), while the second smaller 

copper piece is heated through a resistive heater. The temperature of each piece is measured 

by two calibrated Pt100 resistive thermometers embedded in the copper pieces and 

thermally connected to them by Apiezon® grease. The thermo-voltage is measured by a high 

impedance source-measure unit Keithley 2634B, directly between each copper piece using a 

thermalized copper wire, which serves as reference material. The sample is mechanically 

pressed on both copper pieces, with the deposited film being directly in contact to each 

copper piece. Due to the temperature difference there is a small voltage build-up. The 

difference in voltage can be plotted as function of the difference in temperature to extract 

the Seebeck coefficient, as: 

 𝑆 =
∆𝑉

∆𝑇
 (32) 
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Figure 23 - Seebeck setup with a copper wire as a reference 

Temperature dependence measurements were performed on the probe station cascade 

PM-8 connected to a Keithley 4200A. The electrical characterization of the junction was 

performed using a configuration with 2 point-probes biased at different voltage; when 

applying a voltage sweep, the current is measured between the two tungsten tips, as shown 

in figure 24. The Sweep tip was kept on the CuCrO2 contacted with silver paste and the 

constant voltage 0 V was kept on ZnO pads. 

 

Figure 24 - P-N junction photography with the two contacts used for I-V Sweep 
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3. Copper-Chromium-Oxide Study 

In this chapter we present, in a first part the previous studies done in the group that led 

to our basic understanding of the ideal conditions for pure delafossite copper-chromium-

oxide growth. Next, we discuss the growth process and our fine tuning, by change of several 

deposition parameters and its influence on the conductivity of the thin films.  

Ozone sensing is led by the trapping of electrons, in this case, since our thin film is a p-

type semiconductor, it will lead to the injection of majority carriers (holes). Due to the nature 

of this reaction, the carrier concentration will be a key parameter for the sensing response. 

The mobility of the thin films on the other hand should be maximized, leading to a higher 

conductivity. There is an expected compromise between the increase in sensitivity of the films 

to ozone exposure and a high resistivity that would not be easy to characterize using a 

standard electronic system. Furthermore, the thickness of the films, porosity, the surface 

area, crystallite and grain size are all properties that will be studied and further correlated 

with ozone sensing response. It is expected that thinner films, increased porosity and 

decreased grain size should lead to better sensing responses. 

The deposition parameters were optimized for maximum conductivity as per 

requirements in a common TCO. Then we present the study of the post-deposition thermal 

annealing on the defect healing in the material that lead to changes in the electronic 

properties. This approach leads to an intrinsically conductive material and with carefully 

studied annealing tune the electrical properties and morphological ones, such as the grain 

size and surface area. Ultimately, leading to the widest range of processing feature 

possibilities that can be optimized for reasonable conductivity with highest sensing response. 

3.1. Previous studies – Delafossite deposition 

CuCrO2 delafossite can be deposited using many different methods. Among those, metal 

organic chemical vapour deposition (MOCVD) has showed a great potential, achieving the 

best reported conductivities without recourse to external doping and competitive optical 

transparency. It is also important for scalable processes due to its large area compatibility, 

high uniformity when compared with PLD or sol-gel technics and batch deposition 

possibilities. In previous works, done at LIST [212,234,269,301], it was reported the 

fabrication of a new peculiar stoichiometry of copper chromium delafossite characterized by 

an important deficit of copper, leading to conductivities higher than 100 S.cm-1 without 

recourse to external doping [14,263,285]. This record value for intrinsically doped delafossite 

represents only one order of magnitude lower than its n-type counterparts. It should be noted 
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that the crystalline delafossite phase is however preserved. The off-stoichiometric 

Cu0.66Cr1.33O2 was found in both as-deposited and annealed films whilst the delafossite 

structure remains unaltered [14]. As-deposited films present high carrier concentration, up 

to 1022 cm−3. A new structural defect, consisting of chains of copper vacancies has been 

observed [176,285]. This defect was held responsible for the high level of p-type doping. Upon 

thermal annealing an important atomic rearrangement of atoms and defects occurs leading 

to the shrinkage of chains of vacancies almost until their extinction. This healing led to 

decreases of five orders of magnitude in the conductivity [176]. This has been confirmed by 

studies using a secondary ion mass spectroscopy (SIMS) system coupled with helium ion 

microscopy (HIM), specially developed at LIST and capable of producing high resolution 

elemental maps. Together with energy dispersive x-ray (EDX) and high-resolution 

transmission electron microscopy (TEM), it lead to further confirmation that the changes in 

conductivity observed were triggered by compositional rearrangement mechanism governed 

by a Ostwald ripening mechanism based on the dissolution of the chains of vacancies into 

single Cu vacancies migrating to grain boundaries [302]. 

Crêpellière et al. [234] and Lunca-Popa et al. [212,269], realized a profound study of the 

deposition conditions, in order to obtain pure phase delafossite materials as well as to 

optimize the films conductivity. A summary of this study is presented here. 

3.1.1. Precursors Influence 

Pulse direct liquid injection is an efficient process technology for the controlled supply of 

precursor solutions. The influence of the precursor concentration ratio, Cu(thd)2 (bis[2,2,6,6-

tetramethyl-3,5-heptanedionato]copper(II)) and Cr(thd)3 (tris[2,2,6,6-tetramethyl-3,5-

heptanedionato]chromium(III)), on the structure and electrical conductivity of the delafossite 

thin films, has been studied. The influence of the precursor copper fraction (χ) is represented 

in figure 25. As observed a fraction (χ) below 0.6 is necessary to avoid parasitic phases. This 

results in an excess Cr present in the thin films. The best conductivities were achieved at a 

fraction of 0.5. At the time the 17 S/cm were the best values obtained for undoped 

delafossites. A fraction of 0.5, leads to an off-stoichiometric delafossite (Cu0.66Cr1.33O2), which 

is related with the increase in conductivity. 
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Figure 25 – a) Chemical composition of film growth at 370°C with precursor solutions featuring 0.2 ≤ 𝜒 ≤

 0.8 as measured using XPS b) Conductivity as a function of the copper fraction w in the precursors’ solution for 

films grown at 370°C. From [284]. 

3.1.2. Parameters influence 

Lunca Popa et al. [212], studied the influence of several deposition parameters on the 

electrical properties of the films. It was observed an increase of crystallinity with films 

deposited with higher precursors concentration and/or at higher temperature. The growth 

rate is also increased by the temperature of the reactor. Addition of a 150 W RF plasma 

discharge further increases the deposition rate, however at the cost of the conductivity. The 

best conductivities were achieved in the 400 – 500 °C temperature range. At higher 

temperatures (up to 650 °C), the native crystalline defects decrease, decreasing the carrier 

concentration of the thin films. 

In this chapter, we report on the continuation of the study of the deposition parameters 

of copper-chromium delafossite, deposited by MOCVD with a further focus on the thin film 

properties that are essential for gas sensing, such as grain size, porosity and electrical 

conductivity. We then propose to use thermal annealing routes to better control the carrier 

concentration and tune ultimately the thin film properties for use in devices.  

3.2. Copper-chromium-oxide growth 

 Herein we present the characterization results of delafossite copper-chromium-oxide 

thin films, grown by pulsed injection MOCVD, for the purpose of tailoring the main features 

impacting the sensing properties. The effect of the growth temperature, precursor mass 

injection, deposition pressure, substrate rotation and deposition time on the electronic and 

morphological properties of the films are studied. 
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As observed in the first chapter (state of the art), the morphological (grain size, porosity, 

surface area) and electrical properties (carrier concentration, mobility) of the materials can have 

a huge impact on the sensors behaviour. It is therefore key to explore these properties and 

understand how one can change them. Ultimately, a comparison is to be drawn between the 

ozone response or otherwise lack of it. 

A summary of the input parameters in the pulsed injection MOCVD can be found on table 6. 

Table 6 - Summary of main input parameters for deposition control in pulsed injection MOCVD - MC2000 

Parameter Minimum Maximum 

Substrate temperature RT 750 °C 

Reactor pressure 1 mbar Atmospheric pressure 

Precursor flow 0.5 g/min 3 g/min 

Gas flow 0 sccm 5000 sccm 

Gas carrier flow 50 sccm 500 sccm 

PO2 + 0 mbar ATM 

Injector frequency 1 Hz 5 Hz 

Rotation of Substrate holder 0 30 rpm 

Ratio of Precursors in solution 

(Cu/Cu+Cr) * 
0.2 0.66 

Deposition Time 0 N/A 

+ Partial pressure of O2 can be increased up to close to atmospheric pressure, considering 

a minimum gas carrier flow is necessary to inject precursors into the reactor. 

* Ratio of precursors to create pure phase delafossite, as per previous studies [234]. 

The ratio of precursors in solution, injector frequency, gas flows and oxygen partial 

pressure, have been thoroughly studied, so for the purpose of this work, their influence was 

not further investigated. Different substrates: Silicon (p-doped and undoped) with a silicon 

oxide passivation layer and sapphire were explored. Annex 1 depicts a summary of the 

deposition conditions studied and their influence on the thin film conductivities.  

3.2.1. Rotation 

The rotation effect on the thin films, has been investigated, while all other parameters 

are kept constant. In figure 26 a) we can see a thin film deposited without substrate rotation 
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and on 26 b) with a constant rotation of 10 rpm. As one can notice the homogeneity of the 

thin films is hugely impacted when depositions are made without substrate rotation. 

Increasing the rotation above 10 rpm, comes at a risk of mechanical damage to the susceptor. 

For this reason, further depositions were made with constant rotation at 10 rpm. 

 

Figure 26 - Comparison between copper chromium delafossite deposited by MOCVD: a) without substrate 

rotation; b) with substrate rotation 

3.2.2. Precursor mass rate 

The influence of the precursor mass rate, injected into the chamber on the electrical 

properties of the films, was investigated using two deposition times: 900 and 1800 s (Table 7). 

Table 7 - Effect of precursor injection on thin film's electrical properties and thickness 

Deposition Substrate 
Substrate 

Temperature (°C) 
Deposition 

time (s) 
Injection 
(g/min) 

Thickness 
(nm) 

Conductivity 
(σ/cm) 

S1 Si 450 900 2 75 5.71 

S2 Si 450 1800 2 140 6.67 

S3 Si 450 900 1 42 0.95 

S4 Si 450 1800 1 68 0.48 

 

The resulting conductivity of the films, is greatly reduced when the injection rate is 

decreased from 2 to 1 g/min. The injection frequency is kept constant at 2.5 Hz. This is the 

case for the two deposition times studied. The thickness of thin films was observed by cross-

section SEM. As expected, the lower injection rate, results in lower thickness, when the 

deposition time is kept constant. The rate of precursor injection has been kept constant at 2 

g/min, in all further referred depositions. 

3.2.3. Deposition pressure 

The pressure inside the chamber during the deposition step has been varied between 6 

and 12 mbar, as depicted by table 8. Higher pressures (> 12 mbar) lead to possible parasitic 
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phases as previously discussed [212,234]. Pure phase delafossite results from samples P1 and 

P2. Higher electrical conductivity results are achieved for depositions at 12 mbar. This 

pressure is kept constant in all the other depositions mentioned. 

Table 8 - Influence of the deposition pressure in the electrical properties of the thin films 

Deposition Substrate 
Substrate 

Temperature (°C) 
Deposition time 

(s) 
Pressure (mbar) 

Conductivity 
(σ/cm) 

P1 Sapphire 450 900 12 34.7 

P2 Sapphire 450 900 6 7.6 

      

3.2.4. Substrate temperature 

Previous reports by Crêpellière and Lunca Popa et al. [212,234], show that pure phase 

delafossite can be obtained at temperatures higher than 370 °C. However, above 550 °C, the 

electrical conductivity of the thin films has been shown to be severely negatively impacted. 

In table 9, we present our study, showing the influence of the deposition temperature, on the 

film’s electrical conductivity, in the temperature window, 425 – 550 °C. 

Table 9 - Study of the deposition temperature influence on the electrical properties of the thin films 

Deposition Substrate 
Substrate 

Temperature (°C) 
Deposition time (s) 

Conductivity 
(σ/cm) 

C1 Si 450 900 7.14 

C2 Si 450 900 9.52 

C3 Si 500 900 0.067 

C4 Si 500 900 0.043 

C5 Si 550 900 0.002 

C6 Si 550 900 0.002 

C7 p+ Si 450 900 7.16 

C8 p+ Si 475 900 1.26 

C9 p+ Si 450 900 8.19 

C11 p Si 425 900 4.77 

C12 p Si 450 900 9.74 

C13 p Si 425 900 3.75 

 

The increase in deposition temperature to 500 and 550 °C, leads to a severe decrease in 

the thin films conductivity, 2 and 3 orders of magnitude respectively. Pure delafossite phases 

are preserved, although higher temperature, leads to a lower amount of intrinsic defects, that 

governs the conductivity of our copper-chromium-oxide, explaining therefore the decreased 

conductivity. When comparing depositions made at 425 °C and 450 °C, the films conductivity 

is of the same order of magnitude. Tests were done using different substrate doping, from 



74 
 

undoped Si to p+ Si (boron concentration 𝑁𝐴 = 1 × 1019). On top of the substrates was then 

grown a 20 nm thick silicon oxide layer, for electrical passivation. No relevant difference in 

the electrical conductivity of the thin films was found when comparing different doping levels 

of the silicon substrate. 

3.2.5. Deposition time 

Upon setting the other parameters, the influence of time can have a direct impact on the 

studied properties of thin films, that are key to gas sensing (conductivity, grain and crystallite 

size, surface area, roughness). In table 10 we analyse how changing the time of the 

depositions affects the electrical properties of the thin films. 

Table 10 - Deposition conditions for relation between deposition time and conductivity of the thin films 

Deposition Substrate 
Substrate 

Temperature (°C) 
Deposition time (s) 

Conductivity 
(σ/cm) 

1 Si 450 900 7.14 

2 Si 450 1800 6.67 

3 Si 450 450 2.86 

 

The thickness of grown films was measured by SEM cross-section, as shown in figure 27. 

It can be noted the almost linear increase in thickness with the increase in deposition time. 

From these cross-section analyses no further conclusion regarding the grain size or porosity 

could be obtained. In figure 28, the obtained diffractograms are displayed. According to the 

International Centre for Diffraction Data (ICDD) (pdf n°04-010-3330), the films obtained a pure 

rhombohedral delafossite structure belonging to the R3m space group. The evaluation of the 

relative intensity of the diffracted peaks shows the most intense peak is (012) (2θ = 36.42°), in the 

grazing incidence X-ray diffraction (GIXRD) configuration. Peaks (110), (104) and (018) are also 

present. There is a clear increase in signal intensity of the XRD spectra, that can be associated 

with the increase in film thickness. Scherrer equation can be used in order to estimate the size of 

the short-range crystalline order (that we will call “crystallite size”) for the different thin films, 

according to: 

 𝜏 =
𝐾𝜆

𝛽cos (𝜃)
 (33) 

where 𝜏 represents the volume weighted average crystallite size. 𝜆 is the x-ray 

wavelength, 𝛽 is the full width at half maximum (FWHM) of the diffraction peak, 𝐾 is a 

dimensionless shape factor (≈ 0.9, assuming perfect spherical crystallites) and 𝜃 is the Bragg 

angle. An absolute crystallite size cannot be determined with this method due to unknown shape 

factor, K, in the Scherrer equation and to the instrumental broadening. However, the crystallite 

size can be estimated. These results (table 11) show the increase in crystallite size with the 
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increase in deposition time, from 6.8 to 13.2 nm when the deposition time is increased 4-fold, 

from 450 to 1800 s. 

Figure 29 shows the atomic force microscopy (AFM) analysis of the surface of the thin 

films. Measurements revealed an increase of the surface roughness, with the increase in 

deposition temperatures as can be seen in table 11. The crystallite size derivate from the XRD 

spectra, shows an increase trend with increased deposition time. 

 

Figure 27 - Measured thickness on SEM cross-section of delafossite thin films with deposition time: a) 900 

s; b) 1800 s; c) 450 s 

The increase of deposition time leads to an increase in the thin films thickness, crystallite 

size and roughness. For this reason and to better understand the kinetic reactions undergoing 

by the delafossite grains upon ozone exposure, it is key to explore the sensitivity of sensors 

grown with different deposition times. 

Table 11 - Summary of the thin film's electrical and morphological properties depending on deposition time 

Deposition Deposition time (s) 
Conductivity 

(σ/cm) 

Thickness (nm) Crystallite size 
(nm) 

Roughness 
(nm) 

1 900 7.14 75 ± 5 9.5 2,1 ± 0,3 

2 1800 6.67 132 ± 8 13.2 4,1 ± 0,5 

3 450 2.86 40 ± 6 6.8 1,1 ± 0,1 
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Figure 28 - Structural analysis of 𝜃/ 2𝜃 XRD diffractograms for films deposited for: a) 900 s; b) 1800 s; c) 

450 s 
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Figure 29 - Surface topography measured by AFM of delafossite thin films, deposited during: a) 450s; b) 

900s; c) 1800s 

3.2.6. Substrate 

Depositions were done on silicon and sapphire substrates. While silicon is highly 

abundant and commonly used, sapphire is stable at higher temperatures and completely 

insulating. Delafossite phases could be achieved by depositing in any of the substrates, as well 

as in glass or quartz [283]. To isolate the thin film from the substrate an additional layer of 

SiO2 is required. Delafossite is not affected by this intermediate insulating layer, as shown in 

the depositions represented in 3.2.4 and 3.2.5. There is no influence of the doping level of the 
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substrate, undoped (Si), lightly doped silicon (p-Si with a boron concentration 𝑁𝐴 =

5 × 1015) and highly doped silicon (p+Si with a boron concentration 𝑁𝐴 = 1 × 1019) on the 

conductivity of Cu-Cr-O delafossite thin-films (table 8). A Silicon oxide barrier has been used 

with at least 20 nm but for undoped silicon. Conductivity results are not significantly impacted 

by this barrier layer. 

However, as it will be further discussed in chapter 5.4, Si substrate prove to have a major 

issue; upon annealing at high temperatures (above 900°C), copper diffuses into the silicon 

substrate, changing the delafossite structure. This is a commonly known fact in the literature 

[303,304]. Sapphire substrates (Al2O3) were preferably chosen due to their high thermal and 

chemical stability and insulating properties. Table 12 shows the main samples deposited on 

sapphire substrate. 

Table 12 - Summary of the thin film electrical and morphological properties deposited on sapphire substrate 

Deposition Deposition time (s) 
Conductivity 

(σ/cm) 

Thickness (nm) Crystallite size 
(nm) 

Roughness 
(nm) 

A 900 26.6 70 6.8 3,2 ± 0,3 

B 1800 60.34 140 8.9 5,9 ± 0,4 

C 450 12.32 32 4.0 1,8 ± 0,1 

 

In figure 30, top view of thin films B (140 nm) and C (32 nm) are shown. The thinner film 

is less compact than the thicker one, what should lead to higher gas permeation and better 

responses for the thinner film, in line with the short-range crystallite size measured by XRD 

(4.0 and 8.9 nm for the films with 32 and 140 nm, respectively). Figure 31 shows the structural 

analysis of θ/2θ XRD diffractograms for both thin films. Pure delafossite phase is obtained for 

both. The (012) peak is the most intense, with a peak position (2θ = 36.28) slightly shifted 

towards smaller angles compared with the expected for pure phase delafossite of (2θ = 

36.42), in both cases. This shift is associated with a change in the lattice parameters. For as-

deposited delafossite the extracted parameter, for ‘’c’’, along the z axis, results in 17.05 Ǻ, 

smaller than the reported literature value for pure phase delafossite of 17.11, whilst the 

extracted ‘’a’’ parameter is 2.98 Ǻ, in good agreement with the expected value [305,306]. 

According to these results, it seems our delafossite lattice is slightly compressed by 0.3 %, 

along the c axis. Similar results were observed in previous reports for chromium rich – copper 

poor delafossite thin films and may be associated with the intrinsic doping due to the chains 

of copper vacancies defects [283,284].  



79 
 

 

Figure 30 - SEM top view of Cu0.66Cr1.33O2 thin films deposited on sapphire during: a) 1800 s and b) 450 s 
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Figure 31 - Structural analysis of θ/2θ XRD diffractograms for films deposited for: a) 450 s; b) 1800 s 
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3.3. Annealing Process – Structural defect and electrical 

properties engineering 

This subchapter is partially based on a publication. In this subchapter, we aim at the 

understanding on the material’s electronic properties and the defect healing as function of 

the annealing conditions. We study the influence of annealing on the surface workfunction, 

carrier concentration and mobility. We observe that the chemical composition and the 

particular stoichiometry of our copper-chromium-oxide is unchanged by the annealing 

processes. The conduction mechanism and the p-type behaviour of our thin films is also 

retained. The dissolution of chains of copper vacancies into single point defects that migrate 

to the grain boundaries, can be associated with the decrease in carrier concentration. This 

defect healing was studied, and their activation energy was calculated to be 1.35 eV. 
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Off-stoichiometric copper chromium oxide delafossite received lately a great interest due to its high 
p-type electrical conductivity and adequate optical transmittance in the visible range. However, for a 
suitable integration in active devices such as p-n junctions, transistors or optoelectronic devices, the 
electronic properties must be efficiently tailored. Here, post-deposition thermal treatment is proven 
as an adequate approach for finely controlling the electrical properties of this former degenerate 
semiconducting material. The energetics of the annealing process are investigated using two different 
approaches, as a function of the annealing temperature and as a function of the annealing time, 
allowing the accurate determination of the activation energy of the annealing of defects. By using this 
method, the electrical carrier concentration was varied in the 1021 – 1017 cm−3 range while the recorded 
changes in the drift mobility covered three orders of magnitude. Moreover, we demonstrate the ability 
to accurately manipulate the Fermi level of such materials, which is of great importance in controlling 
the carrier injection and extraction in optoelectronic active layers.

In the field of transparent conductive oxides (TCOs) copper-based delafossite materials are promising candidates 
as p-type transparent semiconductors closing the gap of optical and electrical properties towards current standard 
n-type semiconductors (a transmittance greater than 80% in the visible range and an electric conductivity up to 
1000 S cm−1). The interest in these peculiar delafossite compounds was ignited after the report of CuAlO2 as a first 
p-type semiconductor with decent optical transparency1 in the visible range and was reinforced after reporting a 
breakthrough of electrical conductivity up to 220 S cm−1 obtained for Mg-doped CuCrO2

2. Various copper-based 
delafossites CuMO2 (M = Cu, Cr, Ga, In, Fe, B) were thoroughly studied3 in the effort to understand the ration-
ales of the p-type conductivity and the electrical transport mechanism within for optimizing subsequently theirs 
electrical and optical properties. Copper vacancies4 or oxygen interstitials1,5 were mainly suggested as the p-type 
doping source whilst small polaron6,7 or band conduction models8,9 were proposed to elucidate the conduction 
mechanism in such materials. Moreover, recent reports had shown large conductivity (larger than 10 S cm−1) 
and adequate transparency for highly off-stoichiometric copper chromium delafossites.10–13 In these particular 
compounds the crystalline phase of delafossite is preserved although a copper deficiency up to 33% is observed.

In our previous work14 we reported the synthesis and the characterization of such off-stoichiometric Cu-Cr-O 
delafossite thin films with conductivities greater than 100 S cm−1 and optical transmittances up to 50%. Finite 
lines of copper vacancies chains randomly distributed within crystalline grains were observed (in Transmission 
Electron Microscopy) and furthermore suggested as the possible source of high doping in as-deposited films. 
A peculiar stoichiometry with a 33% copper deficiency compensated by a surplus of 33% chromium (i.e. 
Cu0.66Cr1.33O2) was found in both as-deposited and annealed (900 °C) films whilst the delafossite crystalline 
structure remains unaltered. However, after annealing a drop of the carrier’s concentration from 1021 to 1017 cm−3 
or even lower was measured and associated with the healing of the chained defects. We then suggested that the 
main driving force leading the changes in the defect chemistry is the “healing” of defects, a process driven by 
short-range structural changes.
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In the present paper we further investigate how a controlled post-deposition thermal treatment can be used 
as a very effective approach for tailoring electrical properties of Cu0.66Cr1.33O2. Such fine tuning is required for the 
electrical engineering of transparent devices such as p-n junctions or p-type transistors15. In order to achieve this 
goal, the metastable nature of the Cu-vacancies chains described above was investigated. Two different types of 
thermal treatments were used in the present study in order to investigate the thermodynamics of the annealing 
process: different annealing times at a fixed temperature (900 °C) or a fixed amount of time (900 s in this case) 
at various temperatures (from 650 °C to 850 °C). The first treatment demonstrates conditions for a fast process 
which is more adequate to technological applications where long lasting processes might be considered costly. 
The temperature is situated safely lower than 1100 °C, the reported limit of the materials stability for the copper 
delafossite phase16. The second treatment, involving lower temperatures, allows a better control due to the smooth 
variation of electrical properties. The experimental results show that the controlled thermal treatment can be 
used as a versatile process for controlling the holes concentration, the electrical mobility or even the electronic 
work function, all being key features for the engineering of electronic properties of transparent solid state devices.

Results and Discussions
We start by investigating the chemical composition of as-deposited and annealed films for various annealing time 
intervals in order to confirm the stability of the material’s chemistry upon thermal treatment. Figure 1(a) depicts 
XPS results for as-deposited films and for films annealed for 30 s and respectively 4000 s. The XPS spectra look 
similar, suggesting no major changes of chemical concentrations. Besides XPS characteristic peaks for Cu(2p,2s), 
Cr(2p,2s) and O1s, Auger OKLL CuLMM and CrLMM peaks are present in the spectra17. The positions of Cu2p peaks 
(1/2 at 932.6 eV and 3/2 at 952.5 eV) do not vary upon annealing. The distance between them is 19.9 eV, a clear 
indication of the delafossite phase. No satellite peak of Cu is observed, confirming that only Cu in +1 oxidation 
state is detected by XPS13. The Cr2p peaks are observed at binding energies of 576.6 eV (3/2) and 585.6 eV (1/2) 
respectively. The distance between Cr2p and O1s remains at a constant value of 45.3 eV for all samples. Moreover, 
the Auger CuLMM peak observed at a binding energy of 568.6 eV confirms the purity of our delafossite phase18.

The chemical compositions for as-deposited and annealed films are shown in Fig. 1(b). Concentrations 
around 16, 33 and 50% are measured (within the XPS measurement accuracy) for Cu, Cr and O respectively. 
This peculiar stoichiometry may lead to deviations in the partial charge of each atom as compared to the stoichi-
ometric CuCrO2. The bounds are known to be partially ionic and partially covalent and consequently the oxida-
tion state of each atom in the crystal is not directly equal to the most stable oxidation state of each atom19. The 
X-Ray Diffraction, XRD, (Figure S1) analysis confirms furthermore the preservation of the delafossite phase after 
thermal treatments along with an increase of the crystalline grains’ size and a relaxation of c lattice parameter 
(Figure S2). The change of the grains’ size is also visible in AFM scans presented in Figure S3 from the supple-
mentary information section.

Six samples with similar (averaged value: 15.6 ± 6.9 S cm−1) conductivities (Table 1) were used for each ther-
mal treatment study (one was kept as reference in each case). Electrical conductivity values of tens of S cm−1 are 
obtained using the set of deposition’s parameters described within the experimental methods section. This level of 
conductivities is usually reported for off-stoichiometric delafossites thin- films fabricated using non-equilibrium 
chemical methods as dynamic liquid injection chemical vapour deposition10,11,14 or chemical spray deposition12,13. 
These values are significantly higher than those reported for intrinsic20,21 or some doped22,23 CuCrO2 delafossites 
thin-films.

Five of the samples were heated for 900 s at 650, 700, 750, 800 and 850 °C, respectively. For the first sample 
heated at 650 °C no change was observed after 900 s and consequently the time was furthermore increased up 
to 3600 s when a three times diminution of the electrical conductivity (σ0/ σf) was finally observed. This is in 
agreement with the work of Gotzendorfer et al.23 where changes in electrical properties of CuCrO2 were observed 
starting from temperatures around 620 °C. Second set of samples were heated at 900 °C for 30, 60, 200, 1000 and 
4000 s respectively. For the last sample the measured conductivity was beyond the sensitivity of our apparatus 
(10−4 S cm−1). For each sample the Seebeck coefficient and the conductivity were measured before and after the 

Figure 1. (a) Full XPS spectra for as-deposited and annealed films for 30 and respectively 4000 s; (b) measured 
chemical composition for same films; Annealing temperature: 900 °C.
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thermal treatment and the results are presented in Fig. 2 and Table 1. The first observation is the negative slope of 
∆Vth/∆T further proving the p-type nature of our films. For as-deposited samples values of S around 100–130 µV 
K−1 were measured. For the sample heated at 650 °C a similar value (118 µV K−1) of the Seebeck coefficient 
(Fig. 2(a)) is measured evidencing a slow healing of Cu-vacancies chains defects at this temperature. Beyond 
700 °C important changes appear after 900 s of annealing. The electrical conductivity decreases monotonously 
with the annealing temperature until a diminution of 50 000 times, as measured in the case of the sample heated 
at 850 °C. The Seebeck coefficient follows an exponential decay (Fig. 2(c)) with the annealing temperature. This 
coefficient is directly related to the carriers’ concentration which is further dependent on the concentration of 
defects. In the material investigated here, we have previously demonstrated that the defects are the chains of Cu 
vacancies observed by TEM experiments14. Therefore we may correlate the decrease of the carriers’ concentration 
with the annihilation of these chains of Cu vacancies. A further indication will be presented later when analys-
ing the thermodynamics of the annihilation reaction. The exponential decay confirms the metastable nature of 
defects and that a thermal activated law governs their healing. Similar healing of defects is observed when using 
the fast annealing process. The conductivity decreases by two orders of magnitude during short (30–60 s) thermal 
treatments, followed by a continuous decrease with the annealing time down to the 10−4 S cm−1 range for the sam-
ple heated during 4000 s. The values of the Seebeck coefficient can be regrouped in three main regimes as depicted 
in Fig. 2(b). Values around 100–130 µV−1 are measured for as-deposited high conductive samples. Similar values 
are usually reported for off-stoichiometric or doped delafossite thin-films with electrical conductivities around 
10 S cm−1 or higher2,10–14,24. After short annealing times (up to 60 s) the coefficient increases up to values around 
360 µV K−1. Further increase of the annealing time results in values for Seebeck coefficient of 850 µV K−1, similar 
with values reported for non-doped CuCrO2

25. Again the dependence of the Seebeck coefficient on the annealing 
time is exponential (Fig. 2(d)). It was previously reported26,27 that performing Hall measurements on copper 
p-type delafossites is challenging due to very low values of mobility. Furthermore collected Hall voltage values are 
comparable with the background signal. Hall measurements at high magnetic fields (up to 9 T) were performed 
on our as-deposited sample and resulted in highly scattered data points28. An averaged value of 0.01 cm2 V−1s−1 
can be extracted after making a large set of assumptions. This averaged value matches the mobility value as we 
extract it from our Seebeck measurements. This makes us confident that the combined Seebeck and conductivity 
measurements provide reliable values of electronic properties of our materials. From the electrical conductivity 
and the Seebeck coefficient measurements we extract the carriers’ concentration of thin films. It is important to 
distinguish on one side the origin of holes in our system, which are related to peculiar defects (here chains of Cu 
vacancies), and on the other side the localisation of the free (mobile) holes in our system, which is related to the 
orbitals constituting the valence band maximum. In Cu-based delafossite materials, it has been widely assumed 
that the valence band is mainly made from d orbitals of Cu atoms, leading to a transition of the oxidation state 
of CuI to CuII. In conclusion whatever the origin of the holes (chains of Cu vacancies, isolated Cu vacancies, O 
interstitials, extrinsic dopants etc.), the free holes concentration corresponds to Cu atoms with + II oxidation state 
acknowledging that the oxidation state is an approximation and does not corresponds to the partial charge of 
atoms. Using this approach within the Heikes formalism, often used in the case of degenerate semiconductors26, 
the following formula of the Seebeck coefficient is obtained:
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where g1 = 1 and g2=4 are electron degeneracies and of Cu+ and Cu2+ while [Cu+]/[Cu2+] is the ratio of Cu hav-
ing +I and +II oxidation states, acknowledging that the oxidation state doesn’t correspond to the spatial charge 
of atoms. This formula allows the calculation of Cu2+ fraction sites and furthermore p, the carriers concentration. 
Finally, the mobility μ can be estimated using σ = peµ. The results are presented in Table 1. It should be men-
tioned here that for conductive samples (σ > 1 S cm−1) the band degenerate29 and the small polaron models lead to 
similar values14. Moreover for lower conductive samples a good agreement is observed using both small polaron 
and non-degenerate models30. The logarithmic dependence of the carriers’ concentration and drift mobilities is 
depicted in Figs. 2(e and f) for both annealing processes. The decrease of the carriers’ concentration is efficiently 
tailored by controlling the annealing temperature, as in this case a smoother variation is observed. However, if 
low values are aimed at, the fast annealing may be privileged. An interesting observation is related to the drift 

t
°C

σ0
S/cm

σ0
σf

S
µVK−1

p
cm−3

µ
cm2V−1s−1

t
(s)

σ0
S/cm

σ0
σf

S  
µVK−1

p  
cm−3

µ  
cm2V−1s−1

15 1 100 1.7E + 21 0.08 0 17 1 110 1.5E + 21 0.070

650* 12 3 128 1.2E + 21 0.004 30 10 128 340 1.1E + 20 0.002

700 11 102 184 6.6E + 20 0.001 60 10 173 360 8.9E + 19 0.004

750 31 5500 257 2.9E + 20 0.002 200 7 4700 850 3.0E + 17 0.031

800 21 14000 374 7.3E + 19 0.0001 1000 19 12600 947 9.4E + 16 0.086

850 23 54000 753 9.3E + 17 0.007 4000 11 NA NA NA NA

Table 1. Annealing times or annealing temperatures, initial electrical conductivities and the ratios after thermal 
treatment, Seebeck coefficients and calculated carrier’s concentration and mobility (within small polaron 
model) for: left - films annealed for 900 s at different temperatures (*sample annealed for 3600 s); right - films 
annealed at 900 °C for different time intervals. NA – measures beyond the sensitivity of our apparatus.
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mobility. During both thermal treatments a minimum is observed: after 900 s of heating at 800 °C or after 30 s of 
heating at 900 °C. This behaviour might be related to the atomic rearrangement during the annealing process. In 
these conditions, the number of grain boundaries may increase to a maximum and furthermore scattering the 
carrier flow.

The results obtained after the two thermal processes described above are also used to investigate the energetics 
of doping defects. Assuming a first order kinetics law, the holes concentration p can be expressed as a function of 
the annealing time t in a general way as:

≈ = + ≡ +− −
Np(t) N (t) N e N N e N with N (2)a i

kt
res 0

kt
res o res

where Na is the acceptor dopant concentration, Nres is the residual acceptor concentration after an infinite anneal-
ing, Ni = N0 + Nres is the initial carrier concentration (as-deposited) and k is the rate constant. The assumption of 
a first order kinetic is validated by the observed linear dependence when plotting ln(p) vs. t for the data taken at 
900 °C (Fig. 3(a)). Since the data point at 1000 s is already very close to the residual holes concentration pres, only 
data up to 200 s of annealing are fitted. Consequently a rate constant k = 0.040 ± 0.005 s−1 is obtained. Assuming 

Figure 2. Seebeck coefficient measurement for Cu-Cr-O thin films (a) annealed at different temperatures; 
(b) annealed at 900 °C for various time intervals. Thermoelectric voltage ΔVth = Vhot − Vcold is measured 
as a function of the temperature gradient ΔT applied across the sample, with copper wire as reference. The 
measurement has been performed with the cold contact maintained at room temperature (23 °C). The values of 
the Seebeck coefficient S = −ΔV/ΔT, determined from a linear fit, are indicated on the graph for each sample. 
The voltage offset is due to parasitic offsets from the measurement apparatus due to samples’ high resistance; (c) 
Seebeck coefficient vs annealing temperature; (d) Seebeck coefficient vs annealing time for thermal treatments 
at 900 °C. Red curves are corresponding to exponential fits; Logarithm of the carrier concentration (black) and 
of drift mobility (red) (e) as function of annealing time for samples annealed at a fixed temperature 900 °C; (f) 
as function of the annealing temperature for samples annealed for a fixed time t = 900 s.
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that the reaction is thermally activated, the reaction constant k can be expressed as a function of the annealing 
temperature T using an activation energy Ea:

=
−

k(T) Ae (3)
E

k T
a

B

where A is a constant and kB is the Boltzmann constant. Relating equations (2) and (3), we can express the carrier 
concentration as a function of the annealing temperature T and annealing time t:
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The residual dopant concentration can be neglected and the relationship can be thus expressed:

− = −ln(ln N ln p(T, t)) ln(At) E
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Taking the as-deposited carrier concentration as the initial dopant concentration Ni = N0 = 1.68×1021 cm−3, 
we can plot −ln(lnN lnp(T, t))0  at fixed annealing time (t = 900) s as a function of 1/T (Fig. 3(b)).

The data fit well with the activation energy model, and an activation energy of Ea = 1.35 ± 0.07 eV is obtained. 
In the case of ZnO31 the activation energy for the annihilation of Frenkel pairs (annihilation of vacancies with 
nearby interstitials) is about 1 eV while the energy barriers for the migration of zinc and oxygen vacancies are 
1.4 eV and 2.4 eV, respectively. Based on this quantitative comparison and on our previous microscopic analysis 
of defects showing the presence of Cu vacancy chains in as-deposited material, we suggest that the changes in 
electrical conductivities in our system are triggered by Ostwald ripening mechanisms based on the dissolution 
of shorter chains of vacancies into single Cu vacancies migrating to grain boundaries or longer chained vacancy 
defects. In our case, the activation energy would preferably correspond to the energy of migration of single Cu 
vacancies through the crystal. A detailed analysis of the structural evolution of defects goes beyond the present 
study but it is noteworthy that our measured activation is in the same range as the migration energy of cations 
vacancy in oxide semiconductors32,33.

Figure 3. (a) Natural logarithm of the carrier concentration as a function of annealing time for Cu-Cr-O films 
annealed at a fixed temperature T = 1173 K; (b) Arrhenius plot of the difference of the natural logarithm of 
carrier concentration and initial doping, −lnN lnp0 , as a function of the annealing temperature for CuCrO2 
annealed during a fixed time t = 900 s. The size of error bar is comparable with the symbol ‘size. Red lines: linear 
fits to the data.
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KPFM measurements were performed on six samples: both reference samples plus two samples from the 
first set (900 s, 700 °C and 850 °C) and two from the last set (900 °C, 30 s and 4000 s). The measurements were 
performed alternatively between the HOPG reference and one of the samples. The values are always compared 
to the latest reference value to avoid possible fluctuations of the tip work function (e.g. due to contaminations). 
In order to compensate the vacuum levels misalignment KPFM insert a voltage VDC = (Φtip − Φsample)/e where 
Φtip(Pt-Ir) = 5.5 eV. The samples have different doping levels and different Fermi levels (EF) are expected. An 
increase of the work function ΔΦ is measured according to:

∆Φ− = Χ + −E E E( ) (6)F V g

where χ is the electronic affinity (2.1 eV for copper delafossites34), Eg is the band gap 3,2 eV2,12,14. This value is 
insignificantly affected by annealing14 and thus holds for both cases of annealed and as-deposited (transmittance 
spectra and Tauc plots for as deposited and annealed samples are presented in Figure S5). The results are depicted 
in Fig. 4(a), where the work-function referenced to the vacuum (knowing that ΦHOPG = 4.6 eV) is shown as a 
function of the carriers’ concentration. For as deposited samples, the Fermi level is situated at 90 meV above the 
valence band maximum, an ordinary value for degenerate semiconductors. Upon thermal treatment the Fermi 
level can be tailored upwards to 1.08 eV above the valence band maximum; this corresponds to the samples 
annealed for 4000 s at 900 °C (Fig. 4(b)). The Fermi level is thus gradually tailored within this range of energy 
(90 meV to 1.08 eV) when the thermal treatment is tuned.

Conclusions
We proved that the controlled thermal treatment is an efficient approach for controlling electronic properties of 
Cu0.66Cr1.33O2, a highly conductive p-type transparent oxide. The holes concentration, the electrical mobility and 
the electronic work function are key features for transparent solid-state devices and for a suitable integration in 
any active devices (such as p-n junction, transistors or optoelectronic devices) these properties must be tailored 
in order to tune the required properties of such devices. Therefore we showed that the carrier concentration was 
smoothly varied from 1021 to 1017 cm−3, the electrical conductivity swaps down 5 orders of magnitude while 
the recorded changes in drift mobility covered three orders of magnitude. Moreover, we accurately control the 
Fermi level which is of critical importance in controlling the carrier injection and extraction in electronic devices. 
Depending on the aimed final values we proposed a time driven or a temperature driven thermal treatment. 
From the value of 90 meV for as-deposited samples, the Fermi level can be tailored upwards up to 1.08 eV above 
the valence band maximum; this is achieved via the annealing of as-deposited sample for 4000 s at 900 °C. The 
energetics of singular Cu-vacancies chain defects responsible of the high conductivity in this peculiar material is 
also studied. An activation energy model is used to extract the averaged activation energy of the annihilation of 
Cu-vacancies chains. We found Ea = 1.35 eV which is very similar to the energy of the migration of Zn-vacancies 
in n-type ZnO-based TCOs.

Methods
Thin films with a thickness around 200 nm were deposited on Al2O3 c-cut substrates using a Dynamic Liquid 
Injection - Metal Organic Chemical Vapour Deposition system (DLI-MOCVD, MC200 from Annealsys) whilst 
bis 2,2,6,6-tetramethyl-3,5-heptanedionate compounds were used as precursors for copper and chromium. 
The deposition parameters are: temperature substrate = 450 °C; oxygen flow = 2000 standard cubic centimetres 
(sccm); nitrogen flow = 850 sccm; total process pressure = 12 mbar. A detailed description of the deposition 
approach fabrication can be found elsewhere35. The annealing processes were performed in a Rapid Thermal 
Annealing reactor (Annealsys) under Argon, under vacuum or at high oxygen partial pressure (in same condi-
tions as during the deposition) and the changes in conductivity were not significantly depending on the annealing 
atmosphere. For the present work the annealing was performed under N2 + O2 mixture for the fast annealing and 
under vacuum for the annealing at various temperatures. Electrical properties were measured using four probes 
in linear configuration while for the Seebeck effect measurement a homemade system was used with a copper wire 
as reference. A detailed description of this system is presented on supplementary information section (Figure S5). 

Figure 4. (a) work-function difference as a function of the carrier concentration); (b) calculated Fermi level for 
delafossite film annealing at different temperatures and for various time intervals.
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For X-Ray Photoemission Spectroscopy (XPS) analysis a Kratos Axis Ultra DLD system using a monochromated 
(Al Kα: hν = 1486.7 eV) X-ray source was used. Kelvin Probe Force Microscopy (KPFM) measurements have 
been performed on a Bruker Innova using the amplitude modulation to determine the contact potential dif-
ference between the Pt-Ir coated tip and the sample surface. The analysis is done in one pass mode, the first 
resonance amplitude is used to track the topography while the KPFM signal is acquired at a second frequency 
(23 kHz). Freshly cleaved Highly-Oriented Pyrolytic Graphite (HOPG) is used as reference. Measurements are 
performed under dry N2 atmosphere in order to avoid water condensation on the surface.
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3.3.1. Annealing influence on conductivity 

An in-depth study, presented in figure 32, shows the logarithmic decrease in conductivity 

with the increase in annealing temperature studied in the range of 600 to 900 °C. It can also 

be noted the impact each step of increase in annealing temperature takes in the decrease in 

conductivity. 
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Figure 32 - Study of change in conductivity with annealing temperature of CuCrO2 from 600° to 900°C 

3.3.2. Temperature dependent response 

The temperature dependent I-V curves of a thin film annealed at 700° is depicted in figure 

33 a). The decrease in resistivity with increase in measuring temperature, as observed in 33 

b) is in line with a semiconductor behaviour expected for our Cu-Cr-O thin films. The 

resistance decreases monotonically with the increase of temperature, due to the thermoionic 

generation of free charge in the semiconductor. 
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Figure 33 – Temperature response of delafossite thin films annealed at 700°C: a) With increasing 

temperature from 30 to 200°C b) Resistivity dependence on measuring temperature for films with different 

annealing durations 

For small polaronic conductions, as is normally considered the case for delafossite films, 

the conduction is given by Mott and Davies. It can be rewritten as: 

 ln(𝜎𝑇) = ln(𝐴𝜎𝑝) +
𝐸𝜎𝑝

𝑘𝑏𝑇
 (34) 

Where 𝐸𝜎𝑝 is the activation energy for polaronic conduction. The natural logarithm 

dependence of the conductivity times the temperature is plotted in figure 34, as function of 

the inverse of the temperature. 
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Figure 34 - Natural logarithm of the conductivity times the temperature as function of measuring 

temperature, for thin films annealed at 700°C during for different durations from 30 s to 120 min 

From figure 34, it is possible to extract the 𝐸𝜎𝑝, the activation energy for polaronic 

conduction, resulting in the values in table 13. It is noteworthy the increase of activation 

energy with the increase in annealing time, in line with the increase in resistivity. These values 

ranging from 55 to 104 meV, are well in line with the data reported by Crêpellière et al. [284] 

and Barnabe et al. [278]. These results show that the conduction mechanism is unchanged by 

the thermal treatment here studied. 

Table 13 - Extracted activation energy for polaronic conduction as function of annealing time at 700°C 

Annealing 30 s 5 min 15 min 30 min 60 min 120 min 

Eσp (meV) 55 61 73 72 95 104 

 

3.3.3. Annealing dependent Raman spectroscopy 

To further study the influence on the thin films of the annealing conditions, Raman 

spectroscopy was performed with a 442 nm laser. This allows us to further investigate, the 

correlation of the defect healing and the thin film crystallinity with the thermal treatments. 

Two Raman scattering peaks were observed for delafossite thin films (whilst not for the silicon 

substrate reference sample), at 457 cm-1 and at 709 cm-1, as can be seen in figure 35, in good 

agreement with the results reported in the literature [255,265,307,308]. 
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Delafossite compounds (space group R3m) such as CuCrO2 have one formula unit per 

unit cell with a total of 12 possible vibrational modes. Among these modes only two are 

Raman active with Eg and Ag symmetry [308]. The A1g mode corresponds to vibrations of the 

Cu-O bonds along the c-axis whilst the Eg mode represents the vibrations in the triangular 

lattice perpendicular to the c-axis.  According to Aktas et al. [308], the vibration modes ωA1g  

and ωEg, can be attributed to the peak at 457 and 709 cm-1 respectively. It is noteworthy the 

increase in intensity of the peaks, after any annealing, when compared with as deposited thin 

films (depicted in red). This is in good alignment with the XRD spectra, increase in the (012) 

Cu-Cr-O peak, shown in figure 31, representing the increase in crystalline quality (long-range 

order) of the material. In the case of as-deposited thin films, defects annihilated most of 

Raman vibrational modes signal. Raman scattering is dependent on the surface morphology 

and related to grain size, crystalline quality and tensile stress in the films [265]. Post-

deposition thermal treatments here studied lead to an increase of the Raman signal 

associated with the vibrational modes, ωA1g and ωEg, suggesting an atomic rearrangement for 

healing of structural defects, leading to a decrease in conductivity. This increase in peak 

intensity is furthermore visible with the increase in annealing time at 700 °C. The relative 

increase of ωA1g vibrational mode compared with ωEg, is interesting following the analysis of 

the lattice parameters, where a compression exists for as-deposited samples along the c-axis 

that is further relaxed upon annealing. These results can be associated with the dissolution of 

chains of copper vacancies and to an increase in the crystallinity of the thin films. 
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Figure 35 - Raman scattering spectra of samples with increasing annealing time 

3.4. Conclusion 

Delafossite thin film growth conditions were discussed and optimized for high 

conductivity thin films. One of the highest conductivity films were achieved for this kind of 

material, without recourse to external dopants. We explored the controlling of the carrier 

concentration, by means of post-deposition thermal annealing that will be a relevant 

parameter for ozone sensing due to the majority carrier injection expected in the thin films 

and the relation with the Debye length, that is key to the ionization of the grains. A controlled 

carrier concentration might be key to increase the sensitivity keeping the sensor with a 

minimum conductivity for standard electronic systems used in gas sensors. Films were 

produced using different conditions while preserving the delafossite structure. The highest 

conductivity thin films were selected, with different deposition times, leading to different film 

thickness for further study of post deposition thermal annealing processes. This allows us to 

have the widest study range in terms of conductivity and morphological properties to be 

tuned by post-deposition thermal annealing. Annealing steps increase the thin film 

crystallinity by healing of defects. This effect is triggered by Ostwald ripening mechanism 
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based on the dissolution of chains of copper vacancies. However, the stoichiometry of the 

thin film remains constant after annealing.  

We proved that the controlled thermal treatment is an efficient approach for controlling 

electronic properties of Cu0.66Cr1.33O2, a highly conductive p-type transparent oxide. The holes 

concentration, the electrical mobility and the electronic work function are key features for 

transparent solid-state devices and for a suitable integration in any active devices (such as p-

n junctions, transistors or optoelectronic devices) these properties must be tailored in order 

to tune the required properties of such devices. Therefore, we showed that the carrier 

concentration could be smoothly tuned. Depending on the aimed final values we proposed a 

time driven or a temperature driven thermal treatment. From the value of 90 meV for as-

deposited samples, the Fermi level can be tailored upwards up to 1.08 eV above the valence 

band maximum. The energetics of singular Cu-vacancies chain defects responsible of the high 

conductivity in this peculiar material was proposed. An activation energy model is used to 

extract the averaged activation energy of the annihilation of Cu-vacancies chains. We found 

Ea = 1.35 eV. 

The changes in carrier concentration and conductivity can prove to be an important point 

for ozone sensing response. 
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4. Copper-Chromium-Oxide electrical and 

morphological properties tuning for sensing 

applications 

Beside the tailoring of defects, of the carrier’s mobility and concentration, the annealing 

process may have a severe impact on morphological factors that can change the ozone 

sensing response of the copper chromium oxide thin films. In this chapter we study the 

electrical and morphological properties of the thin films (such as roughness, crystallite size, 

surface area, crystal orientation) that directly impact ozone sensors response upon annealing 

processes at 900 and 1050°C. 

Temperatures above 1100 °C promoted delafossite evaporation, what is in line with the 

temperature stability limit reported in the literature for CuCrO2 [285]. For this were 

considered samples with two thicknesses, 32 and 140 nm deposited on a sapphire substrate. 

The annealing influence on the morphological and electrical properties of the thin films, 

represented in table 14, are specifically explored in this chapter. 

Table 14 - Properties of as-deposited copper-chromium-oxide thin films with 32 and 140 nm 

Deposition Deposition time (s) 
Conductivity 

(σ/cm) 

Thickness (nm) Crystallite size 
(nm) 

Roughness 
(nm) 

H 1800 60.34 140 8.9 5,9 ± 0,4 

F 450 12.32 32 4.0 1,8 ± 0,1 

 

In figure 36, the SEM top view of the thin films, as deposited and after a thermal 

annealing at 900 and 1050 °C, during respectively 900 and 300 s, can be observed. It is 

noticeable when comparing the as-deposited thin films, that the thicker films, F (140 nm), is 

quite more compact. After thermal annealing, in both cases the films roughness and porosity 

are increased, what becomes even more evident after the thermal treatment at 1050 °C. The 

films present a wide range of grain sizes with a rugged profile. In this case the grains seem to 

coalesce and porosity increases, what can create more pathways for the gas permeation and 

more active surface area. Using ImageJ software data treatment to study the surface coverage 

of the films, that represents the percentual area of the surface of the thin film that is covered 

by the material, as shown in figure 37, one can arrive at the values shown in table 15. This is 

in line with what can be observed in the top view images, showing the decrease of surface 

coverage with increase in annealing temperature.  

This is further confirmed by the AFM analysis depicted in figure 38. It can be observed 

the increase in the morphological grain size as well as an important increase in roughness and 
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porosity of the thin films. Using Nanoscope Analysis tools, an image surface area differential 

can be calculated. This value is obtained by calculating the actual surface area measured by 

the AFM tip during the scan and dividing it by the projected surface (1 μm2). Thermal 

treatment at 1050 °C greatly increases roughness, in the case of H sample (32 nm) from 1.8 

to 5.5 nm and surface differential is increased by an order of magnitude, from 0.9 to 11.7 %. 

These results are instrumental to better understand the semiconductor morphological 

properties and being able to correlate them, among other parameters, to the gas sensing 

response. 

GIXRD spectra is presented in figure 39. A clear increase of delafossite main diffraction 

peak (012) upon annealing is observed, what corresponds to a reorganization of the thin film 

and healing of defects, as previously observed. A shift of the peak angle, from (2θ = 36.28°) 

to (2θ = 36.53°) is evidenced, after annealing at 1050 °C. This shift may be associated with a 

change in the lattice parameters. Prior to thermal treatment, the extracted parameter, for 

“c”, along the z axis, is 17.05 ± 0.02 Ǻ, whilst the extracted value after annealing at 1050 °C, 

increases to 17.11 ± 0.02Ǻ, without a relevant change in “a” parameter (𝑎 =  2.975 ±

0.01). As previously reported [263,284,285], our  as-deposited delafossite lattice is slightly 

compressed along the “c” axis. The increase in annealing temperature leads to a relaxation of 

the lattice to the expected values for pure CuCrO2. This can be associated with the healing of 

Cu vacancies by atomic rearrangement, as no change in stoichiometry was observed.  The 

increase in intensity can also be observed in CuCrO2 (110) and (108) peaks, as well as a small 

shift to higher diffraction angles. For the samples annealed at 1050 °C, gold peaks can be 

observed due to the contact pads added for ozone measuring devices. No other peaks can be 

observed, showing the preservation of delafossite structure.  
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Figure 36 - SEM top view of delafossite thin films, as deposited, annealed at 900 °C and 1050 °C: on the left 

sample H, with 32 nm and on the right sample F, with 140 nm 
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Figure 37 - 32 nm films as deposited and annealed at 1050 C top view images and ImageJ data treatment 

to calculate surface coverage 

Table 15 - Summary of electrical and morphological properties of delafossite thin films with 32 and 140 nm: 

as deposited, annealed at 900 °C and 1050 °C 

 32 nm 140 nm 

Annealing 
temperature As-dep 900°C 1050°C As-dep 900°C 1050°C 

Conductivity 
(S/cm) 

12 7.3 × 10−4 4.6 × 10−7 60 2.1 × 10−3 4.5 × 10−7 

Avg. 
Roughness 

(nm) 
1.8 2.1 5.5 5.6 5.3 8.4 

Surface 
Coverage (%) 

94 87 71 98 88 82 

AFM - Surface 
area 

differential (%) 
0.9 1.2 11.7 2.4 2.9 14.7 
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Crystallite size 
(nm) 

4.0 9.3 13.9 8.9 13.0 19.9 

 

 

Figure 38 – AFM images 1 x 1 μm showing the surface morphology of copper chromium oxide thin films, 

with 32 and 140 nm, as deposited and annealed at 1050 °C 
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Figure 39 - GIXRD spectra for films (32 and 140 nm) as deposited and annealed at 1050 °C. 

Delafossite thin film properties were tuned, using a wide range of annealing conditions. 

As discussed in chapter 1.4, metal oxide sensors response depends greatly on the thin film 

properties. Morphological properties, such as porosity and surface area were studied with 

the objective of maximizing them, since these properties can directly control the sensing 

response of the thin films. 

Thermal treatments have impact on the morphology of the thin films, by increasing the 

grain size and crystallite size. There is an increase in roughness and porosity that was 

quantified using the surface area differential, extracted from AFM measurements and the 

surface coverage extracted from SEM top view images. These changes in morphology indicate 

that annealed thin films should present a bigger response to ozone sensing, due to the much-

increased surface area. The increase in porosity might furthermore implicate the change from 

a pure surface reaction, where the ozone sensing is surface only, to a reaction throughout the 

full thickness of the film. 
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5. Ozone Sensing 

Off-stoichiometric copper chromium delafossite thin films sensing activities towards O3 

are studied in this chapter. The influence of the thin films properties on the sensing behaviour 

is discussed. Furthermore, the measurements varying the gas concentration and the 

temperature are also explored. Annealed samples, over a wide range of temperature, starting 

from 700° to 1050 °C are compared with non-annealed thin films, which allows us to derive 

an understanding of the impact of the carrier concentration/conductivity. The influence of 

the thickness and morphological properties is studied. An understanding model of the ozone 

delafossite reaction, using the power law theory, for static response is used. A dynamic model 

is proposed, based on the Langmuir theory of adsorption to better understand the reaction 

undergoing on the grain’s surface. Physical and kinetic parameters are derived to get scientific 

insights of the surface reactions. 

The electrical measurements in this chapter are done using two probe I-V measurements. 

4-point probe measurements were performed in several cases to confirm the validity of the 

measurements. 

5.1. Cu0.66Cr1.33O2 sensing response 

The change of the electronic properties of semiconductor oxides depends on the 

composition of the surrounding gas atmosphere. The surface conductivity of the sensor is 

modified by adsorption of gas species and related space charge effects. In oxidizing 

atmosphere, the oxide surface is covered by negatively charged adsorbates and the adjacent 

space charge region is electron depleted, increasing surface potential and the 

semiconductor’s workfunction. As shown in chapter 3, Cu0.66Cr1.33O2 is a p-type 

semiconductor. Upon interaction with ozone, chemisorbed oxygen species are created in the 

film’s surface, normally  𝑂− or 𝑂2
− (𝑂3

− cannot be fully excluded for short periods of time [71]). 

These adsorbate species will trap electrons from the conduction band, creating a 

bandbending of the energy levels on the grain surface. A surface accumulation layer which 

has a higher concentration of majority carriers (holes) is generated. In this situation the local 

conductivity of the films will increase. The sensing response to a gas is then defined as the 

relative conductivity ratio: 

 S =
𝜎

𝜎0
=

𝐼

𝐼0
 (35) 

where, 𝜎 is the conductivity when exposed to ozone and 𝜎0 is the conductivity in dry air. 𝐼 

and 𝐼0 are the currents measured when exposed to the target gas and in dry air respectively. 
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In this chapter we will explore Cu0.66Cr1.33O2 response to ozone at low temperature (up 

to 200 °C). Prior to our work, the best results using a delafossite material at room temperature 

achieved a minimum detection limit of 50 ppm of ozone (with a response of about 40%) 

[12,281], a value 500 times higher than the limits imposed by the governmental health and 

safety agencies. In this work we explore the sensitivity of this off-stoichiometric material as 

well as the influence of the electrical and morphological changes promoted by post-

deposition thermal treatment to improve the sensing response, as per equation 35. A study 

of the selectivity of the sensors when compared with molecular oxygen is performed. A 

theoretical model of the delafossite-ozone reaction is also proposed. 

5.1.1.  Annealing conditions 

The response of delafossite thin films, deposited on a silicon substrate with thicknesses 

of 45, 75 and 150 nm, to 5 ppm of ozone diluted in air at room temperature is shown in figure 

40, as function of time. As-deposited thin films present a very low sensitivity to ozone. One 

can still notice the increase in sensitivity with decreasing the films’ thickness. The best 

response was observed for films with 45 nm, whilst 150 nm presented the poorest 

performances. A change in conductivity in the thinnest film of about 1% was recorded upon 

ozone introduction. This is however insufficient mainly when considered the high ozone 

concentration used, 5 ppm. The p-type behaviour of the sensors was confirmed, with the 

increase in conductivity upon ozone exposure due to the trapping of electrons. 

As observed in chapter 4, our as-deposited delafossite thin films, do not present the ideal 

morphological properties for ozone sensing, due to their compact surface, high surface 

coverage and low roughness. Furthermore, the high carrier concentration present in these 

films is unsuitable, since a high amount of electron trapping due to ozone adsorption would 

be necessary for a noticeable increase of the films conductivity. A similar study to the one 

present in figure 40, was performed using thin films annealed at 700 °C during 900 s. It is 

presented in figure 41. Several conclusions might be drawn. The annealing process increases 

the sensitivity of delafossite thin films by a factor of 10. This increase is seen in any of the 

films thickness studied. The thinner film (45 nm) presents better sensing response after 1 

hour of ozone exposure. The thicker film (150 nm) presents the lowest sensing response. The 

saturation of current reached suggests that a steady state equilibrium between adsorption 

and desorption of oxygen adsorbates was reached, at the measurement temperature. The 

responses for the case of figure 40 and 41, were performed at room temperature. The small 

conductivity changes observed upon gas introduction for non-annealed samples and samples 

annealed at 700°C lead to rather small conductivity changes (below 1 and 10 %, respectively). 

Even if a general trend might be analysed, comparison sample to sample must be done 

carefully due to the low current changes leading to values close to the measuring apparatus 

error. 
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Further annealing temperatures are then studied, for so the samples discussed in chapter 

4 are used. Delafossite thin films, deposited on sapphire substrate, due to its high thermal 

stability, annealed at 900 °C and 1050 °C sensitivity to ozone is discussed. Three thicknesses 

were deposited: 32, 70 and 140 nm. The influence of the films thickness is furthermore 

discussed. 
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Figure 40 - Sensing characteristics of as-deposited Cu-Cr-O delafossite with different thicknesses, 45, 75 and 

150 nm, upon exposure to 5 ppm of ozone diluted in dry air, at room temperature. 
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Figure 41 - Sensing characteristics of Cu-Cr-O delafossite annealed at 700 °C for 900 s upon exposure to 5 

ppm of ozone diluted in dry air, at room temperature. 

For Cu-Cr-O delafossite thin film with 32 nm thickness and annealed at 900 °C, its 

response to 5 ppm of ozone at room temperature is shown in figure 42. A sensing response 

of 1.57 was calculated, what corresponds to an increase in conductivity of 57%, upon ozone 

exposure. In figure 43, is shown the response to 5 ppm of ozone of the 32 nm copper 

chromium oxide thin film, annealed at 1050°C. A response leading to a fivefold increase in 

conductivity is remarkable. Similar results were observed for the samples of 70 and 140 nm, 

as shown in table 16. It should be noted however, the decrease in conductivity by the high 

temperature annealing leads to a decrease in the measured current, with measurements in 

the picoampere range, that can be a limiting factor for integration into traditional electronics 

used in sensor networks. These results can be understood by reminding the conclusions 

drawn in chapter 4. The increase in porosity allowing a higher gas permeation and the 

increase in roughness resulting in a bigger surface area, allows the ozone reaction to extend 

beyond the surface of the thin films, greatly increasing its sensitivity. This can be further 

observed by the 3D representation of AFM images taken of the thin films, as deposited, 

annealed at 900° and 1050°C, shown in figure 44. In these images one can see the very clear 

increase of surface area, after the high temperature annealing process. 

 Furthermore, the high temperature annealing leads to a decrease in the Debye length 

(equation 10), that represents in the case of a polycrystalline semiconductor, the distance 

over which the chemical electrostatic effects can propagate, changing the free charge 
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carriers. It is possible, that the decrease in carrier concentration observed leads to a higher 

ionization of the individual grains. In a parallel resistor model, as the one represented in figure 

45, this is represented, by a decrease of the contribution of the bulk resistance, where Rtotal = 

Rs. In this model it is considered that the bulk resistance is independent of ozone 

concentration while the surface resistance is inversely correlated to it. The particle boundary 

resistance will also be influenced by the ozone adsorbate species due to the bandbending 

induced in the grain surface. The particle boundary is situated at a distance from the grain 

surface equal to the Debye length. When coupled with the increase in porosity, this can lead 

to gas interaction at the surface of each individual grain, creating a fully charged regime. 

Technological limitations exist when trying to extract the carrier concentration of such 

copper-chromium-oxide thin films with our setup. Due to the low mobility, Hall effect 

measurements are not suitable and our homemade Seebeck system is not reliable in the 

studied range. However, an order of magnitude can be estimated if certain assumptions are 

made: i) due to lack of bibliographic data, the dielectric constant was considered 15. This is 

based on the dielectric constant of Cr2O3, estimated to be 13 [309] and Cu2O estimated at 

18.1 [310]. ii) considering a mobility of 0.01 and 0.0001 cm2/Vs, similar to the highest and 

lowest extracted for the samples studied in chapter 3.3, would result in 10 < 𝐿𝐷 < 100 nm, 

for the 32 nm copper-chromium-oxide thin film annealed at 1050 °C and 0.8 < 𝐿𝐷 < 8 nm, 

for the 32 nm thin film annealed at 900°C. These results would suggest that for the higher 

annealing temperature (1050 °C), it would likely result in a fully charged regime, even if grain 

size estimation is difficult to the grain heterogeneity observed.  

The gradual increase in sensing response (as considered by the sensitivity) increases from 

below 1% for as-deposited films to a 5-fold response (precisely, 464%) for films annealed at 

1050°C. These improvements are associated with the variation in carrier concentration of the 

films and the morphological changes observed leading to a higher surface area. 
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Figure 42 - Sensing characteristics of Cu-Cr-O delafossite (32 nm) annealed at 900 °C for 900 s, upon 

exposure to 5 ppm of ozone diluted in dry air, at room temperature. 
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Figure 43 - Sensing characteristics of Cu-Cr-O delafossite (32 nm) annealed at 1050 °C for 300 s, upon 

exposure to 5 ppm of ozone diluted in dry air, at room temperature. 



99 
 

Table 16 – Maximum sensing response, as a % increase in conductivity, when exposed to 5 ppm of ozone 

depending on the thin films’ annealing conditions. 

Deposition As deposited 700 °C 900 °C 1050 °C 

Thinner (32 – 
45 nm) 

0.9 % 9 % 57 % 464 % 

Medium (70 – 
75 nm) 

0.3 % 7 % 28 % 360 % 

Thicker (140 – 
150 nm) 

0.2 % 2 % 33 % 239 % 
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Figure 44 - 3D AFM pictures of delafossite thin films from top to bottom: as deposited, annealed at 900°C 

and annealed at 1050°C. 
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Figure 45 - Model representing the grain particles, the surface and the bulk and how their geometry can be 

derived into a resistance model 

5.1.2. Thickness influence 

Thin film thickness is an important parameter for ozone sensitivity as discussed in 

chapter 1.4. From our previous results it seems clear that the thinner films present higher 

sensitivity. Figure 46, further corroborates this assumption, when we compare the sensing 

response at room temperature of 32, 70 and 140 nm thin films annealed at 1050 °C. The 

sensing response of 32 nm films is 5.64, while it is 3.39 for 140 nm films. The inset shows the 

response for the first 500 s of ozone exposure, showing a response of more than 2.5 times for 

the thinner film and only about 1.5 for the thicker film. Whilst for lower annealing 

temperatures the difference in response might be correlated with different conductivities 

(the thicker films are more conductive), as shown in table 16, the conductivity for the 32 and 

140 nm samples annealed at 1050 °C are comparable (4.6 x 10-7 and 4.5 x 10-7 S/cm, 

respectively). This further corroborates the hypothesis of the kinetics of ozone sensing being 

driven by surface reaction of the delafossite grains. When exposed to ozone the 

polycrystalline material grain boundaries, their Schottky potential barrier is decreased, 

favouring its conductivity. The thicker film also presents a very noisy response. This can 

partially be associated with the low conductivity, but it doesn’t explain the increased noise 

for the thicker film, that has been observed in several experiments. 
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Figure 46 - Sensing characteristics of Cu-Cr-O delafossite thin films annealed at 1050 °C for 300 s, upon 

exposure to 5 ppm of ozone diluted in dry air, at room temperature, with 32, 70 and 140 nm. Inset showing the 

response during the first 500 s of exposure to ozone. 

5.1.3. Temperature dependence 

The influence of the measurement temperature on the thin films response was 

investigated.  For this, the delafossite thin film of 32 nm annealed at 1050°C was purposely 

considered. In a first cycle, the I-V curve of the film was measured at 25, 50, 100, 150 and 200 

°C, with a flow of dry air. A cool down cycle followed and then ozone in the concentration of 

2.5 ppm was injected. It was waited until a plateau was reached. Next the temperature was 

further increased to the next value. The experimental results are shown in figure 47. One can 

notice the relative stability in the ratio of current under ozone and dry air in between 25 and 

150 °C. Furthermore, the almost parallel behaviour of the dotted lines, showing a logarithmic 

increase of the current with the temperature, as expected for a semiconductor, shows a likely 

similar activation energy and no change of conduction mechanism. 
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Figure 47 – 32 nm thin film annealed at 1050 °C current, with a bias of 1V, at increasing temperatures from 

25 to 200 °C. The response is shown under dry air and under 2.5 ppm of ozone after a steady-state has been 

reached. In red is the current ratio (Current under ozone/Current under dry air). Arrows for guiding eyes, showing 

the two cycles of response, with increasing temperature under dry air exposure and ozone, considering the data 

up to 150°C. 

Data at 200 °C however suggest a significant change of the mechanism of the sensing 

reaction. A huge increase in the current ratio, more than one order of magnitude is observed; 

the time to reach a plateau is greatly increased, from about 1 hour to more than 15 hours. 

These results will be further discussed in chapter 5. 

Delafossite conductivity is known to be limited by small polaron hopping (discussed in 

chapter 1.5). The conductivity dependence on temperature, given by Mott and Davies [246], 

was presented in equation 34. 

𝐸𝜎𝑝 is the polaronic activation energy. By fitting the data of the films under dry air and 

ozone exposure, 𝐸𝜎𝑝 was extracted, with values of 149 meV and 143 meV, respectively. The 

activation energies extracted for this samples are considerably higher than the ones extracted 

in table 13, for samples annealed at 700°C (values ranging from 55 to 104 meV, for samples 

annealed for 30 s and 120 minutes, respectively) as would be expected due to the much 

higher annealing temperature (1050°C). From this analysis we may conclude that ozone 

exposure does not induce a change in the conduction mechanism, but merely an offset of the 
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baseline conductivity due to injection of majority carrier due to ozone exposure. This is the 

case in the range of temperatures 25 - 150°C. 
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Figure 48 – Mott and Davies small polaronic conduction fit, using the natural logarithm of the conductivity 

times the temperature as function of measuring temperature, for 32 nm delafossite thin film annealed at 1050 

°C, under dry air and 2.5 ppm ozone exposure. 

In figure 49, is presented the sensing response of 32 nm copper-chromium-oxide thin 

film upon exposure to 50 ppb of ozone. In this case one can observe an increased response 

for the 125°C in comparison with the 75 and 100°C measurements. 
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Figure 49 - Sensing response of 32 nm copper-chromium-oxide annealed at 1050 °C for 300 s, to 50 ppb of 

ozone diluted in dry air, at 75°, 100° and 125°C. 

The temperature dependence analysis of the delafossite thin films, shows the sensor 

might be applied at the temperature range, 25 – 150 °C, showing the great potential of off-

stoichiometric delafossite thin films for low temperature ozone sensing. 

5.1.4. Influence of ozone concentration 

Ozone concentration limits imposed by the health and environmental agencies are in the 

range of 70 – 100 ppb per 8 hours / day exposure and 1 ppm as a danger level, for 15 minutes. 

In figure 50, we present the study of consecutive ozone exposures to our 32 nm copper-

chromium delafossite thin films annealed at 1050°C with ozone concentrations from 50 ppb 

to 350 ppb, with its reversible reaction. The figure shows the consecutive increase in 

conductivity upon ozone exposure, first when exposed to 50 ppb, until a plateau was reached. 

Next ozone injection was stopped, and the recovery under dry air can be observed almost to 

the base value. This is an advantage to the commonly proposed sensors, based on In2O3 and 

SnO2, that have been shown to require temperatures above 300°C for fully reversible 

reactions [40,44]. A next injection of 100 ppb shows the increase in conductivity to a higher 
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degree than the one at 50 ppb. This is furthermore observed at 350 ppb. A close to total 

recovery is achieved in this timeframe. It can be noted in the recovery phase a small drift of 

the baseline current (less than 5%), in the time range given. It should however be noted that 

if enough time is given (at least 12 hours), a total reversibility of the measurements is achieved 

in the studied temperature range. These results show for the first time, to the best of our 

knowledge, the sensitivity of copper-chromium delafossite thin films to this range of ozone 

concentrations. The electrical and morphological property engineering done during this work, 

was able to decrease the detectable ozone concentrations by a factor of 1000, when 

compared with the stoichiometric delafossite [12,281]. Furthermore, the response to only 50 

ppb of ozone is of the same magnitude as the one presented by Zhou et al. [12], for 50 ppm 

of ozone, for pure phase CuCrO2. 

The I-V characteristics of the sensor response, using different ozone concentrations, from 

50 ppb to 2.5 ppm, are depicted in figure 51. It can be observed the different sensing 

behaviour depending on the ozone concentration. A higher plateau is reached for higher 

ozone concentrations. This thus allows to use our delafossite thin-film as a chemiresistive 

sensor for ozone in a suitable range of concentrations for a widespread usage. This can help 

confirming the reaction of ozone being derived by the occupation of surface states, leading 

to changes in the local resistance. However, the time to reach a steady state (usually above 3 

hours) is a severe obstacle for the sensor usage in some practical cases. In general, in the 

literature, the response time is presented as T90 (the time required to reach 90% of the 

equilibrium signal) [32,35,51]. However, considering figure 50, an equilibrium has not been 

fully reached even after 3 hours, rendering this response time unsuitable, for practical usage.  

To overcome this problem another detection method is suggested, based on the dynamic 

rate of increase of current with time or the slope of the sensing response during the first 200s. 

As shown in figure 52, the difference in ozone concentration can be well observed in this time 

range. During the first period the increase in current as function of time is linear. In the figure 

inset is plotted 
𝑑𝐼

𝑑𝑡
, as function of ozone concentration, showing a linear increase. This method 

suggests that by periodic data acquisition, our sensors can have a quick response, in a 

hundred seconds or less, while working at low temperatures (< 100°C). 

Yet another practical usage possibility is the recording of the current after a fixed time of 

ozone response, as shown in figure 53. The current is recorded 200 seconds after ozone 

exposure for different ozone concentrations. This is another practical mechanism that would 

allow the integration of our sensors into low-cost sensor networks. 

Figure 54, shows consecutive exposures to a) 50 ppb and b) 100 ppb of ozone, showing 

the full reversibility of our sensors as well as the repeatability of the measurements. Thicker 

films (140 nm) also present reversible response to ozone at 50 ppb as shown in figure 55, 

albeit its sensitivity being greatly diminished. However, no limitations in terms of ozone 

detection limit were found when comparing the response of films with different thicknesses, 
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ranging from 32 to 140 nm. From figure 50, can be extracted a T90 for response, of 2000 s 

and T90 for recovery of 10750 s. The correlation 𝜏𝑟𝑒𝑐 > 𝜏𝑟𝑒𝑠, that is the total recovery time 

being larger than the response time until saturation, was observed in every case, what is 

typical for sensors controlled by adsorption/desorption mechanisms [72].  
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Figure 50 - Sensing characteristics at 100°C of 32 nm Cu-Cr-O delafossite thin films annealed at 1050 °C for 

300 s, with consecutive exposures using ozone concentrations of 50, 100 and 350 ppb and the recovery periods 

in between. Inset shows the current ratio after 10 ks exposure for each cycle as function of ozone concentration. 
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Figure 51 - Sensing characteristics at 100°C of 32 nm Cu-Cr-O delafossite thin films annealed at 1050 °C for 

300 s, upon exposure to ozone diluted in dry air, 50, 100, 350 and 2500 ppb. 
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Figure 52 - Sensing characteristics at 100°C of 32 nm Cu-Cr-O delafossite thin films annealed at 1050 °C for 

300 s, upon exposure to ozone diluted in dry air, 50, 100, 350 and 2500 ppb, for the first 200 s of ozone exposure.  
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Figure 53 – Current values measured for 32 nm copper-chromium-oxide ozone sensor annealed at 1050°C 

after 200 s of ozone response to increasing ozone concentration. Inset: 
𝑑𝐼

𝑑𝑡
 of ozone characteristics as function of 

ozone concentration, showing a linear dependence. 

 

Figure 54 - Consecutive exposures to 50 and 100 ppb of ozone of 32 nm delafossite thin films annealed at 

1050 °C for 300 s, at 100°C, showing the reversible behaviour and repeatability of our measurements. 
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Figure 55 - Sensing characteristics at 100°C of 140 nm Cu-Cr-O delafossite thin film annealed at 1050 °C for 

300 s, with concentrations of 50, 100 ppb and the recovery period in between. 

5.1.5. Selectivity 

Due to the nature of ozone adsorption, being led by the adsorption of oxygen species, 

one of the biggest cross-selectivity challenges might arise from changes induced by molecular 

oxygen, reminding that all of our previous measurements were obtained in dry air. For this 

we propose a study where we consecutively injected pure nitrogen (leading to the desorption 

of oxidant surface species, (i.e transduced by a continuous decrease of current) for 30 

minutes, next we injected dry air, for 10 minutes, and after we injected a mixture of 40% O2 

/ 60% N2, for 30 minutes. Lastly ozone (50 ppb), diluted in dry air was injected for 30 minutes. 

During the first step there is a likely desorption of the surface species, present in the thin 

films. This leads to a small decrease of the conductivity. The injection of air does not cause 

any noticeable impact and the following injection of 40% O2, double the oxygen concentration 

that can normally be found in ambient air, for 30 minutes, causes a small increase in 

conductivity (about 1% maximum). This is marginal when compared with the following 

injection of 50 ppb of ozone, less than the regulatory limit for 8 hours exposure, that causes 

an increase of conductivity of 14% after 30 minutes. This allows us to conclude that our sensor 

is very selective towards molecular oxygen. Any reasonable changes in the oxygen level that 
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may happen in the office environment will not be detected by the sensor, showing its very 

high selectivity when comparing O3 and O2.  

 

Figure 56 - Sensing characteristics of 32 nm Cu-Cr-O delafossite annealed at 1050 °C for 300 s, at 100 °C, 

upon consecutive exposures to N2 (30 minutes), Air (10 minutes), a mixture of 40% O2 / 60% N2 (30 minutes) and 

50 ppb of ozone diluted in air (30 minutes) showing the selectivity of our delafossite towards ozone 
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5.2. Investigating the surface delafossite – ozone 

reactions 

5.2.1. Static Model – Power law behaviour 

We have studied the interplay of the film properties and how to maximize our sensors 

performance, for low temperature measurements. We now turn our attention to investigate 

the reaction mechanism that drives the behaviour of our sensor. From our measurements, 

we studied the interaction between the ozone and the delafossite surface. Firstly, we use the 

measurements on an equilibrium state, so after a plateau has been reached. This is the 

commonly known power law behaviour, that has been discussed in detail in chapter 1.4.1. A 

semiconductor gas sensor follows a behaviour characterized by type 𝑆 =  𝐴𝑃𝑔𝑎𝑠
𝑛  , where A 

and n are constants and P is the gas partial pressure. This behaviour is directly correlated with 

the species involved in the adsorption reaction. The analysis can be seen in figure 57. The 

study was performed at 75° and 100 °C. The data fits very well with the expected behaviour 

and the exponent was extracted 𝑛 = 0.30 ± 0.02 at 75 °C and 𝑛 = 0.31 ± 0.02 at 100 °C. 

Looking at table 3, that schematizes the different possible response functions for ozone and 

comparing with this analysis it is possible to better understand the reaction undergoing at the 

sensors’ surface. The exponent close to 1/3 indicates that the reaction is mainly governed by 

the direct decomposition of ozone molecules into monoatomic oxygen, in the studied 

temperature range. These results diverge from the commonly reported exponents for ozone 

sensors of  𝑛 ~ 1, which represent that each molecule of ozone is trapping one electron. In 

our case the reaction seems to be governed by the following equation: 

 3𝐴𝑆 + 𝑂3 + 3𝑒− → 3(𝐴𝑆 − 𝑂−(𝑎𝑑𝑠)) + 3ℎ+ (36) 

Where one ozone molecule is decomposed into 3 monoatomic oxygen. This catalytic 

activity is in line with the previously reported by Bejaoui et al. [68], for CuO based sensors, 

but was so far never found for Cu-Cr-O delafossite systems. The authors measured  𝑛 = 0.53, 

at 250 °C, that although it shows catalytic decomposition of ozone, is not favouring 

monoatomic oxygen and the selectivity vs. di-oxygen, being one of the critical challenge of 

ozone sensors operating in ambient air. This is the first-time that a direct ozone catalytic 

decomposition into monoatomic oxygen at low temperature is being reported, to the best of 

our knowledge. The nature of this reaction may well be the reason behind the high sensitivity 

of the sensors at low temperature as well as its very good selectivity compared with molecular 

oxygen. 
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Figure 57 - Logarithm of the sensitivity (σ/ σ0) with the ozone partial pressure, after a steady state was 

reached, showing the power law behaviour of our sensors, with an approximate exponent of 
1

3
  at a) 100 °C and 

b) 75 °C. 

Assuming the validity of the derived equation at low gas concentrations and considering 

a change in sensitivity of 10% as the minimum significant response value, we can assume the 

detection limit for ozone would be 15 ppb at 100°C. Unfortunately, the current experimental 

setup at our disposal is not able to produce in a coherent way such low values of ozone 

concentration. The high catalytic activity for ozone decomposition can help explaining the low 

detection limits observed even at low temperatures.  

5.2.2. Dynamic Model 

We have used the equilibrium data fitting with the power law behaviour to identify 

monoatomic oxygen as the preferred adsorbed spices. Here we propose a study of the 

dependence of our sensors versus time with the ongoing surface-ozone reactions. By 

combining the kinetics of the equation, with the semiconductor’s conduction mechanism, we 

propose a dynamic model of the change of conduction for our gas sensor, as discussed in 

chapter 1.4.2. Considering only O3 and assuming no initial coverage, integrating the Langmuir 

isotherm as function of time, leads to the following expression for adsorption sites coverage, 

upon O3 exposure: 

 𝜃𝑣(𝑡) = 1 −
𝑘−1 + 𝑘1𝑃[𝑂3]𝑒

−(𝑘−1+𝑘1𝑃[𝑂3])𝑡

𝑘−1 + 𝑘1𝑃[𝑂3]
 (37) 

Where 𝜃𝑣(𝑡), represents the fraction of occupied adsorption sites at a given time. 𝑘1and 𝑘−1 

are the adsorption and desorption reaction constants respectively. 𝑃[𝑂3] is the ozone partial 

pressure. 



115 
 

Considering that the sensors’ conductivity is dependent on the surface coverage and that 

according to its identified behaviour, where each adsorbed monoatomic oxygen is trapping 

one electron, we can propose the relation between the conductivity, the ozone partial 

pressure and reaction kinetics. We consider that, the conductivity as function of time is given 

by: 

 𝜎(𝑡) = 𝑝(𝑡)𝑒𝜇 = 𝑝0𝑒𝜇 + ∆𝑝(𝑡)𝑒𝜇 (38) 

where 𝑝0𝑒𝜇 is the base conductivity and ∆𝑝 is the change in carrier concentration derived 

by the injection of majority carriers due to atomic oxygen adsorption. It can be written as: 

 𝜎(𝑡) =  𝜎0 + 𝑁. 𝜃𝑣(𝑡) (39) 

with  𝑁 = 𝑒𝜇𝜃0. 𝜃0 represents the total number of adsorption sites available at a given 

temperature. 𝜎0 is the conductivity under dry air conditions at a given temperature. 

We can further expand the formalism, considering the kinetic reactions are thermally 

activated: 

 𝑘𝑖 = 𝑘𝑖0exp (−
𝐸𝑎𝑖

𝑘𝑇
) (40) 

Where 𝐸𝑎𝑖  is the activation energy of a given reaction. The number of adsorption sites 

can also be considered to be temperature dependent as the surface features and lattice 

parameters will change in temperature. We can therefore consider that the conductivity is 

given as function of time and temperature upon ozone injection by: 

 𝜎(𝑡, 𝑇) =  𝜎0(𝑇) + 𝑒𝜇𝜃0(𝑇)(1 −
𝑘−1(𝑇) + 𝑘1(𝑇)𝑃[𝑂3]𝑒

−(𝑘−1(𝑇)+𝑘1(𝑇)𝑃[𝑂3])𝑡

𝑘−1(𝑇)+𝑘1(𝑇)𝑃[𝑂3]
) (41) 

Or it can be further simplified to the current dependence on time and temperature as: 

 𝐼(𝑡, 𝑇) =  𝐼0(𝑇) + 𝑉.
𝐴

𝑙
𝑒𝜇𝜃0(𝑇)(1 − 𝜃𝑣(𝑡, 𝑇)) (42) 

This model has several limitations that can be pointed out: It considers that there is no 

surface coverage when ozone is introduced, and that ozone is the sole responsible for the 

change in carrier concentration. The formalism can be readily expanded to take oxygen 

adsorption into account as previously discussed, but due to the high selectivity found to 

molecular oxygen a model simplification was preferred. The model considers an immediate 

change of regime, from no ozone, to a static partial pressure, not considering the filling of the 

chamber (a few minutes) and stabilization of the ozone generator. Albeit the limitations, we 

believe this model can provide a good first order approximation, for the dynamic behaviour 

of our sensors, in the study range. Approximated kinetic parameters of the reaction can be 
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derived as well as physical parameters such as the total number of adsorption sites at a given 

temperature for our samples.  

Figure 58, shows the response of Cu0.66Cr1.33O2 to 50 and 100 ppb of ozone at different 

operating temperatures: 75°, 100° and 125°C. It presents also the fitting using the dynamic 

model in equation 43. Two distinct analysis at a given temperature and ozone concentration 

are performed. Table 17 presents the results derived from this analysis with the average and 

standard deviation found for each temperature of the kinetic constants and the total number 

of adsorption sites of the material. A trend can be observed, as the kinetic decomposition of 

ozone and its adsorption are favoured at higher temperatures, as would be expected for a 

thermally activated reaction (as shown in figure 59). The total number of adsorption sites 

seems however to not be changed when the temperature is increased from 75 to 100 °C. 

Temperatures above 100 °C promote the desorption of hydroxyl groups that may limit the 

number of adsorption sites. A further increase to 125 °C promotes an increase of the total 

number of adsorption sites from about 1.8 × 1013 to 5.1 × 1013. This increase can be driven 

by the changes of the material at higher temperature or due to desorption of other adsorbate 

molecules, mainly -OH groups or carbon present at the surface. However, the high catalytic 

activity of our sensors at temperatures below 100 °C, make it the perfect candidate for low 

cost sensor network integration. Nevertheless, it might still be advisable in the case of metal 

oxide conductometric gas sensors, to operate at temperatures above 100 °C, due to the 

reduction of hydroxyl groups influence. 

Table 17 -Parameters derived from dynamic model in equation 43, presenting the average of the kinetic 

constants and maximum number of adsorption sites, of two measurements for each ozone concentration, 50 and 

100 ppb. 

Temperature 𝒌−𝟏 (𝒔−𝟏) 𝒌𝟏 (𝒔−𝟏) 𝜽𝟎 (𝒄𝒎−𝟑) 

75°C 
4.9 × 10−4

± 2.8 × 10−4 
8.5 ± 0.8 

1.6 × 1013

± 0.8 × 1013 

100°C 
4.3 × 10−4

± 2.9 × 10−4 
21.9 ± 1.9 

1.8 × 1013

± 0.18 × 1013 

125°C 
4.1 × 10−4

± 0.2 × 10−4 
44.7 ± 0.75 

5.1 × 1013

± 1.4 × 1013 

According to the literature results, at high temperature (above 400°C) the efficiency of 

the desorption mechanism of target molecules increases, and the system can become less 

sensitive. This has lead in several works to show a maximum, optimum response temperature 

[45,54,59,68,69]. This was not observed in our study range (up to 125°C). The desorption 

efficiency in the range of 75 ° - 125 °C seems to be of the same order of magnitude. The kinetic 
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reaction parameters extracted are independent of ozone concentration, in the temperature 

range studied. The activation energy was further extracted with a value of 0.4 eV. 

Langmuir theory analysis of dynamic model for ozone sensing reaction in semiconductor 

sensors has been proposed in different works [32,54]. From these works the total density of 

adsorption sites for WO3 was derived as 8 × 1012, at 325°C. Simulation works based on 

Wolkenstein models were used by Bejaoui et al. [68] and Guerin et al. [57,59], to study the 

dynamic response of p-type CuO and n-type WO3, respectively to ozone exposure. In first 

case, a rate constant for ozone was found as 24 s-1 and the extracted total density of 

adsorption sites estimated at 1 × 1014 𝑐𝑚−3 at 250°C. These values are in line with our 

reported values (rate constant of 22 s-1 and estimated adsorption sites 2 × 1013 𝑐𝑚−3) at a 

much higher temperature (250°C, compared with our 100°C), further justifying the potential 

of our sensors for low temperature (< 100 °C) ozone sensing.  

Limitations can be found in the fittings present in figure 58, as the response does not 

fully saturate after 3 hours, as predicted in the model. This might be due to an additional 

slower mechanism present and additional reactions not taken into account in this model. It 

can be observed in the different ozone response as function of time plots, throughout this 

chapter, that a faster response is observed in the first ~ 1000 s, and afterword a slow 

response continues instead of the expected saturation. This additional mechanism can be due 

to oxygen adsorbate species diffusion, likely through the grain boundaries. 

Based on the fundamental reactions occurring at the surface of the oxide, a Langmuir 

based model is able to approximate the behaviour of the sensor to changes in ozone 

concentration, within the temperature range studied. 
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Figure 58 - Sensing characteristics of 32 nm Cu-Cr-O delafossite annealed at 1050 °C for 300 s, when 

exposed to 50 and 100 ppb of ozone at 75, 100 and 125 °C. Fit of dynamic model presented in equation 43, in 

each case allowing for extraction of parameters present in table 17. 
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Figure 59 - Net adsorption (k1 -k-1) as function of sensor working temperature as extracted by the model 

present in figure 58. Inset showing the activation energy extraction leading to 0.4 eV 
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5.3. In-situ ozone NAP-XPS 

In this sub-chapter, we present a study of the response of copper-chromium-oxide thin 

films to different ozone concentrations via NAP-XPS spectra. Different temperatures and gas 

environments lead to different core level and valence band maximum energies. A lower 

binding energy corresponds to a decrease in distance between the Fermi energy and the 

valence band maximum, (i.e. a more oxidized sample). This novel experiment can bring 

important information about the ozone decomposition and surface reactions undergoing at 

the thin film surface. 

Several technical hurdles had to be overcome for the realization of this experiment: the 

insulating nature of the substrate used for the ozone sensing devices (sapphire) led to 

charging response and unreliable information. This substrate was subsequently substituted 

by a highly doped p-type silicon. However, upon annealing steps, copper diffuses into the 

silicon substrate, changing the chemical composition of the layer. This is a commonly known 

fact in the literature [303,304]. Titanium nitrate was further deposited as a barrier layer for 

copper diffusion [303], due to its high conductivity. However, TiN diffusion barrier layer is of 

limited efficiency with annealing temperatures above to 800°C [311,312] and there is a lack 

of viable alternatives at our disposition. 

For this reason, thin copper-chromium-oxide films were deposited on p+ Si and TiN, as 

represented in figure 60. The film was annealed at 750°C for 15 min. The sample was first 

heated up to 600 °C for removal of surface carbon. A first survey spectra was taken and 

sequentially the sample was exposed to pure oxygen at increasing pressures.  

 

Figure 60 - Schematic representation of the sample used, evidencing the p-doped silicon as substrate, 

titanium nitrate as a diffusion barrier with 25 nm and our copper-chromium-oxide thin film 
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Afterwards the ozone generator was turned on, with a flow of 50 sccm/min, leading to a 

concentration of   ̴ 15% O3, diluted in oxygen. The pressure of the chamber leads to ozone 

partial pressure. Measurements were performed with pressures ranging from 0.05 mbar to 2 

mbar. By changing the total chamber pressure, the ozone partial pressure is controlled. 

Assuming standard temperature and pressure conditions this can be easily converted into 

ozone concentrations, that would range from 250 ppb (total pressure of 0.05 mbar) to 10 ppm 

(total pressure of 2 mbar), allowing for a wide studying range. The total number of ozone 

interactions with the surface material is in this way comparable with our previous 

measurements, acknowledging that even if ozone partial pressure is comparable, the ones of 

oxygen and nitrogen are not, being several orders of magnitude lower, leading to a relative 

number of interactions ozone – surface to be overestimated, even if these gases are normally 

not as reactive with the surface. All the concentrations of ozone discussed in this chapter 

were extracted in this way. 

The sample was first studied at 100 °C and sequentially ozone exposure measurements 

were performed at 50 and 150 °C. 

In figure 61, a first survey scan was performed, leading to the identification of Cu 2p, Cr 

2p and O 1s characteristic peaks in the spectra, as well as small Ti 2p, Si 2p and C 1s peaks. 

Furthermore, Auger Cu, Cr and O peaks are present in the spectra. Lead impurities were 

detected in concentrations below 0.3%. As can be observed the intensity of the spectra is 

inversely proportional with the chamber pressure. Spectra were taken in pure oxygen at 0.01, 

0.1 and 1 mbar (represented as NA in the graphic labels) of pressure and then at 0.05, 0.1, 

0.2, 0.5, 1 and 2 mbar of pressure with ozone flow, leading to “equivalent” concentrations of 

250, 500, 1000, 2500, 5000 and 10000 ppb of ozone. Lastly a measurement was performed in 

pure oxygen at 0.05 mbar to prove the total reversibility of the reaction. The ratio Cu:Cr was 

extracted as 0.6, showing the off-stoichiometry expected for our material. Silicon and 

titanium were found in concentrations below 2 and 5 %, respectively. 

Figure 62 shows the Cu 2p spectra, with the characteristic peaks, Cu 2p1/2 and Cu 2p3/2, 

with binding energies at 933.1 and 953.0 eV, prior to ozone exposure. In this case, no satellite 

peak is observed, confirming that only Cu+ is identified in the XPS spectrum. Upon ozone 

exposure several conclusions might be observed. There is a gradual and continuous shift of 

the peak position with increasing ozone concentration. Cu 2p1/2 peak position is shifted from 

933.1 eV under pure oxygen to 932.5 eV upon exposure to 10 ppm of ozone. This shift reveals 

a change in binding energy that can be interpreted either as a change in bandbending by 

modification of the surface charge in response to a different surface oxygen coverage or as 

change in bulk doping in response to oxygen incorporation. A change in doping will lead to 

change in the bulk Fermi level position and to a change of the surface charge [293]. However, 

due to the oxidizing nature of ozone and the studies performed in chapter 5.2, we expect the 

adsorption of monoatomic oxygen leading to surface charge transfer, by electron trapping 
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and a surface bandbending due to the accumulation layer formed at the grains. Nevertheless, 

some oxygen incorporation cannot be fully excluded. 

In figure 63 a) and b), it can be observed a close-up of Cu 2p1/2 peak. One can notice 

besides the peak position shift, the formation of a satellite peak at higher binding energies, 

that can be associated with Cu2+ with an associated decrease of intensity of the Cu+ peak 

[294,313,314] . The Cu2+ peak intensity increases with ozone partial pressure, whilst the Cu+ 

follows an inverse response. The presence of Cu2+ on the material’s surface could be 

attributed to the oxidation of Cu+, upon ozone exposure. This oxidation indicates that the 

copper sites of the delafossite films or the Cu-O dumbbells in the structure are present in the 

catalytic decomposition of ozone and the adsorption of monoatomic oxygen. 
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Figure 61 - Full XPS spectra at 100 °C for annealed copper-chromium-oxide thin films, under exposure to 

0.01, 0.1 and 1 mbar of pure oxygen and 15% ozone diluted in oxygen in concentrations from 0.05 to 2 mbar. 

Lastly a pure oxygen spectrum was taken at 0.05 mbar showing the full reversibility of the measurement 
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Figure 62 – Cu 2p XPS spectra of copper-chromium-oxide thin film at 100 °C, under pure oxygen and 

different ozone partial pressures. Arrows for guiding eyes, to represent the peak position shift with increasing 

ozone partial pressure. Inset showing the stability of the spectra with changes of oxygen concentration. 
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Figure 63 - XPS Cu 2p closeup spectra at 100°C a) under pure oxygen and different ozone concentrations 

and b) under oxygen and ozone at 1 mbar, showing the partial oxidation of Cu + into Cu2+. 
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Figure 64  – Cr 2p XPS spectra of copper-chromium-oxide thin film at 100 °C, under pure oxygen and 

different ozone concentrations. 

Figure 64 shows the Cr 2p XPS spectra at 100 °C, under the conditions previously 

described, for figure 61 and 62. One can observe the Cr 2p1/2 and Cr 2p3/2 XPS characteristic 

peaks at binding energies of 586.9 and 576.6, respectively, before ozone exposure, as well as 

the Auger Cu LMM peak [14]. The shape of the Cr 2p3/2 peak, can be explained by Multiplet 

Splitting, that occurs in core XPS levels whenever there is one (or more) unpaired electron in 

the valence levels. Multiplet splitting occurs when an atom contains unpaired electrons (e.g. 

Cr3+, 3p63d3) [315]. When a core electron vacancy is created by photoionization, exchange 

interaction between the unpaired valence electrons and the unpaired electron left in the core 

level occurs. This interaction produces “split final states” [316]. Multiplet calculations for Cr3+, 

can be found in [317]. Only Cr3+ was found present in the spectra as is expected from copper-

chromium delafossites [318]. 

After ozone exposure, a similar peak displacement can be found, from 576.6 to 576.1 eV 

upon exposure to 10 ppm of ozone. However, no change in peak behaviour is apparent, with 

no obvious change in oxidation state, but merely a displacement, that can be associated to 

change in local carrier concentration. 

Furthermore, figure 65 shows the O 1s XPS spectra under the conditions previously 

described. Once more, a similar displacement as the one found in Cu 2p and Cr 2p, peak 
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positions was found in O 1s. The confirmation of similar displacements in the three core levels 

lets us hypothesize a surface bandbending with a similar value   ̴ 0.55 eV, when the sample is 

exposed to 10 ppm of ozone at 100°C. Figure 66, shows with great detail the evolution of the 

peak position with ozone concentration as well as the peak position stability under different 

O2 concentrations, further confirming the selectivity of our ozone sensors. Furthermore, upon 

the introduction of ozone can be seen a small new peak at energies   ̴ 532 eV. In figure 67, 

spectra at 1mbar with and without ozone generation are present. It is visible the gaussian 

behaviour of the XPS peak under oxygen while under ozone the formation of a new peak is 

evident. This behaviour will be further discussed. 
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Figure 65 – O 1s XPS spectra of copper-chromium-oxide thin film at 100 °C, under pure oxygen and different 

ozone concentrations. 
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Figure 66 – O 1s XPS close-up spectra of copper-chromium-oxide thin film at 100 °C, under pure oxygen and 

different ozone concentrations. 

 

Figure 67 - XPS Cu 2p closeup spectra at 100°C under oxygen and ozone at 1 mbar. 

Similar analysis were performed at 50 °C (figures 68 - 70) and 150 °C (figures 71 - 72). The 

results corroborate what was observed at 100 °C. There is a gradual shift of the core levels of 
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Cu 2p and O 1s that is proportional to the ozone concentration in the system. In figure 73, can 

be observed the shift in core level peak positions as function of ozone concentration for the 

three temperatures studied, 50 °C, 100 °C and 150 °C. One can observe the shift is dependent 

on the temperature, with 5 ppm of ozone, a shift was measured as    ̴ 0.4, 0.52 and 0.65, 

respectively. This indicates that the ozone degradation is a thermally activated process, so 

that more ozone molecules can readily decompose and adsorb onto our material’s surface, 

leading to the trapping of electrons and therefore the local increase of carrier concentration, 

translated here by the shift to lower binding energies. Furthermore, figure 73 d), shows the 

peak position of Cu 2p peak, as function of the chamber pressure, that can be related to the 

gas partial pressure, with and without ozone. One can notice the relative stability of the peak 

under oxygen exposure, whilst there is an immediate change and continuous with increase of 

ozone concentration. 

It is noticeable from figures 70 and 72, that the formation of Cu2+, is furthermore 

increased by the increase in temperature. Figure 74 shows the Cu 2p XPS spectra without 

ozone and with ozone taken at 1 mbar (5 ppm), at the three studied temperatures, where it 

is easily noticeable the increase in the new peak at 534.5, suggesting the presence of Cu2+, as 

well as the relative intensity decrease of the Cu+ peak. It can be observed, a higher binding 

energy change, when the temperature is changed (under pure oxygen conditions), from 932.8 

eV at 150°C, to 933 eV at 50°C, for the Cu 2p peak. This is an expected behaviour, due to the 

semiconducting nature of our copper-chromium-oxide thin film, since the carrier 

concentration is temperature dependent. Figure 75 shows the Cu2+ content as function of 

temperature and ozone concentration. The analysis without ozone was performed three 

times, for each temperature, with an error of ± 5% Cu2+ content. This analysis can be 

expanded in a similar way to the one described for the power law behaviour. The resulting 

exponent, from figure 76, of 0.24, can be considered in line with the one extracted close to 

1/3 from the analysis of the sensitivity as function of the ozone concentration. Acknowledging 

that many approximations were done to extract Cu2+ ratio, it is important to notice that it 

would represent the catalytic decomposition of ozone into monoatomic oxygen, most likely 

driven by our surface copper sites or copper oxygen dumbbells. 

Figure 77 shows the described analysis of the O 1s peak. It can be observed in a similar 

way, the increasing shift in the O 1s core level with increasing temperature. Furthermore, the 

change in behaviour of the O 1s peak, previously discussed, that can be associated to 

chemisorbed oxygen species [319], if even more evident in figure 77 b), where an artificial 

overlapping of the peaks was performed. It can be also noticed, that this change in behaviour, 

where a new peak gains prominence is increased by the increase in temperature.  

The new oxygen peak observed in O 1s, allows us to conclude that at least up to some 

extent this reaction is driven by the oxygen surface ionisation. Furthermore, the change in 

behaviour and oxidation state observed in the Cu 2p spectra, that was not evidenced in the 
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Cr 2p one, suggest that the catalytic decomposition of ozone and monoatomic oxygen 

adsorption is governed by the Cu surface sites or the Cu-O dumbbells present in our 

delafossite surface. The increase in this new O 1s peak is correlated with the increase of ozone 

partial pressure, but not with the increase in oxygen concentration. Furthermore, it is 

correlated with the substrate temperature and with the oxidation of Cu+ into Cu2+. All this and 

the full reversibility observed, allows us to hypothesize that either the new oxygen peak 

observed is either due to surface chemisorbed oxygen or representative of monoatomic 

oxygen anion (O-) coordinated to the newly oxidized copper or a combination of both. 

Figure 78 represents the adsorption induced bandbending upon ozone exposure, under 

different ozone concentrations. The surface bandbending was measure as 0.4 eV after the 

exposure to the equivalent concentration of 5 ppm of ozone at 50°C, whilst for the same 

ozone equivalent concentration was measured as 0.49 and 0.64 eV, at 100 and 150°C, 

respectively, evidencing the increased bandbending for the same ozone concentration at 

different temperatures. This can be associated with the temperature dependence of the 

ozone decomposition. 

Figure 79 presents a simple Arrhenius plot showing the dependence of the Cu2+ and core 

level shift as function of temperature, for fixed ozone concentrations. This analysis results in 

an activation energy, almost one order of magnitude lower than the one extracted from the 

dynamic model. These results can be interpreted by understanding the specifics of these 

measurements, where we started from a much lower base pressure, so upon ozone 

introduction, almost all adsorption sites can be readily available for ozone, as no surface 

coverage is expected. Furthermore, as there is no humidity in the chamber and the 

concentration of oxygen is much lower, there are no competitive adsorptions with ozone. This 

leads to the hypothesis, that the activation energy extracted, about 0.06 eV, should be 

representative of ozone decomposition. Furthermore, we can assume that in ambient air, the 

reaction should not be limited by the catalytic decomposition of ozone, but rather by its 

adsorption on the surface of our material. 

In figure 80, is shown the correlation between Cu2+ and the core level shift, showing their 

strong correlation and temperature dependence. This results further corroborate the 

hypothesis that the ozone catalytic reaction is driven by the copper sites at the surface of our 

material. 

These results bring in a set of new data for the scientific community in general and for 

the study of ozone adsorption species in particular, on copper-chromium-oxide surface. A lack 

of comparable data however exists, due to the difficulty in setting up such an experiment and 

the requirement of a high cost NAP-XPS system. Gassanbauer et al. [293], presented a study 

of the response of ITO as function of time to oxygen, whilst Lampimaki et al. [320], produced 

a very interesting study about ozone induced bandbending on TiO2. However, the influence 

of temperature or ozone concentration was not studied or reported, leaving us a vacuum of 
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comparable data. Our results can therefore serve as a foundation for the deeper analysis of 

surface reaction of metal oxide gas sensors when exposed to their target gases. 
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Figure 68 - O 1s XPS spectra of copper-chromium-oxide thin film at 50 °C, under pure oxygen and different 

ozone concentrations. 
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Figure 69 – Cu 2p XPS spectra of copper-chromium-oxide thin film at 50 °C, under pure oxygen and different 

ozone concentrations. 
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Figure 70  - XPS Cu 2p closeup spectra at 50°C under oxygen and ozone at 1 mbar. 
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Figure 71 – O 1s XPS spectra of copper-chromium-oxide thin film at 150 °C, under pure oxygen and different 

ozone concentrations – a) as-is; b) normalized intensity 
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Figure 72 – Cu 2p XPS spectra of copper-chromium-oxide thin film at 150 °C, under pure oxygen and 

different ozone concentrations – a) as-is; b) normalized intensity 
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Figure 73 - XPS core level position shift depending on ozone concentration at: 50, 100 and 150°C; d) Copper 

2p peak position as function of chamber pressure, under pure oxygen exposure and ozone. 
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Figure 74 - Cu 2p XPS spectra of copper-chromium-oxide thin film at 50, 100 and 150 °C, under pure oxygen 

and ozone at 1 mbar (5 ppm) 
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Figure 75 - Cu2+ ratio evolution as function of ozone concentration depending on working temperature 

 

Figure 76 - Cu2+ ratio evolution as function of ozone partial pressure, showing its power law behaviour with 

an exponent of 0.24 
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Figure 77 – O 1s XPS spectra of copper-chromium-oxide thin film at 50, 100 and 150 °C, under pure oxygen 

and ozone at 1 mbar (5 ppm) – a) as is; b) with overlapping peaks 
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Figure 78 – Representation of the adsorption induced bandbending upon 5 ppm of ozone exposure, at 

different temperatures. Dotted line just for guiding eyes. 
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Figure 79 - Energetics of ozone decomposition, extracted as function of core level shift and Cu2+ ratio, using 

an Arrhenius plot 
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Figure 80 - Dependence of Cu2+ ratio and Core level shift at 50, 100 and 150°C. 
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5.4. “High” temperature measurements (i.e. >150°C) 

The temperature working range of our sensor has been defined as 25 to 150 °C. Ozone 

exposure at higher temperatures (i.e. > 150 °C), such as 200 °C, seems to promote new 

responses of our conductometric sensor, as shown in figure 45. In this chapter, we investigate 

the underlying physical-chemical mechanisms that occur. To this purpose, samples of 32 nm 

and 140 nm were exposed to 100 ppb of ozone at 200 °C during 26 hours, as shown in figure 

81. This was the time necessary for the 32 nm sample to reach a steady state. The sample of 

140 nm did not reach a steady state even after 26 hours. This contrasts with the response 

time until a steady state observed for temperatures below 150 °C, that are usually below 3 

hours. The figure inset shows, the response of the thin films to 100 ppb of ozone for 1 hour 

and the subsequent recovery. One can observe in the case of the 32 nm thin film, the sensing 

response is up to 150%, whilst exposing the sensor at lower temperatures, leads to lower 

sensitivities (18, 25 and 41 %, for 75°, 100° and 150 °C, respectively). 

Furthermore, an experiment represented in figure 82, was performed. Firstly, the 

increase in temperature from 25 to 200°C under dry air; next ozone exposure (2.5 ppm) during 

4 hours, at 200°C; lastly the temperature was cooled down while the sample was kept 

exposed to ozone. The ozone flow was stopped, and the sample was left under a dry air flow. 

12 hours later the sensor response was measured. It was found that the sensor conductivity 

was increased by a factor of 6, at 25 °C as compared to its base value at this temperature. This 

experiment as well as the long-time experienced to reach a plateau suggests a slower and 

partially irreversible mechanism, that we attribute most likely to the diffusion of atomic 

oxygen into the delafossite lattice. This was further investigated by XRD measurements. An 

experiment where the sample was exposed to ozone until a steady state was reached at 100° 

and 200 °C and quickly cooled down after, was performed. The resulting XRD spectra is 

presented in figure 83. One can see a clear shift of delafossite (012) peak from (2θ = 36.53°) 

to (2θ = 36.64°), for the sample exposed at 200 °C to 2.5 ppm of ozone. This shift is also 

noticeable in the (018) and (110) peaks. This is associated with a change in the lattice 

parameters. Prior to ozone exposition, the extracted parameter, for “c”, along the z axis, is 

17.11 ± 0.02 Ǻ, whilst the extracted value after decreases to 17.04 ± 0.02 Ǻ. A small 

reduction is also found in “a” parameter, from 2.975 ± 0.01 to 2.955 ± 0.01 Ǻ. This shows a 

small isotropic stress induced on the lattice in the different crystallographic directions. No 

crystallographic changes were observed after exposure at 100°C.  A total reversibility of the 

increase in conductivity is achieved after exposure at this temperature, supposing long 

enough time is given (> 4 hours), as shown in figure 50. 

Interestingly, an annealing treatment under vacuum at 300 °C leads to a total reversibility 

of the measurement in minutes and a return to the baseline value of the sensing conductivity 

as well as a return of the XRD peaks to its initial value. 
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These results feature a new mechanism in-play at temperatures above 150°C, which 

therefore modifies significantly the sensing response as well as a possible integration of 

oxygen into the sensor not easily reversible. Thus, this limits the temperature usage range of 

our sensors from room temperature to 150°C, which is perfectly matching our goal in 

researching low-power and highly sensitive/selective ozone sensors. At lower temperatures 

surface reactions are usually dominant. With the increase of temperature the diffusion of 

monoatomic oxygen is favoured, albeit being much slower process, compared to adsorption 

[72]. Gas sensors based on polycrystalline thin-films may have enhanced diffusion of gas 

molecules along the grain boundary. We can in this case argue that both mechanisms might 

be present in our films, being the latter more predominant when the temperature is 

increased, and therefore in-lattice (bulk) diffusion visibly occurs. The process of oxygen 

incorporation by bulk diffusion has previously been observed by Koretcenkov et al. [9], as the 

dominant mechanism of sensing response for SnO2 and TiO2 sensors, at temperatures above 

500 °C. One can correlate with the shift observed on the XRD spectra and the increase in 

response time until saturation observed in our films above 150 °C with the incorporation of 

oxygen into the lattice. 

In all likeliness there is a small change in stoichiometry of the type Cu0.66Cr1.33O2+x. 

However, conventional quantification techniques such as XPS and SIMS, are not able to 

quantify it, due to the changes being probably well below 0,1%. If we consider no change in 

mobility and assume that all carrier concentration change arises from the introduction of 

oxygen species, we can suppose an increase in oxygen content of the order of 1017𝑐𝑚−3, 

whilst the lattice content of stoichiometric oxygen is expected to be 5 orders of magnitude 

higher [278,283]. 
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Figure 81 - Sensing characteristics of 32 and 140 nm Cu-Cr-O delafossite annealed at 1050 °C for 300 s, 

when exposed to 100 ppb of ozone at 200°C. Inset: response to 100 ppb of ozone during 1 hour followed by 1 

hour recovery with dry air. 
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Figure 82 -32 nm thin film annealed at 1050 °C current, with a bias of 1V, at increasing temperatures from 

25 to 200 °C. The response is shown under dry air in black. Next there is exposure to 2.5 ppm of ozone during 4 

hours and a decrease of the temperature from 200 to 25 °C, with constant ozone exposure. Sample was then left 

under dry air for 12 hours at 25 °C. The results are 12 hours are present in blue, showing the partially irreversibility 

of the increase in conductivity. 
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Figure 83 – GIXRD before and after ozone exposure at 100 and 200°C until a steady state was reached 

followed by a quick cooling down, showing a shift to higher angles of delafossite peaks. A close-up of these peaks 

is presented. 
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5.5. Sensing conclusions – Literature comparison 

Upon the study of the sensing response of our Cu-Cr-O delafossite thin films, several 

conclusions can be drawn. It is evident the decrease in resistance upon exposure to any ozone 

concentration and a recovery to its original value when the ozone injection is stopped. 

Sensors annealed at 1050 °C lead to the best ozone response while as-deposited delafossite 

sensors present very low ozone sensitivity. Polycrystalline materials have many 

interdependent parameters that can influence gas sensing response. Nevertheless, the 

increase in porosity of the sensors, leading to a higher surface area and the decrease in carrier 

concentration, leading to a higher Debye length (an increase of up to three orders of 

magnitude, considering a constant carrier mobility) improve the sensor’s response to low 

ozone concentrations. We were therefore able to show a sensing response to relevant ozone 

concentrations (as low as 50 ppb) working at temperatures from 25 to 150 °C. These results 

are a big step when compared with literature, due to the common limitation of ozone sensors 

to work above 200 °C. A comparison graph of our delafossite and commonly reported ozone 

sensing materials in the literature is shown in figure 84. Commercially available ozone sensors 

not only require the high-power consumption to keep temperatures above 200°C as well as 

require a stabilization and warming period before usage ranging from 6 to 24 hours. 

When compared with other delafossite materials proposed, such as CuAlO2 and 

stoichiometric CuCrO2, for sensing at room temperature these results have shown a decrease 

in the detection range of 3 orders of magnitude. We further proposed a model to derive a 

better understanding of key parameters such as the kinetic reaction and delafossite physical 

properties. From our analysis we may conclude that the reaction is driven by the catalytic 

decomposition of ozone into monoatomic oxygen. This further explains the very low 

detection limits observed for our sensors. The selectivity of the sensors when compared with 

a 20% increase of oxygen concentration has been shown, showing no danger of cross-

sensitivity due to ambient oxygen variations. 

Novel NAP-XPS measurements with different ozone concentrations and temperatures 

were performed, leading us to valuable information relative to the bandbending of the 

surface of our material as function of ozone concentration. Furthermore, we observed the 

partial oxidation of copper into Cu2+ to be dependent on increasing ozone concentration, as 

well as the formation of a new peak on the oxygen 1s spectra, also proportional to the ozone 

concentration. This leads to believe that copper sites or Cu-O dumbbells are the responsible 

for the high catalytic activity of our thin films and its ozone decomposition. 

In summary we have found that making use of p-type off-stoichiometric Cu0,66Cr1,33O2 

delafossite, with carefully studied annealing treatments, in order to maximize our film 

porosity and increase its surface area, we can detect low ozone concentrations at 
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temperatures below 100°C. This allows us to have reversible measurements to small ozone 

concentrations at lower temperatures, paving the way to low-power solid-state 

conductometric ozone sensors. 
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Figure 84 - Comparison of our Cu0.66Cr1.33O2 sensors with literature results, depicting their working 

temperature and the possible ozone detection range in ppb 
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6. Future Perspectives 

6.1. Device Integration 

We have, during this work, successfully maximized the sensing performance of copper-

chromium-oxide ozone sensors. One of the purposes of this work is to develop sensors 

capable of detecting ozone concentrations in the relevant range for human life (i.e. <70 ppb 

during 8 hours) while keeping the operating costs as low as possible. With this objective it is 

important to control the conductivity so that it can be easily detected by standard electronic 

equipment used in low-cost sensor networks. If we assume that the detection limit in the 

standard electronic equipment used is 0.1 nA, then our high sensitivity sensors, annealed at 

1050°C, might not be the most suitable, since the variation of current upon the introduction 

of 50 ppb of ozone is usually below this range. 

If we consider that we want to safely detect (with at least a change in current of 0.1 nA) 

20 ppb of ozone, we could then tune the carrier concentration of the film in order to deliver 

the best sensing response with the given constrains. 

In this example and knowing the relation from our analysis in chapter 4.2.1, that  

 𝐼/𝐼0 = 98 × [𝑂3]0.31 (43) 

We can derive the relation 𝐼 = 1.164 × 𝐼0 and 𝐼 − 𝐼0 = 0.1𝑛𝐴, resulting in 𝐼0 ~ 0.61 nA. 

If we then consider, that the current is dependent on the conductivity (𝜎) as: 

 𝐼 =
𝑉𝐴𝜎

𝑙
 (44) 

Where 𝑙 is the distance between the contacts and 𝐴 is the product of the thickness (𝑡) 

and the width (w) of the device. Assuming that w = 𝑙 and V = 1, we can derive that: 

 𝜎 =
𝐼

𝑡
 (45) 

What would result in the case of our 32 nm thin film, in a minimum conductivity of 

1.9 × 10−2 S/cm. Lower conductivities would not be able to produce a change in current in 

the order of magnitude required. Assuming a mobility of 0.1 cm2/Vs (the mobility measured 

for the thin films as deposited), would result in a maximum carrier concentration of 

1.2 × 1016 cm−3. Looking at our analysed films in chapter 3.3, it is clear this carrier 

concentration is lower than the studied for 900°C, whilst probably higher than the carrier 

concentration present after annealing at 1050°C, as the I0 of 610 pA, suggests (the measured 

base current for the films was   ̴ 200 pA). 



150 
 

On the other hand, if the sensitivity would be decreased, as is to be expected from our 

analysis of the sensitivity as function of the annealing temperature suggests, would render 

the device with 1.9 × 10−2 S/cm incapable of meeting the specifications here required. 

This exercise shows, how the thin film can be modelled in order to meet the required 

specifications, however, more studies are yet necessary to better understand the variation of 

the sensitivity with the carrier concentration. For this it is key to be able to accurately measure 

the mobility / carrier concentration of the copper-chromium-oxide thin films. 

The carrier concentration must be then carefully controlled to make sure the device 

meets the specifications required by the electronic equipment being used and a compromise 

between the higher sensitivity and higher conductivity has to be reached. 

A possibility to overcome this difficulty would be by material engineering in ways the 

carrier concentration could be decreased whilst increasing the mobility. The operating voltage 

kept at 1 V during operation, could also be increased, to 10 V, as per standard electronic 

equipment, for an increased current output. The geometry of the sensor could be modified. 

The distance between the contacts was kept constant at 500 μm. However, a decrease of the 

contact distancing to 5 μm, would in theory lead to a response 100 times higher. 

Interconnected electrodes is even another possibility of increasing the current output without 

changing the physical properties of the material. 

In figure 85 repeatability tests are presented. Here was used the same sample sensor, 

annealed at 1050°C, with 32 nm of copper-chromium-delafossite. The sensor was exposed 4 

times to ozone with 100 ppb diluted in dry air. The measurements were not done in sequence. 

In fact, they have several months apart. A benchmark comparison with 50 ppb is used. One 

can notice that there is a reasonable repeatability, but an error can clearly be associated with 

the measurements. It can be noted up to 5% of sensing response difference upon exposure 

to 100 ppb of ozone after 5000 s. Nevertheless, it is perfectly reasonable to assume there is a 

clear distinction in between 50 and 100 ppb of ozone exposure. These differences might arise 

from several conditions. The manual placement of the probes in the sensing device, leads to 

differences in the distance of the measurements, the degradation of the gold contacts due to 

the probe placing and electric error associated with the electrical setup used. 

Furthermore, the manual placement of the lamp coverage that controls ozone 

concentration as described in chapter 2.1, might lead to small variations in ozone 

concentration. All this coupled with possible starting surface coverages and variations in the 

lamp power over time and in the sample surface, lead to several error, difficult to isolate. 

Nevertheless, it is interesting to notice that in any case the sensors present an important 

repeatability to work as an alarm or a quantitative sensor. 
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Figure 85 - Repeatability tests - Sensing characteristics at 100°C of 32 nm Cu-Cr-O delafossite thin film 

annealed at 1050 °C for 300 s, with repeated tests to 100 ppb of ozone. One test at 50 ppb is used for 

benchmark comparison. 

6.2. P-N Junction Development 

This chapter is based on a publication. The elaboration of a capable p-n junction, that is 

the simplest active device, shows the scalability and usability of our off-stoichiometric copper-

chromium delafossite. A p-n junction and more complex active devices such as a back-gate 

transistor, based on an ozone sensitive layer, such as our copper-chromium-oxide, may lead 

to the creation of a highly sensitive and fast ozone sensor. Several parameters, such as the 

reverse current in a p-n junction or the turn-on voltage are led by defect density and carrier 

concentration of the material. Ozone exposure leads to the formation of a surface 

accumulation layer which has a higher concentration of majority carriers (holes). Due to the 

nature of the p-n junction, the reverse current, is usually driven by minority carriers, that flow 

through the depletion region. The fact that ozone exposure leads to trapping of electrons, 

minority carriers in our copper-chromium-oxide thin film gas sensors, then change the 

junction reverse current characteristics, as shown per equations 47 and 48. This therefore, 

may be a powerful tool in a sensing device. Furthermore, the turn-on voltage of the diode is 

usually defined by the bandalignment of the p and n-type materials. In this case, upon ozone 

exposure a surface bandbending is created, that may shift the bandalignment and thus the 
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turn-on voltage of the diode. However, a total bandalignment change can be observed in 

cases where the grain size, is smaller than the bandbending. Otherwise, a energy screening 

through the thickness of the film will be observed. 

 𝐼 = 𝐼𝑠exp (𝑉/𝜂𝑉𝑡) (46) 

Where 𝐼𝑠 is the reverse current of the diode and can be described as: 

 𝐼𝑠 = 𝑞𝐴 (
𝐷𝑛

𝐿𝑛
𝑛0 +

𝐷𝑝

𝐿𝑝
𝑝0) (47) 

Where D is the drift current, thermally generated by the charge carriers and L is the minority 

carrier diffusion length. Upon ozone exposure, the oxygen adsorbates would lead to electron 

trapping, decreasing the drift electrons available for conduction in the copper-chromium-

oxide, decreasing Is, being then described by: 

 𝐼𝑠 = 𝑞𝐴 (
𝐷𝑛 − 𝛥𝐷𝑛

𝐿𝑛
(𝑛0 − 𝛥𝑛0) +

𝐷𝑝

𝐿𝑝
𝑝0) (48) 

Where 𝛥𝐷𝑛 and 𝛥𝑛0, represent the variation of the drift current generated by the charge 

carriers, due to electron trapping upon ozone exposure. 



153 
 

  



154 
 

6.3. Raman Laser Annealing 

Preliminary studies were done in order to understand the feasibility of laser annealing of 

the delafossite layer. The usage of laser annealing creates several possibilities into sensor 

development, such as a back-gate transistor architecture for fast sensors recovery, where the 

study of the electrical properties of the transistor channel may lead to better performing 

devices. The usage of such devices would allow to go beyond the traditional resistive sensor, 

having a set of different properties impacted by ozone and a more complete range of 

electrical parameters, such as the transconductance, turn-on voltage, saturation current or 

off-current. 

For this study we used the Raman laser, with wavelengths 325 and 442 nm, for a possible 

probing while annealing. A first study was done, probing with the 442 nm wavelength laser, 

while the sample was heated from RT to 900 °C as shown in figure 86 a). It is noteworthy that 

the sample as deposited almost doesn’t present the copper chromium oxide vibrational 

peaks, expected at 457 and 709 cm-1. With increased annealing temperature (above 600 °C), 

these peaks start getting more and more intense. As previously discussed, this may be due to 

the high number of defects that hinder the vibrations. Thermal treatment promotes defect 

healing and increases the material crystallinity. With increasing temperature there is a blue 

shift that can be associated with an increased spacing between the atoms, what is to be 

expected due to the increased temperature. Figure 86 b), represents the cooling down 

process, showing the reversibility of the blue shift and the return of the peaks to the expected 

value, meanwhile the increase in crystallinity and defect healing is not reversible, being 

observed the Raman vibrational modes at 100 °C. Using the cooling down cycle, we are able 

to fit the peak position as function of the temperature as shown in figure 87. This calibration 

curve allows us to extract what is the estimated peak shift depending on the temperature, 

resulting in the equation: 

 𝑃 (𝑐𝑚−1) = 709.85 − 0.034 (
𝑐𝑚−1

°𝐶
) 𝑇(°𝐶) (49) 

Where P is the peak position, that at RT is 709 𝑐𝑚−1. A change of -0.034 𝑐𝑚−1 per °C is 

therefore expected. This calibration allows us to potentially be able to analyse the local 

temperature of the thin film, while annealing its top layer. The annealing depth depends only 

on the laser characteristics. 

However, we have found severe limitations, due to the laser power output in our system. 

The required temperature above 600 °C could not be achieved using the 442 nm laser 

required to probe the sample. UV-laser (325 nm) annealing was then tested. Annealing steps 

under ambient atmosphere didn’t preserve the delafossite phase, promoting an oxidation of 

its surface. Optical images are shown in figure 88. XRD analysis shows a formation of Cr2O3 

phase. 
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A Linkam probe station was used, in order to create an inert atmosphere during the 

annealing step. The I-V characteristics of the thin film before and after an annealing step using 

the 325 nm wavelength laser during 1500 s are shown in figure 89. A decrease in resistance is 

observed by a factor close to 2. This would roughly correspond to an annealing temperature 

of 650 °C. For optimization and scalability of this process a stronger laser power is therefore 

necessary. Part of the laser power may be hindered by absorption of the glass window in the 

probestation. 

 

Figure 86 - Raman spectra during annealing process from 25 °C to 900 °C and subsequent cool down 
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Figure 87 - Fitting of the Raman peak position vs the measuring temperature during the cool down cycle 

represented in figure 86 b) 

 

Figure 88 - Optical microscope images of laser annealed area under ambient atmosphere 
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Figure 89 - I-V characteristics of delafossite thin film, annealed under inert conditions, showing a decrease 

in resistance by a factor close to 2. 

6.4. Conclusions 

In these perspective studies we show the potential of delafossite to make its way into 

transparent electronics applications. Many steps still must be further explored, but some 

building blocks are laid out, showing the possibility to have a fully scalable transparent p-n 

junction based on Cu0.66Cr1.33O2 and ZnO. P-n junctions can be used as gas sensors, due to the 

nature of the semiconductors. Upon exposure to the target gas, a bandbending will be created 

that will lead to different response behaviours. 

Laser annealing for controlled depth annealing might be a very interesting tool for a 

transparent transistor development. Its feasibility might allow the creation of more complex 

gas sensors based on back-gate transistors. However, with our Raman laser we are limited to 

a change in resistance of the order of 2. A stronger laser power is therefore necessary while 

keeping an inert atmosphere. If a stronger laser can be coupled with the Raman system, one 

has the possibility for an efficient control of the surface temperature, by measuring the 

Raman peak displacement as shown here.  
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7. Conclusions and perspectives 

The rapid growth of low-cost sensor networks combined with the increased awareness 

for indoor office pollution has led to a great demand for low cost gas sensors. Among these, 

ozone sensors have attracted a great deal of attention for two reasons. Firstly, there is a 

shortage of sensors capable of detection for low ozone concentrations, that are portable, 

miniaturizable and low cost. Secondly, most of the commonly proposed sensors require high 

working temperature, leading to a constant power dissipation. Delafossite based sensors 

have been proposed a decade ago, with sensitivities as low as 50 ppm, whilst the 

environmental protection agency (EPA), sets the limits of exposure at 70 ppb during 8 hours 

per day. Despite the fact that delafossite thin films have been studied in the group with the 

best reported electrical properties for undoped materials, their road to applications was 

unpaved. Their high number of unsaturated bonds and copper vacancies could lead to a high 

catalytic activity to ozone. 

This thesis was conducted in the framework of MASSENA project agreed between LIST, 

University of Luxembourg and FNR. This project focused on the study of off-stoichiometric 

copper-chromium-delafossite properties and the tuning of its properties into applications. 

Mostly, it was dedicated to the study of the electrical and morphological changes observed in 

the thin films and how these changes correlate with the ozone sensing response. The thin film 

properties were influenced by the deposition conditions studied and the post annealing 

treatments. 

Cu0.66Cr1.33O2 thin films are deposited by liquid injection metal organic chemical vapour 

deposition, a large scale compatible and scalable technique. We have studied the deposition 

conditions by changing the precursor injection, deposition pressure, substrate temperature 

and deposition time. Next, we studied the influence of post annealing treatments. We wanted 

to drive an understanding of how deposition conditions and annealing treatment changes the 

morphology and electrical properties of delafossite thin films. The effect of the different 

preparation and annealing conditions was investigated by XRD, SEM, Raman, XPS and AFM 

characterizations were performed to drive these conclusions. 

The different thin films response to ozone was then studied. The influence of the thin 

films properties on the sensing response was discussed. The working temperature, the 

influence of ozone concentration and the sensors’ selectivity was studied. 

We demonstrated that by carefully tuning its properties delafossite materials can be 

employed as a p-type resistive sensor. Surface area is a key parameter that controls the 

sensing response for conductometric semiconductor sensors. Normally porosity and grain size 

are the most efficient ways to control the surface area. We have observed that an increase in 

the porosity and roughness greatly increases the sensing behaviour of our sensors. This was 
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achieved by thermal treatments in vacuum. The changes in surface area and the increase of 

gas permeation are behind the increase in sensitivity with the annealing temperature. The 

thin films are quire sensitive to ozone at low temperature, but the rapid saturation could not 

be achieved. For so, we proposed a measuring method based on the dynamic change of 

current as function of time. The slope of the I(A) - t(s) curve, can give us important information 

allowing for the fast detection of low ozone concentrations, making the sensor work as a 

quantitative sensor or as an alarm. The recovery process can also be shortened to some 

seconds if the temperature is increased above 200 °C, promoting the quick desorption of 

oxygen adsorbates. 

Our dozens of measurements did not lead to a baseline drift, but it is a possibility 

associated with semiconductor based gas sensors, that due to irreversible reactions and 

oxygen diffusion into the films, poisoning of the sensors occurs, requiring a recalibration or 

reset of the sensor. It could be easily achieved by increasing the temperature of the sensor 

(above 300 °C), promoting the out diffusion of absorbed oxygen. 

Our sensor show much improved sensitivity response compared with CuCrO2 

microcrystals [12] and CuAlO2 sensors reported in the literature [13]. Unlike commonly 

reported sensors, where temperatures below 300°C lead to non-reversible measurements, 

we observed a full recovery of the baseline even at low temperatures. The sensors have 

shown a great selectivity towards oxygen variation. Deeper studies with different oxidizing 

and reducing gases could be performed for cross-sensitivity understanding. The kinetic 

reaction of ozone on the delafossite thin film’s surface is led by the catalytic decomposition 

into atomic oxygen. This helps justifying the selectivity towards molecular oxygen, that was 

observed. 

The working temperature of the sensor has been defined as RT - 150°C. Ozone exposure 

at higher temperature leads to non-easily reversible changes in the delafossite conductivity 

due to oxygen species incorporation. 

The potential shown by the delafossite thin films can lead to its integration into sensor 

networks. Furthermore, in most cases the deposition of the films used as ozone sensors in 

literature works make recourse to not easily scalable techniques, such as sol-gel or physical 

deposition, due to their increased porosity. In this work fully scalable, miniaturizable and 

wafer batch compatible techniques were used. 

All in all, the high selectivity shown compared with O2 and high sensitivity allowing for 

measurements in few tens of ppb range, make our sensors perfectly matching the application 

case of ozone monitoring and in particular for a function as an alarm alerting of the risks of 

exposure for the human health and environmental monitoring. The low power consumption 

and possible integration due to the miniaturization capabilities, allow for its integration into 

low cost sensor networks and internet of things enabling a detailed mapping of ozone 

pollution and personal alert in case of risk exposure. 
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A model of conductivity based on the accumulation layer created by the adsorption of 

oxygen species leading to a bandbending induced by the surrounding atmosphere was 

elaborated and compared with the experimental results. 

Table 19 makes a comparison of the key features of low-cost ozone sensors, in between 

different technologies and our sensors. The sensors can work at room temperature, but due 

to the nature of metal oxide materials and their temperature dependence, it is ideal a working 

temperature around 100°C. This leads to much lower power consumption than other sensors 

that require much higher working temperature (> 250°C). These simple sensors, don’t make 

recourse to any external device, leading to easy miniaturization and integration into sensor 

networks. The response time of the sensors can be quite high, however by using a variation 

of the slope of response instead of a steady state response we can decrease the response 

time to competitive values. Our sensors presented high selectivity compared with molecular 

oxygen, but further studies for the influence of humidity and other oxidizing species are key 

before usage and commercialization is possible. However, the high performance achieved by 

the 32 nm thick copper-chromium-oxide films, with changes in current of at least 20% for 50 

ppb and 50% for 100 ppb, at low temperature (100°C), leads us to believe the usability of 

these sensors. 

Table 18 - Comparison of key features of different ozone sensing technologies with our copper-chromium-

oxide based ozone sensors 
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The in-situ NAP-XPS studies dependent on ozone partial pressure and temperature were 

a novel and relevant analysis that gives us a window into the ozone decomposition and the 

adsorption of monoatomic oxygen and can be associated with the models we proposed. We 

have shown the bandbending created by oxygen adsorbates and the changes in carrier 

concentration of the material. Furthermore, we have shown these to be dependent on the 

ozone concentration and the substrate temperature, likely due to the catalytic feature of our 

very specific delafossite Cu-Cr-O thin-films stoichiometry that induces low-temperature 

ozone decomposition at its surface. These measurements have allowed us to hypothesize that 

the Cu atoms or Cu-O dumbbells are responsible for the catalytic activity of our material, since 

a partial oxidation of the Cu was present, whilst no obvious change was observed in the Cr. 

The rise of a new peak in the O 1s spectra, suggest the presence of chemisorbed oxygen 

responsible for the copper oxidation. 

This study could even be further deepened by coupling other measurements that would 

permit to have complementary information and corroboration of the values extracted, for 

instance in-situ KPFM dependent on temperature and ozone exposure. 

Many future studies can be proposed based on this work. It is a work, that opens new 

perspectives for the integration of copper-chromium-oxide into devices and specially into 

ozone sensors. 

A wider range of combination deposition conditions / annealing treatments could be 

performed for a deeper understanding of the main driving thin film property for ozone 

sensing reaction and maximization of its performance. Furthermore, annealing under 

different atmospheres can be studied to understand its impact on the thin films’ 

morphological properties. Ways to maximize its mobility while controlling the carrier 

concentration for increased sensor response is a key feature. This could possibly be achieved 

by changes in annealing atmosphere or integration of other dopants. However, it would be 

key to have a reliable system for measurement of the copper-chromium-delafossite mobility. 

A simple p-n junction was created using ZnO and off-stoichiometric CuCrO2 showing the 

possibility of integration of the material into active devices. Etching processes and local laser 

annealing were partially explored, with promising results. 

More complex devices can be derived from this study and the integration of copper-

chromium-oxide herein studied into other kind of ozone sensors such as based on a p-n 

junction or a back-gate transistor, where copper-chromium-oxide is used as the sensing layer. 

The turn on voltage of the devices or the inverse current, might function as sensitive 

measurements for dangerous ozone concentrations. 

In this work the spacing and the electrodes used were unchanged. It was been shown 

however that this can be an important parameter to increase sensing response [40]. It is of 



163 
 

interest for future works to understand how the spacing in between the electrodes or if the 

use of interdigitated electrodes can further improve the sensing behaviour. 
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8. Annex – Deposition conditions 
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Abstract
Transparent and electrical conducting p-type off-stoichiometric copper–chromium oxide thin films were used to build 
p-Cu0.66Cr1.33O2/n-ZnO heterojunctions. The junctions were fabricated in a novel and simple five step process including 
metal organic chemical vapour deposition, atomic layer deposition, chemical wet etching, and optical lithography. One last 
step of thermal annealing, with varying temperatures of 650 and 700 °C, is added in order to tune the electrical properties of 
delafossite and consequently the electrical features of p–n junctions. This work was developed to address the lack of trans-
parent and industrially scalable rectifying p–n junctions that can open multiple application paths in transparent electronics. 
A competitive ideality factor η of 6.6 and a transmittance in the visible range of 50% were achieved. An understanding of 
the electronic response of junctions is presented herein as well as a deepening comprehension of the physical properties of 
materials, with the bands alignment and the Fermi level tuning.

1 Introduction

In the recent years, wide bandgap semiconductors have been 
investigated in order to build a transparent p–n junction. 
Challenges still exist in creating a heterojunction that com-
bines a relevant bands alignment with a satisfying rectifying 
behaviour while remaining optically transparent over the vis-
ible wavelength range [1]. Simple transparent p–n junctions 
can derive into photodetectors and photovoltaic cells and can 
open paths to more complex device as transparent transistors 
[2]. From this perspective, transparent conductive oxides 
(TCOs) are a special kind of materials that combine high 
electrical conductivity, interesting carrier mobility and large 
optical bandgap [3, 4]. Homo-junctions were explored in 
the past, mainly focused on the zinc oxide [2]. Despite that 
its p-type conductivity was reported (under non-equilibrium 
conditions) [5], the problem of dopants asymmetry induc-
ing furthermore the lack of reliability of the p-type layer 
impedes an adequate utilization of ZnO homo-junctions. The 
best electrical performances, combining high  ION/IOFF ratio 
and ideality factor closer to 1 were reported by Grundmann 

et al. [2] for NiO/ZnO  (ION/IOFF = 2 × 1010 at ± 2 V and an 
ideality factor η = 1.9) and for CuI/ZnO  (ION/IOFF = 6 × 106 
at ± 2 V and an ideality factor η = 2.1). The ratio between the 
diode forward current and the off-state current, measured at 
a given ± V, is a standard measurement of the quality of the 
diode, by the distinction of a clear ON and OFF state. The 
ideality factor is a factor that relates how close the diode 
behaves compared with the ideal equation, which is a factor 
related to the carriers recombination, where 1, represents 
normally a diode limited by the minority carriers. However 
the measured transmittance was under 50% for both cases, a 
value not well fitted for transparency. Moreover, the fabrica-
tion method was pulsed laser deposition (PLD), a high-cost 
technique with important limitations in terms of industrial 
uses, since it is nearly impossible to prepare uniform thin 
films on a large scale area [6].

Among n-type TCOs, indium tin oxide (ITO) is already 
widely used in flat panel displays, touch screens or light 
emitting diodes. Nonetheless the high cost of indium and 
its toxicity reclaim alternative solutions and at the moment 
the most promising one seems to be the zinc oxide (ZnO), 
a direct bandgap semiconductor with suitable electrical and 
optical properties (Eg = 3.4 eV [7], transmittance above 80% 
in the visible region [8–10]), high chemical resistance and 
low fabrication cost compared with ITO. ZnO, in its un-
doped or doped forms (Al:ZnO or Ga:ZnO) starts already 
to find their way into applications [11–14].

 * João Afonso 
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Whilst the problem of finding an adequate n-type semi-
conductor seems to be solvable/solved, the search for a 
matching p-type semiconductor is still ongoing. The chal-
lenge in achieving a capable p-type TCO rise from the 
intrinsic electronic structure of metal oxides with the top 
of the valence band composed by strongly localized oxy-
gen 2p orbitals. This results furthermore in difficulties in 
introducing shallow acceptors and consequently high effec-
tive masses of carriers [13]. In 1997, Kawazoe et al. [14], 
suggested a new method for the modulation of the valence 
band for  AMO2 (with A = Cu or Ag and M = Al, Sc, Cr, Fe, 
Ga, or Y) [15] with the delafossite structure. This modula-
tion is explained by the covalent bonding between Cu 3d10 
and O 2p6 (with close energy levels), resulting in a disper-
sion of the top valence band that furthermore ameliorates 
holes delocalisation. This model explains thus the higher 
holes mobility (above 1 cm2 V−1 s−1) achieved in this type 
of materials when comparing with other TCOs [18]. Among 
copper delafossites,  CuCrO2 presents a high density of states 
of 3d cations  (Cr3+) near the valence band maximum allow-
ing thus the covalent mixing between the chromium and oxy-
gen atoms and a good dopability [17]. The interest in these 
particular materials has grown since Nagarajan et al. [19] 
reported the highest conductivity (220 S cm−1) of delafossite 
compounds for Mg doped  CuCrO2 whilst they measured an 
optical transparency of 30% in the case of 270 nm thin films. 
There are usually two ways of doping  CuCrO2 thin films, 
intrinsic doping which is attributed to copper vacancies and 
oxygen interstitials, and extrinsic doping of which Mg is the 
most common, but also Fe, N or Zn can be considered [13]. 
Recent papers report the fabrication of a new peculiar phase 
of copper chromium delafossite characterized by an impor-
tant deficit of copper. High electric conductivities and ade-
quate transparency in visible range [16] were measured for 
such thin films, deposited using chemical vapour deposition.

With the controlled tunability of carrier concentration 
and good increase of optical transmittance over the anneal-
ing processes [17] this particular material might became a 
viable option for the introduction and study of a transparent 
p–n junction [18]. As-deposited films present high carrier 
concentration, up to  1022 cm−3, attributed to chains of miss-
ing copper [19]. Although of great interest for p-type TCO 
applications, these high values are unsuitable for building 

reliable p–n junctions. Fortunately, the metastable nature 
of these peculiar defects makes possible the tuning of car-
rier concentration by using thermal annealing steps. During 
such processes the copper chains vacancies are progres-
sively healed while the films stoichiometry and morphology 
remain unaltered. By using annealing temperatures within 
650–900 °C range the carrier concentration was diminished 
from  1021 to  1017 cm−3 while the electrical conductivity and 
drift mobility were varied few orders of magnitude. More 
important, the manipulation of Fermi level and the improve-
ment of optical transmittance from 38% to values above 60% 
were reported [17].

Several works reporting previously the fabrication of 
 CuCrO2/ZnO p–n junctions were using only PLD [20–23] 
as the fabrication method. As already mentioned, this fabri-
cation method is not suitable for industrial applications due 
to its lack of efficient scalability. The present paper sug-
gests a new versatile and technological readable approach 
combining MOCVD, ALD, lithography followed by an 
annealing step in order to create a better interface and to 
produce a more favourable band-alignment. This process, 
schematically illustrated in Fig. 1 provides a promising, 
simple, straightforward and cheap fabrication method, eas-
ily scalable into large area for industrial purposes (Fig. 1). 
The junction was annealed at 650 °C and at 700 °C. The 
electrical and optical behaviour of the junction is therefore 
compared for these annealing temperatures, together with a 
deeper investigation of the changes in the physical proper-
ties of materials.

2  Materials and methods

Cu0.66Cr1.33O2 films were deposited on a sapphire substrate 
using Direct Liquid Injection—Metal Organic Chemical 
Vapour Deposition system DLI-MOCVD, (MC200 from 
Annealsys). The used copper and chromium precursors are 
bis[2,2,6,6-tetramethyl-3,5-heptanedionato] copper(II) and 
tris[2,2,6,6- tetramethyl-3,5-heptanedionato]chromium(III), 
respectively (Cu(thd)2 and Cr(thd)3, Strem Chemicals). 
Cyclohexane solutions with a total precursor concentra-
tion of [Cu(thd)2] = [Cr(thd)3] = 2,5 mM were used. The 
total canister solution used was 1 L of Cyclohexane with 

Fig. 1  Schematic production chain of p–n junction, representing the five steps to reach a rectifying diode
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1.075 g Cu(thd) + 1.5 g Cr(thd). The deposition parameters 
used were: substrate temperature of 450 °C, oxygen flow of 
2000 sccm, nitrogen flow of 850 sccm and the total process 
pressure was 12 mbar. The process used followed the previ-
ous optimization detailed by Lunca Popa et al. [18]. ALD 
deposition of ZnO was next deposited, on glass substrate 
for the thin film study and on top of the delafossite film, 
deposited on sapphire to make a p–n junction, following the 
process described by Roge et al. [24] at 150 °C. Argon was 
used as purge and carrier gas, for 500 cycles and with a pulse 
sequence: Diethylzinc (DEZ, Zn(C2H5)2) pulse 150 ms—
purge 10 s—H2O pulse 200 ms—purge 10 s.

The annealing processes were performed at 650 and 
700 °C in a Rapid Thermal Annealing reactor (from Anneal-
sys) at a pressure of 0.3 mbar under a nitrogen flow of 25 
sccm. The temperature step for heating and cooling was 
5 °C s−1. The annealing time considered includes only the 
plateau regime. Prior to deposition, the substrates were 
cleaned in acetone and ethanol and dried with nitrogen jet.

Kevin Probe Force Microscopy (KPFM) measurements 
have been performed on a Bruker Innova using the surface 
potential mode as amplitude modulation. Surface topogra-
phy is obtained in the first pass and the surface potential is 
measured on the second pass. Freshly cleaved highly-ori-
ented pyrolitic graphite (HOPG) is used as reference. The 
measurements are performed under dry  N2 atmosphere to 
avoid contaminations on the surface.

The films morphology and thickness were inspected using 
scanning electron microscopy (SEM) using 10 kV of accel-
eration voltage. The structure of the grown films was studied 
by X-Ray Diffraction (XRD) using a Bruker D8 Discover 
system using monochromatic Cu Kα radiation (l = 1.54 Å) 
at 40 kV and 40 mA. The scans were performed in the graz-
ing incidence (GI) geometry using a scanning step of 0.02°.

The patterning processes were performed by means 
of lithography. First a layer of HDMSwas spin-coated 
at 4000  rpm for 30  s, with an with an acceleration of 
1000 rpm s−2. It was then baked for 60 s at 115 °C. Then a 
layer of Shipley S1813 was spin-coated for 60 s at 4000 rpm, 
with an acceleration of 1000 rpm  s−2, leading to a 1.2 µm 
layer. After it was baked for 60 s at 115 °C. The exposition 
was made with a MLA 150 from Heidelberg Instruments 
using a dose of 90 mJ cm−2. After exposure, the samples 
were developed using MF319 for 40 s and rinsed for 30 s. 
The samples were dipped in  FeCl2 at 0.1% for 15 s to etch 
the ZnO, with an expected etched thickness of 100 nm.

The electrical characterization of the junction used a con-
figuration with two points at different voltage, with a voltage 
sweep and measuring the current between the two tungsten 
tips. The sweep tip was kept on the  Cu0.66Cr1.33O2 contacted 
with silver paste and constant 0 V was kept on ZnO pads. 
The carrier concentration of ZnO was measured using Hall-
effect measurements with a magnet of 0.562 T using Van 

der Pauw configuration. In the case of the delafossite, these 
values were extracted from the measurement of the Seebeck 
coefficient, using small polaron model.

3  Results and discussion

The fabrication of transparent diodes based on ZnO and 
 Cu0.66Cr1.33O2, started with the deposition of  Cu0.66Cr1.33O2 
on sapphire substrate at 450 °C followed by ZnO deposited 
at 150 °C. Sapphire was chosen as a substrate due to its high 
temperature stability being adequate for wide temperature 
range studies.

The thickness of films as measured by cross-sectional 
SEM, was found to be 250 nm for  Cu0.66Cr1.33O2. The zinc 
oxide layer was measured by elipsometry on a silicon sample 
located next to the sapphire sample during the ALD deposi-
tion, resulting in 65 nm as shown in Fig. 2. As deposited 
ZnO presents a carrier concentration of 5 × 1019 cm−3, with 
an associated conductivity of 120 S cm−1. While delafossite 
films present a carrier concentration of 2 × 1021 cm−3, with 
an associated conductivity of 20 S cm−1. Films present high 
electrical conductivities, that leads to an ohmic behaviour 
of the junction, showing a non-rectifying response as later 
described. The annealing effects on the delafossite have been 
reported in our previous work [17]. A decrease of the carrier 
concentration for temperatures above 650 °C was observed. 
With 700 °C annealing for 15 min, a decrease of the carrier 
concentration to  1019 cm−3 is obtained, for the delafossite 
films. On the other hand annealing ZnO at 650 °C for 15 min 
has also a significant impact reducing the carrier concentra-
tion to values below  1018 cm−3.

Figure 3 depicts a projection of the band-diagram of the 
films, using the combination of data from Refs. [25–27] and 
the results of measurements of the work function for the dif-
ferent annealing temperatures. The reported electron affini-
ties for ZnO and  CuCrO2 suggests a type-II band alignment 
in between our delafossite and ZnO.

KPFM measurements were performed on samples, cor-
responding to the different annealing temperatures presented 
herein, as-deposited, 650 °C and 700 °C. The measure-
ments were performed alternatively between HOPG ref-
erence and the sample, in order to compensate for drifts 
due to contaminations of the tip. In order to compensate 
the vacuum levels misalignment KPFM insert a voltage 
VDC = (Φtip − Φsample)/e where, Φtip (Pt–Ir) = 5.5 eV. 
The work function ΔΦ is measured according to:

where χ is the electronic affinity (2.1 eV for copper chro-
mium delafossite [27], 4.3 eV for zinc oxide [25, 26]), Eg is 
the band gap (3.2 eV for copper chromium delafossite [27], 
3.4 eV for zinc oxide [25, 26]). We assume the these values 

(1)EF − EV = (� + Eg ) − ΔΦ
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(Χ,Eg) are insignificantly affected by annealing [19, 28] and 
thus holds for both cases of annealed and as-deposited.

In Fig.  3 is shown the change of the Fermi level as 
extracted from KPFM measurements upon annealing. In 
both films, the Fermi level shifts towards midgap position 
after annealing. This might be correlated with the decrease 
in carrier concentration, as previously described. This 
prooves the controllable tuning of the Fermi level with the 
annealing steps.

Furthermore the optical transmittance dependence on 
the annealing conditions is represented in Fig. 4, for indi-
vidual films. An increase in optical transmittance from 38 
up to 50% is measured for the case of  Cu0.66Cr1.33O2 whilst 
no major difference was observed in the case of ZnO after 
the annealing step.  Cu0.66Cr1.33O2 and ZnO transmittance 

measurements were performed on sapphire and glass sub-
strates, respectively. The optical properties of the junction 
were investigated for the junction, deposited in sapphire, 
annealed at 700 °C in between 400 and 800 nm resulting 
in an optical transmittance of 48%, which could be further 
increased using another substrate (moving from sapphire to 
glass).

Fig. 5 shows the grazing incidence X-Ray diffracto-
grams in the interest range of films (a) delafossite depos-
ited on sapphire substrate, (b) ZnO deposited on glass sub-
strate, (c) final junction, with stacked ZnO and delafossite 
on a sapphire substrate, after a thermal annealing step at 
700 °C. The diffraction peak of delafossite can be clearly 
attributed to the (012) diffraction plan, (2θ = 36.4°), with a 
seemingly preferential orientation, as previously discussed 

Fig. 2  a Cross-sectional SEM showing the delafossite film thickness, with approximate 250  nm, deposited on sapphire substrate. b Optical 
image of the device after etching of ZnO, with the presented scan using for profilometry and the resulting step, with 65 nm

Fig. 3  Projection of the band-
diagram using the combination 
of data from Refs. [25–27], 
where was extracted the 
electronic affinity, with the 
measurements of the work func-
tion for the different annealing 
temperatures (as-deposited, 
after 650 °C annealing and after 
700 °C annealing) performed 
by KPFM, presenting a type-II 
band alignment in between our 
delafossite and ZnO
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[19]. ZnO diffraction patterns exhibited three distinct 
peaks, that might be associated to (100), (002) and (101) 
planes according to pdf card 04-006-2557, (2θ = 31.8°, 
34.4° and 36.3°, respectively). Regarding the diode sam-
ple, the representative peaks of delafossite and ZnO thin 
films are observed, with a major response to the delafossite 
(012) plane. There is a seemingly preferential orientation 
of the ZnO deposited on delafossite as compared with ZnO 
thin films deposited on glass, leading to a relative bigger 
contribution of the (002) peak as compared with the (100). 

The (101) peak might be hidden within more prominent in 
the delafossite (012) peak.

The chemical composition of the junction as a function of 
depth was analysed using Secondary-Ion Mass Spectrometry 
(SIMS), as represented in Fig. 6. Layers are chemically stable 
with no inter-layer diffusion.

The optical transmittance of the junction was measured in 
the optical range 400–800 nm after annealing at 700 °C for 
15 m, with a resulting transmittance of 50%, for the bilayer 
deposited on sapphire substrates.

Electrical properties of the junction were then studied, with 
a focus on the ratio of forward to reverse current,  ION/IOFF, 
calculated at ± 4 V.

Prior to annealing, no rectifying behaviour is presented by 
the junction. After the first annealing at 650 °C, a rectifying 
diode behaviour, with  ION/IOFF = 7, was measured. Another 
thermal treatment at 700 °C was subsequently done improv-
ing furthermore the electrical results. Room temperature I–V 
characteristics of the junction (a) without thermal annealing, 
(b) with thermal annealing at 650 °C and (c) with thermal 
annealing at 700 °C are presented in Fig. 7.

The best  ION/IOFF = 13 was achieved after the annealing at 
700 °C. The increase was mainly due to the reduction of  IOFF, 
which may be attributed to the reduction of interface traps and 
recombination centres [23]. However, there is a trade-off with 
the increase in performance due to the better junction quality 
with the reduced forward current with higher annealing tem-
perature, since the turn-on voltage of the device increases, as 
we extract hereafter.

The I–V curve of the junction after the thermal treatment at 
700 °C, is also presented in Fig. 7, with a fitting as of an ideal 
diode, following the Eq. (2):

(2)I = I1exp(V∕�Vt) − I2

Fig. 4  Optical transmittance of ZnO thin films deposited on glass 
and delafossite thin films deposited on sapphire respectively, with the 
variation in the annealing temperature, error bars are comprised in the 
thickness of data points, dotted lines are represented for guiding eyes 
of readers

Fig. 5  GIXRD patterns with incidence angle of 0.35°; a delafossite 
thin film, b ZnO thin film and c stacked layer of delafossite-ZnO after 
a thermal annealing step at 700 °C

Fig. 6  SIMS analysis of junction annealed at 700 °C, with a layer of 
zinc oxide on top of our delafossite
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where, Vt = kT/e; η is the diode ideality factor; V is the 
applied voltage and is considered  I1 ≠ I2 due to a shunt resist-
ance effect for small voltages,  I2 being the reverse saturation 
current. The reverse current was extracted,  IOFF = − 15 nA, 
as the current at − 4 V.

For V > 4 V, the linear response of the curve is governed 
by the junction series resistance, allowing to extract the 
series resistance value with a linear I–V fitting between 
4 < V < 5. The extracted value is Rs = 2 MΩ, a quite large 
value. Comparing Eq. (2), with the commonly used diode 
Eq. (3), it was extracted Rsh = 1.8 kΩ.

The turn-on voltage  (Von) of the heterojunction, was 
estimated to be 1.4 V for the junction annealed at 700 °C 
and 0.9 V for the 650 °C. The shift of the I–V curves is 
due to the reduction of recombination centres at the inter-
face [23]. The  I0, presented in Eq. 3, was extracted with 
the value 16 nA. The ideality factor of the junction was 
calculated using a linear fit in the semi-log current vs volt-
age characteristic of the junction in between 0.2 < V < 0.6, 
resulting in η = 6.3 (Fig. 7 inset). These high ideality factor 
values are commonly reported in the case of wide gap het-
erojunctions and values even higher were reported [2, 21].

According to Shah et al. [29], the ideality factor is the 
sum of the several ideality factors present in the many 
local rectifying junctions of the device and thus values > 2 
are expected. Zekry et al. [30, 31], claim that this value 
can also be justified by the recombination of carriers at 
the interface of the heterojunction, as well as the effect 

(3)I = I0

(

exp

(

Vq

�KbT

)

− 1

)

+
V

Rsh

provided by the metal-semiconductor contacts. This might 
be non-ohmic and have a relatively high resistance that 
can impact the extracted ideality factor. The films rough-
ness and the different crystalline orientations introducing 
mismatches, defects and inhomogeneities at the interface 
can also result in η > 2 [32].

A type-II band diagram of a p–n junction is exhibited in 
Fig. 8. The workfunction of both sides of the junction after 
annealing at 700 °C were considered. One should notice 
that the diagram represents a formation of an ideal junction, 
neglecting defects at the interface. An increase of the ZnO 
workfunction and a decrease in the case of  Cu0.66Cr1.33O2 com-
pared with the values of the films as-deposited, are reported.

|qΔEc| = 2.2 V, what in a perfect diode would roughly 
correspond to the turn-on voltage of the diode. The calcu-
lated η = 6.3 ideality factor suggests a high interface defect 
density or may be attributed to the presence of chromium 
excess for delafossite thin films inducing midgap impurity 
levels. Therefore a value smaller than the expected 2.2 V is 
enough to flatten the bands and allow conduction that justi-
fies the smaller turn-on voltage than the one theoretically 
expected.

4  Conclusion

A transparent p–n junction was created based on highly con-
ductive p-type Cu–Cr–O and n-type ZnO thin films depos-
ited on a sapphire substrate. The electrical behaviour of the 

Fig. 7  Current–voltage characteristics of p-  Cu0.66Cr1.33O2/n-ZnO 
diode with, (a) no thermal treatment, (b) annealed at 650  °C, (c) 
annealed at 700 °C, comparing with an ideal diode fitting, Eq. (2) for 
(b and c). Inset semi log current–voltage characteristics of the p–n 
junction annealed at 700 °C used for extraction of the ideality factor

Fig. 8  Band diagram schematic according to data from literature 
and workfunction calculated from KPFM measurements, ΔEc repre-
sents the energy difference of conduction bands for delafossite—zinc 
oxide, being 2.2 eV, while ΔEv is the analogous for the valence band 
difference, being 2.4  eV;  EF represents the Fermi level calculated, 
while it is presented in case of delafossite the difference  EF–Ev repre-
senting the difference between the Fermi level and the Valence Band 
with a value of 0.5 eV for the junction annealed at 700 °C and in case 
of ZnO the difference  Ec–EF, representing the difference of the Con-
duction band and the Fermi level with a value of 1.1 eV for 700 °C 
annealing
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junction depends on the post-annealing temperature due to 
the reported tuning of the Fermi level and carrier concentra-
tions tuning during such thermal treatment. A junction with 
a rectifying behaviour and an optical transmittance of 50% 
was finally developed. The ideality factor achieved was η ~ 6, 
still needs to be improved when compared to the best val-
ues reported in literature, of η ~ 2, for junctions with similar 
transmittance values. The chemical composition of the junc-
tion remains unchanged with high temperature annealing 
steps up to 700 °C. An increase in optical transmittance can 
be expected by using a more transparent substrate, such as 
glass, keeping the process safely below 600 °C. The junc-
tion was developed as within a 5-step process including 
techniques easily scalable for a large area deposition, unlike 
the best performing junctions in the literature, which make 
recourse to PLD techniques. A higher rectification factor, 
 ION/I OFF, should be optimized engineering a lower series 
resistance and a better interface engineering may lead to 
even more performant junction and lower ideality factor.

In conclusion, a simple and scalable process for fabricate 
a p-Cu0.66Cr1.33O2/n-ZnO transparent junction was demon-
strate. This might be of interest in electronic applications 
based on the principle of transparent diodes.
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