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ACRONYMS 

 
ALD: Atomic Layer Deposition 

AZO: Aluminium doped Zinc Oxide 

CBM: Conduction Band Minimum 

CVD: Chemical Vapour Deposition 

DEZ: Diethylzinc 

DOS: Density of States 

DFT: Density Functional Theory 

EDOS: Electronic Density of States 

EDX: Energy Dispersive X-ray 

spectroscopy 

FIB: Focused Ion Beam 

FTO: Florine doped Tin Oxide 

GGA: Generalized Gradient Approach 

GIXRD: Grazing Incidence X-Ray 

Diffraction 

HAAF: High Angle Annular Dark Field 

HRTEM: High Resolution Transmission 

Electron Microscopy 

ICDD: International Center for Diffraction 

Data  

ITO: Indium doped Tin Oxide 

LDA: Local Density Approximation 

MgCr: Chromium substituted by 

magnesium 

MOCVD: Metal Organic Chemical Vapour 

Deposition 

MS: Magnetron Sputtering 

Oi: Oxygen interstitial 

OMCVD: Organometallic Chemical 

Vapour Deposition 

PLD: Pulsed Laser Deposition 

PVD: Physical Vapour Deposition 

RT: Room Temperature 

SAED: Selected Area Electron Diffraction 

SCLC: Space Charge Limited Current 

SEM: Scanning Electron Microscopy 

SG: Sol-gel 

SIMS: Secondary Ion Mass Spectroscopy 

SS: Solid State 

sX-LDA: Screened exchange Local 

Density Approximation 

TCM: Transparent Conducting Materials 

TCO: Transparent Conducting Oxides 

TEM: Transmission Electron Microscopy 

TGA: Thermogravimetric Analysis 

TOS: Transparent Oxide Semiconductors 

VBM: Valence Band Maximum 

VCu: Copper vacancy 

XPS: X-Ray photoemission Spectroscopy 

XRD: X-Ray Diffraction 
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 Nowadays, electronic is everywhere in our societies like computer, mobile phone, 

household appliance, means of transport and more recently in renewable energy. In the second 

half of the 20th century, transparent conducting materials (TCM) were discovered, opening new 

horizons of electronic applications, called “transparent electronic”[1], like transparent modern 

circuitry, transparent solar cells, UV detector, etc…  

 TCM mixed both electrical conductivity and optical transparency which are antagonistic 

properties as the band structure requirements contrast significantly. While for a good 

transparency, a wide band gap (>3 eV) is necessary in order to avoid the light absorption, 

conducting semiconductor materials are usually characterized by a narrow band gap (<2 eV) 

and low activation energy of charge carriers to tune their electrical conductivity at room 

temperature. The very first reported TCM was cadmium oxide CdO back in 1952[2]. It belongs 

to the transparent oxides semiconductor (TOS) class, an important sub-category of TCMs. TOS 

have initially wide band gaps and are subsequently extrinsically doped in order to modify the 

charge carrier concentration without altering the optical properties[3], [4]. 

 Nowadays TOS are widely used in different technology fields as transparent electrodes 

in flat panel displays, light-emitting diodes, solar cells and touch panels[5]–[9]. The most used 

TOS are ITO[10], FTO[11] or AZO[12] which are known as “transparent conducting oxides” 

(TCO) for their high n-type conductivity (>1000 S.cm-1). However, the development of modern 

electronic circuitry or optoelectronic devices is based on p–n junctions, and therefore needs also 

the use of p-type materials[13]. Although n-type materials with high conductivity and 

transparency were demonstrated[3], p-type TOS still need an archetypal material. The poor 

properties of current p-type TOS is a barrier of transparent electronic development and TOS 

are actually only used as transparent electrode as passive applications.  

 The development of active transparent electronic devices appeared to be stalled until the 

end of the 20th century when a new design of p-type TOS emerged with works of Kawazoe et 

al.[14]. The authors proposed a model for the chemical modulation of the valence band in order 

to explain the high mobility measured for CuAlO2, a delafossite compound[14], [15]. For 

twenty years, delafossite compounds AMO2 (with A = Cu or Ag and M = Al, Sc, Cr, Fe, Ga, or 

Y)[16] demonstrated a promising but still insufficient trade-off between electrical conductivity 

and visible transparency compared to  n-type TCO materials. Therefore, delafossite compounds 

could be the most promising materials to further studied and optimized for the fabrication of 

transparent p-n junction. To date, the highest reported conductivity of delafossite was 220 S 

cm-1 for Mg doped CuCrO2[17]. Copper chromium oxides contrast with other delafossites, in 

terms of: (i) high density of state of 3d M cations (Cr3+) near the valence band maximum, (ii) 
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covalent mixing between chromium and oxygen ions and (iii) good dopability, making CuCrO2 

a good p-type candidate for transparent electronic devices[18]–[23].  

 Delafossite CuCrO2 was synthesized with various method like solid-state reaction[18], 

[21], [24]–[31], sol-gel[32]–[38], pulsed laser deposition[39]–[43] or magnetron 

sputtering[17], [44]–[47]. However, all of these methods are either too complex or need high 

growth temperature (≥ 600°C) and/or too long processing for an up scaling to the industry for 

an application on glass. Moreover, in almost all cases, the trade-off between electrical 

conductivity and visible transparency have to be improved for an archetypal transparent p-n 

junction.  

 MOCVD synthesis has demonstrated very good performance of semiconductors 

synthesis in term of low growth temperature and fast synthesis, mainly due to the physico-

chemical properties of metal-organic precursors[48]. Electrical properties of semiconductors 

were also compatible with the manufacturing requirement of the industry. However, delafossite 

CuCrO2 synthesized with MOCVD method was still poorly investigated compared to others 

methods[49].  

 Therefore, the objectives of this thesis are: (i) synthesize delafossite CuCrO2 thin films 

with pulsed injection MOCVD method, (ii) obtain good trade-off electrical conductivity-visible 

transparency for a possible up scaling to the industry and (iii) synthesize a transparent p-n 

junction CuCrO2/ZnO on glass with CVD based method.  

 In the first chapter of this manuscript, we will present the state of the art of delafossite 

CuCrO2 and ZnO, the second chapter will relate the used experimental methods while in the 

third chapter we will present an optical model that we developed during this thesis to 

characterize our thin films. The fourth chapter will be dedicated to the CVD synthesis of 

delafossite CuCrO2 and the fifth chapter will deal with electrical and optical characterizations 

of the films. The last chapter will present the application of our CuCrO2 thin films to the p-n 

junction. We will finish by providing conclusions and perspectives of this works. 
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I. STATE OF THE ART OF TRANSPARENT 
OXIDES SEMICONDUCTORS: CuCrO2 

AND ZnO 
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In this chapter, based on works described in literature, we introduce the benefits of 

delafossite CuCrO2 and ZnO as p-type and n-type materials respectively, for the synthesis of 

transparent p-n junctions. Firstly, we describe existing p-type TCM and their respective 

limitations in the framework of our thesis goal. Then, we thoroughly describe p-type delafossite 

CuCrO2 and highlight its advantages when the integration of p-type materials into electronic 

devices is considered together with its manufacturability. We finish with a short resume of n-

type ZnO, which will be used as n-type material for our elaborated transparent p-n junctions. 

 

I.1 P-type TCM 
 

 In this section we briefly talk about p-type TCMs which were investigated for their 

electrical conductivity and optical transparency and we highlight their limitations as potentials 

p-type TCM for technologies integration. 

 

I.1.1 P-type non-TOS 

 

TCMs can be divided in two categories: TOS and non-TOS (Figure 1). In both 

categories, there are p-type or n-type materials. In this paragraph we discuss only p-type non-

TOS. 

The reported p-type non-TOS materials belong to chalcogenides family which contains 

at least one chalcogen anion (Ch=S, Se, Te, Po) and at least one more electropositive element. 

Binary compounds, ZnSe and ZnTe, exhibit good mobility, between 50-340 cm2/V.s, but they 

have too low band gap, 2.4-2.7 eV, that impairs their visible transparency[50]–[52]. It was 

demonstrated with calculations that compounds like CsZn3Se4 and CsZn3Te4  have higher band 

gap than ZnCh and have a low effective mass at the valence band maximum (VBM)[53]. 

However, experimentally it was shown that ZnCh impurities colour the material in yellow or 

black for Cs2Zn3Se4 and Cs2Zn3Te4 respectively[53].Moreover, the cesium is highly reactive 

with carbon coating used in some reactor[53]. Two other chalcogenides were also investigated: 

CuAlS2 and CuAlSe2. Chalcogenide CuAlS2[54]–[58] have demonstrated high conductivity up 

to 40 S.cm-1 when it is doped with zinc [56]–[58] and a transmittance of 80% [57], [58] in the 

visible range for a 100 nm thickness. However, the synthesis method is either inadequate for an 

up-scaling to the industry (pulsed laser deposition (PLD) and channel spark ablation)[57], [58] 

https://en.wikipedia.org/wiki/Chalcogen
https://en.wikipedia.org/wiki/Anion
https://en.wikipedia.org/wiki/Electropositive
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or produces Cu2-xS phase (atomic layer deposition (ALD))[54]. Chalcogenide CuAlSe2 has a 

too low band gap (2.3-2.5 eV) for transparent electronic applications[59], [60]. 

 

 

Figure 1 TCM categories and their materials 
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I.1.2 P-type TOS 
 

TCM’s oxides (TOS) are of particular interest due to their chemical stability, high 

negative formation enthalpy and wide band gap [3]. We first describe in this section the 

conditions required for selecting the most promising p-type TOS, then, we introduce some non-

delafossite p-type TOS. 

 

I.1.2.1  Kawazoe valence band modulation 

 

The main impediment in finding a p-type TOS (Figure 1) matching physical properties 

of actual n-type TOS, is the strong localization of oxygen 2p states at the valence band edge, 

resulting in flat energy bands and therefore a high hole effective mass[61]. This is due to the O 

2p levels lying far lower than the valence orbital of metallic atoms[62], resulting in a non-

dispersive VBM (Figure 2 (a)) and a high negative partial charge on the oxygen atoms that is a 

deep trap for positive charge carriers (holes). In order to avoid this phenomenon without 

compromising the optical transparency, Kawazoe and al.[14], [15] proposed a new design of p-

type TOS based on the valence band modulation. The energy levels of the shell of metallic 

cations must be close to those of the 2p levels of oxide ions. By enhancing the bonds covalency, 

a more dispersive band is pushed up above the non-bonding O 2p or metallic cations 3d states 

(Figure 2 (b)).  

 

 

Figure 2 (a) Non-dispersive and (b) dispersive valence band due to covalence bond between 

metallic cation and O 

oxygen ion 
2p6

E

CBM

localized VBM

cation nd
delocalized VBM

cation nd 

E

VBM

CBM

VBM

oxygen ion 
2p6

(a)
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 Moreover, the metallic cations must have closed electronic shells to avoid any 

coloration, due to d-d transitions (Figure 3). 

 

 

Figure 3 Absorption and emission of light by d-d transitions for atoms without closed shell 

electronic 

 

The third aspect is related to the tetrahedral coordination of oxide ions. This 

configuration allows pair electrons (in 2s and 2p orbitals of oxygen) to bond with two other 

atoms. Therefore, the non-bonding nature of oxide ions in Figure 2 disappear and the strong 

localization of carriers at the valence band edge is diminished.  

 

I.1.2.2 Non delafossite compounds 

 

The first p-type TOS reported was NiO[63] in 1993. Nickel oxides thin films[63]–[69], 

with lithium, potassium or copper doping[65], [67]–[69], have conductivity between 4-21 S.cm-

1 with an optical gap between 3.3-3.7 eV. However, with doping, transparency is only 40-50% 

for 70-200 nm thin films due to the visible light absorption by the hole polarons localized on 

oxygen ions[70], [71]. Even if NiO was used as p-type material for transparent diode[72]–[74], 

transistors[75] and solar cells[68], [76]–[78], the trade-off electrical conductivity-visible 

transparency is still not acceptable. 

Another p-type TOS is SrCu2O2. Despite its optical band gap at 3.3 eV and its relative 

good transmittance (60-70%) for 100-220nm thicknesses [79]–[83], the highest electrical 

conductivity reported, when the e-beam deposition technic is used, is only 0.05 S.cm-1[79], 
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which is insufficient for device applications. The low conductivity in SrCu2O2 is due to the high 

effective mass at VBM, according to different band structure calculations[84]. 

Spinel compounds can be also p-type TOS[85]. Spinel NiCo2O4[85]–[92], have 

electrical conductivity, with cations off-stoichiometry, reported between 200-300 S.cm-1 at 

room temperature[86], [91]. However, the transparency in the visible range is much less 

interesting and is limited to 10-15% for a 100 nm thick film [86], [91]. This is due to the direct 

band gap value of NiCo2O4 being less than 2.0 eV. Zn-based spinel can also exhibit p-type TOS 

properties as ZnCo2O4[86], [93]–[96], ZnRh2O4[95]–[97] and ZnIr2O4[93], [95], [96]. The 

reported electrical conductivity is between 0.4-3.4 S.cm-1 [86], [94], [96], [97] and optical 

transparency between 15-60%[94], [96] with optical gaps of 2.3-3.0 eV[96]. However, these 

high optical gap values were called into question since any calculation [95] did not match the 

experimental values and no more deep studies confirmed these results. 

The last reported non-delafossite p-type TOS are oxychalcogenides LaCuOS[98] and 

LaCuOSe [98], [99]. While an exceptional conductivity up to 900 S.cm-1 and an optical gap at 

2.8 eV can be obtained, the transmittance values were not published and no research group did 

confirm these results. Moreover, the experimental synthesis, reactive solid state epitaxy, is not 

compatible for an up-scaling of the process to the industry. We summarize structural, electrical 

and optical properties of p-type non-delafossite TOS in Table 16 (in Annexes). 

Although materials presented in this section (non-delafossite) have p-type TOS 

properties, the trade-off electrical conductivity-visible transparency is still poor to consider 

their integration in transparent electronics. Actually, the most promising p-type TOS are still 

delafossite compounds because they demonstrate, during this last twenty years, good electrical 

conductivity, high optical transparency and very good stability in air. 

 

I.1.2.3 Delafossite compounds 

 

 Delafossite compounds AMO2 are a ternary oxides family[16], with a coordination (II) 

on A, (VI) on M, and (IV) on Oa. Compounds with a large atomic radius for M cation, such as 

Al, Ga, Cr, Fe, Sc, In, Y or La and small for A cation radius are feasible, such as Ag, Cu or Pd. 

Indeed, coordination (II) is favoured when A cation has relatively small atomic radius in ternary 

oxides [100]. Paladium based delafossite are not considered, because they are metallic material, 

                                                      
a Coordination is the number of atom bonds. It is not the oxidation state number. 
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in the opposite of copper based or silver based delafossite which are semiconductors 

materials[16]. 

According to the Kawazoe valence band modulation approach, delafossite compounds 

match all the required conditions for getting promising p-type TOS: (i) the A cation has a closed 

electronic shell nd10 (Cu+ and Ag+), (ii) it has also a shell energy level closed to those of O 

2p[62] giving more dispersive a valence band, and (iii) oxygen ions are in a tetrahedral 

configuration. 

Delafossite compounds with p-type TOS properties can be sub-divided into two 

categories, Cu-based and Ag-based. Only two p-type materials were reported for Ag-based, 

AgCrO2 [101] and AgCoO2 [7] [102]. Ag-based thin films syntheses were very difficult to 

achieve[103] and low electrical conductivity were measured (10-4-10-6 S.cm-1 for a transparency 

of 40-60 % with a thickness of 150-200nm)[101] [7] [102]. Cu-based delafossites are much 

more interesting in terms of materials diversity and synthesis: seven p-type materials CuMO2 

(M=Al, Ga, Fe, In, Sc, Y and Cr) were reported up to date (Figure 1). Electrical conductivities 

(see Table 15 in Annexe) are also higher than Ag-based due to better alignment of energy levels 

of Cu 3d (when compared with Ag 4d) with O 2p. VBM is more dispersive (Figure 2 (b)) and 

effective mass shall decrease. Delafossite CuAlO2 exhibit an interesting trade-off electrical 

conductivity-visible transparency (0.01-0.5 S.cm-1 for 55-75% transparency with thickness of 

100-250 nm), better than any other delafossite CuMO2 except one: delafossite CuCrO2. 

Therefore, we present in the next section, an overview of delafossite CuCrO2 properties which 

led us to use CuCrO2 as p-type material for the synthesis of transparent p-n junction. 

 

I.2 Delafossite p-type CuCrO2 
 

 Delafossite CuCrO2 has attracted much attention since Nagarajan et al., has reported the 

highest conductivity of delafossite compounds for Mg doped CuCrO2[17] at 220 S.cm-1. While 

they obtained optical transparency of only 30% for 270nm thin film thickness, other works 

demonstrated one of the highest trade-off electrical conductivity-visible transparency for p-type 

TOS. In this section, we provide a detailed review of the state of the art of CuCrO2 in which, 

through physical and chemical arguments, we expose the reasons why this high trade-off and 

we highlight its potential technology applications. 
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I.2.1 Structural properties of delafossite CuCrO2 

 

I.2.1.1 Delafossite crystal structure 

 

I.2.1.1.1 Spatial representation 

 

Delafossite CuCrO2 structure (A=Cu and M=Cr), has Cu cations linearly coordinated to 

two oxygen and is expected in +I oxidation state (see Figure 4). The Cr cation is located in a 

distorted edge shared CrO6 octahedra with Cr as central position with a nominally +III oxidation 

state. The oxygen ion is in pseudo-tetrahedral coordination with one Cu and three Cr cations. 

The delafossite CuCrO2 structure can be visualized as consisting of two alterning 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. By stacking the double layers with alterning Cu layers being 

oriented 180° relative by to each other, the hexagonal 2H is formed (Figure 4 (a) and (b)). This 

structure has P63/mmc space group symmetry. If the double layers are stacked with the Cu 

layers oriented in the same direction but offset from each other in a three layer sequence, the 

rhombohedral 3R type is formed (Figure 4 (c)-(d)). This structure has space group symmetry 

of R3̅m. Hexagonal structure is more stable with M=Sc, Y, La [104]–[106] (unoccupied 3d 

levels), while rhombohedral structure is more stable with the others M cations [16], [104], 

especially with CuCrO2. 
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Figure 4 Crystal structures of delafossite CuCrO2: (a) Unit cell and (b) several cells of 

hexagonal structure, (c) unit cell and (d) several cells of rhombohedral structure (done with 

VESTA software). 

 

I.2.1.1.2 Lattice parameters 

 

Lattice parameters in delafossite, can be correlated with the sizes of A and M cations, 

who influence the O-A-O, M-O, A-A or M-M distances[107]. In delafossite, all the O-A-O 

(a) (b)

(c) (d)

Cr

Cu

O
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linkages are strictly parallel to the c-axis, it is expected that the lattice value of the a-axis will 

scale according to the A-A or M-M interaction. Experimentally, it appears that lattice 

parameters along the a-axis depends preferably on M cations (Figure 5). This is mainly 

attributed to the larger size of M cations as compared to A cations, leading to a higher M-M 

repulsion and thus an increasing of the a-axis lattice parameters. Moroever, the charge +III on 

M compared to +I on A, influenced also the higher M-M repulsion [107]. Delafossite 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), compared to other delafossite compounds; a summary of CuCrO2 data is 

given in Table 1. 

 

 

Figure 5 Influence of M cations on a-axis and c-axis of delafossite. Lattice parameters datas 

are from [1] and M cation size datas from [2] 

 

 

Table 1 Reported lattice parameters of CuCrO2 by theorical and experimental approach 

a (Ǻ) c (Ǻ) V (Ǻ3) System Method Reference 

2.9748(1) 17.1016(5) 131.06 Rhombohedral Exp. * [24] 

2.9734(3) 17.100(4) 130.93 Rhombohedral Exp. * [108] 

2.974514 17.058992 130.71 Rhombohedral Exp. * [109] 

2.962 17.01 129.24 Rhombohedral Exp. * [110] 

3.050 17.09  Rhombohedral Th. [31] 

2.9740(3) 11.400(1) 87.32 Hexagonal Exp. * [111] 

2.97 11.40 87.09 Hexagonal Exp. *  [112] 

3.01-3.05 11.40-10.47 89.73-92.25 Hexagonal Th. [22] 
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I.2.1.1.3 Air stability 

 

 It is essential to consider, for the integration of the grown thin-films into a device 

fabrication process-flow, the stability of CuCrO2 phase when heating exposed to humidity, 

oxygen-rich atmosphere etc... Thermogravimetric analysis (TGA) of CuCrO2 and several 

delafossites under heating up to 1000°C are presented Figure 6 [31]. In nitrogen atmosphere (at 

amospheric pressure), no significant weight variation was observed for all delafossite (Figure 

6 (a)) showing their very high stability. However, under air atmosphere (Figure 6 (b)) the 

increasing weight for CuGaO2, CuFeO2 and CuMnO2 is due to the thermal decomposition of 

delafossite, according to the following chemical reaction: 

    CuMO2 + O2 → CuM2O4 + CuO             

 The typical decomposition temperature of usual delafossite compounds is reported in 

Table 2. Delafossite CuAlO2 has no significant weight variation even at 1000°C but XRD 

analysis feature a structural change at 900°C (Figure 6 (c)). These contradictory results are 

explained by the slow thermal decomposition of CuAlO2, not detected by usual TGA 

measurements. Regarding CuCrO2, its stability was demonstrated above 1000 °C with TGA 

and XRD [27], [31], [113], therefore CuCrO2 is the most stable delafossite under air heating 

(Table 2). This feature is particularly attractive when considering the integration of transparent 

semiconductors into devices and the long-term stability of the materials when aged. 

 

 

Figure 6 TGA profiles of copper based delafossite in a) N2 and b) air. XRD patterns of copper 

based delafossite treated at different temperatures for 5h in air c) [31] 

a)

b)

c)
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Table 2 Temperature decomposition of delafossite compounds CuMO2 (with M=Cr, Al, Ga, 

Fe, Y and La) 

Compounds Tdecomposition (°C) Analysis Ref 

CuCrO2 
> 1000 

> 1000 

TGA 

XRD 
[31] 

CuCrO2 > 1000 TGA [27] 

CuCrO2 
> 1000 

> 1000 

TGA 

XRD 
[113] 

CuAlO2 
> 1000  

800-900 

TGA 

XRD 
[31] 

CuAlO2 > 1000 TGA [114] 

CuGaO2 700 TGA [114] 

CuGaO2 600 TGA [27] 

CuGaO2 
700 

600 

TGA 

XRD 
[31] 

CuFeO2 
500 

650 

TGA 

XRD 
[113] 

CuFeO2 500 TGA [27] 

CuFeO2 
600 

500 

TGA 

XRD 
[27] 

CuYO2 400 TGA [106] 

CuLaO2 600 TGA and XRD [115] 

 

 

Lalanne et al. [113] compared the mechanism underlying the thermal decomposition 

under air atmosphere of CuFeO2 and CuCrO2. They propose that the interstitial site in CuFeO2 

(site between copper atoms in the same plane) is large enough to enable the intercalation of 

oxygen while the lower size of interstitial site in CuCrO2 impairs the oxygen intercalation 

mechanism. Therefore, CuFeO2 tend to oxidize into CuO and CuFe2O4 compounds, while 

CuCrO2 is still stable under air atmosphere. However, it is worth stating that this interpretation 

does not fit the accommodation of oxygen in CuGaO2 interstices and its oxidation near 600°C 

[27], [31], [114]. Indeed, the size of interstitial site of CuGaO2 is very similar to the one in 

CuCrO2, and CuGaO2 decomposed under air heating, while CuCrO2 is very stable. 

Amrute et al. preferably considered that the thermal stability of delafosite compounds 

are triggered by the surface rather than the bulk one [31]. They showed by calculations, that  

the formation of oxygen interstitial is endothermic in the bulk for CuAlO2 and CuCrO2, which 

is in line with previous statements highlighting that the interstitial size in CuAlO2 and CuCrO2 

is insufficient to accommodate interstitial oxygen. On surface terminated by an oxygen layer, 

the formation of oxygen interstitial is exothermic in CuAlO2 but is still endothermic for 

CuCrO2. This is attributed to the structural relaxation and the charge transfer (between oxygen 

and metal cations) at the surface, which are different for CuAlO2 and CuCrO2 [31]. The 

exothermic energy of oxygen interstitial can explain the oxidation of CuAlO2.  
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I.2.2 Band structure 
 

I.2.2.1 Energy gap 

 

Band structure calculation of CuCrO2 is presented in Figure 7 (a), when a density 

functional theory (DFT) calculation with a hybrid functional  approach (screened-exchange 

local density approximation (sX-LDA)) is used [116]. The energy band gap is well estimated 

with this method (Eg
direct=3.1 eV and Eg

indirect=2.9eV) when compared to experimental data 

(Eg
direct=3.05-3.2 eV[17], [33], [34], [37], [39], [41], [44], [47], [49] and Eg

indirect=2.7-3.0 

eV[33], [34], [37], [117]) (Figure 7 (c)). It is noteworthy that CuCrO2 gap is different from 

Cu2O. 

 

I.2.2.2 Effective mass 

 

 The CuCrO2 hole effective mass at the VBM is lower than typical p-type TOS. The 

example is given Figure 7 (b) with CuCrO2 and SrCu2O2 band structure with sX-LDA approach. 

A flat band was observed at the VBM for SrCu2O2 due to localization of O 2p states which do 

not favour p-type TOS (Figure 2 (a)) and thus give a large effective mass, which does not favour 

conduction by holes. Delafossite CuCrO2 exhibit less localized states at the VBM which favour 

more dispersive VBM (Figure 2 (b)) and more mobile hole. 

 

I.2.2.3 Density of states (DOS) 

 

Delafossite CuCrO2 has four distinctive parts in the total electronic density of states, 

(total EDOS), as illustrated in Figure 8 (a). The parts I and II are mainly O 2p states, while the 

parts III is dominated by Cu 3d states as the part IV is also a major contribution of Cu 3d ( 

Figure 8 (a) and (b)). Experimentally, the four parts were confirmed by X-Ray resonant 

photoemission and X-Ray absorption spectroscopies, especially for the part IV where Cu+I and 

Cu+II oxidation states for Mg-doped CuCrO2 were observed [21], [118]. 
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Figure 7 Band structure calculations with sX-LDA of (a) CuCrO2 [116] and (b) 

SrCu2O2[3].(c) Comparison of direct and indirect bandgaps from calculations and 

experimental resultsb 

 

 

Figure 8 Total EDOS and partial DOS with (a) PBE+U [19] and (b) sX-LDA [116] 

calculations. The up and down parts correspond to calculations with spin “up” and spin 

“down” (of chromium atoms) respectively 

                                                      
b PBE is a generalized gradient approximation (GGA) calculation, which have the acronyms of the authors 

(Perdew, Burke, and Ernzerhof [[334]]). HSE is a screened hybrid functional calculation (Heyd, Scuseria, and 

Ernzerhof [[335]]) 
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More precisely, the deep levels (between -10 and -4 eV) are mainly O 2p states which 

are broad and intense, following by narrow but also intense Cu 3d nonbonding states (at -2eV). 

The Cu 3d nonbonding states are energetically degenerate with the weakly dispersive states 

from nonbonding O 2p orbitals (at -2eV). The bonding Cu 3d states and O 2p states interact 

together and push up a mixed Cu-O state above the undispersed background at the VBM. This 

phenomenon is well aligned with the Kawazoe valence band modulation (Figure 2 (b)).  

The Cr 3d states mainly contribute to the conduction band minimum (CBM), whatever 

the used calculation models used (Figure 8 (a) and 8b)). It appears that O 2p levels contributed 

to the CBM (less pronounced with sX-LDA), extending up to 5 eV like Cr 3d states, due to the 

Cr 3d and O 2p interactions. The Cr 3d sates have also minor contribution at VBM [20]. This 

contribution at VBM is a consequence of the valence bound between three Cr ions and one O 

ion (Figure 4) which produce hybridized Cr-O bonds. 

Valence band of CuCrO2 obtained by XPS with Al Kα beam (hν=1486.6 eV) is 

presented Figure 9 (a) [118]. With Al Kα excitation, the electron cross section for ionization of 

Cu 3d states is 20x higher than for the one O 2p states and 10x higher than Cr 3d states [119]. 

As a consequence, Cu 3d states of valence band CuCrO2 are preferably detected by Al Kα beam. 

Experimental works feature broad Cu 3d states at 3 eV for both delafossites CuCrO2 (Figure 9 

(a)) and CuAlO2 (Figure 9 (b))[118]. An additional Cu 3d peak near the VBM (1 eV) is also 

observed for both materials, but is more intense for CuCrO2 than CuAlO2 (as observed by 

calculation [19]). Even if Cr 3d states exhibit a minor contribution to the valence band DOS, 

they interact indirectly with Cu 3d states. The interaction between Cr 3d and Cu 3d states is 

mediated by O 2p states which are directly hybridized with Cr 3d states. As a consequence of 

Cu 3d states and Cr-O bond states, Cu 3d states are pushed up near the VBM. In CuAlO2, Al 

2p states do not interact with O 2p like Cr 3d in CuCrO2, since Al has only 2p valence states 

impairing O 2p - Al 3d hybridization. 

In CuCrO2, the covalent nature between O and Cr is evidenced when the partial charge 

calculation is considered (Figure 10) [20]. Delafossite CuCrO2 has the highest covalent 

interaction M-O (with M=Al, Cr, Sc and Y) decreasing the partial charge of oxygen, then 

dispersive VBM would be optimal for the hole mobility. 

Among other parameters which determine the electrical conductivity in a 

semiconductor, is the intrinsic or extrinsic dopability of material which is particularly 

important. 
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Figure 9 Valence band by XPS Al Kα excitation of (a) CuCrO2 and (b) comparison of valence 

bands between CuCrO2 and CuAlO2[118] 

 

 

 

Figure 10 Partial charge calculations on Cu, M (M=Al, Cr, Sc, Y) and O in delafossite 

compounds [20] 

 

I.2.2.4 Defects and doping 

 

In this part, we discuss the impact of intrinsic or extrinsic doping on the electronic 

properties of delafossite CuCrO2. We first resume doping rules of n-type/p-type TOS and then 

summarize some key results regarding dopability of CuCrO2. 

 

 a) Rules of p-type/ n-type doping in TOS 

 

The conditions needed for a TOS to be an electron-hole conductor are: dopants (intrinsic 

or extrinsic) must be readily ionized, i.e have energetically electrical levels near the CBM (n-

type doping) or VBM (p-type doping) and the second condition is electron (hole) producing 

dopant should be abundant in n-type (p-type system), i.e defects have low formation 

enthalpy[120], [121]. The formation enthalpy of dopant defines if the dopant will be integrated 

in the host crystal (low formation enthalpy) or will be hard to create (high formation enthalpy). 

Formation enthalpy of dopant D of charge q in host crystal is defined as[122]: 

(a) (b)

Binding Energy (eV)
026 48 026 48

Binding Energy (eV)
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 ∆𝑯(𝑫,𝒒)(𝝁, 𝑬𝑭) = 𝒒𝑬𝑭 + 𝒏𝑫(𝝁𝑫 − 𝝁𝑯) + ∆𝑬𝒃 ( 1 ) 

where μD and μH are the chemical potentials of the dopants and host, EF is the Fermi energy, nD 

is the number of dopants, ΔEb=E(host+defect) -E(host) is the excess energy of the local 

chemical bonds around the dopant. Each term in equation 1 is assign to a doping rule. 

 

  (i) Compensating defects should not develop  

  

 When a material is n-type doped, EF moves towards the conduction band, and inversely, 

when a material is p-type doping, EF moves towards the valence band. The first term in Equation 

( 1 ) , qEF, shows that the donor (acceptor) formation enthalpy increase (decrease) linearly with 

EF. Therefore, it becomes favorable to create acceptor (donor) for high n-type (high p-type) 

doping (Figure 11)[121]. These acceptor (donor) defects are called “compensation defects” 

because they “kill” the n-type (p-type) doping. The Fermi energy limit, when doping will be 

spontaneously compensated, is call “Fermi energy pinning” (εF
(n) for n-type doping limit and 

εF
(p) for p-type doping limit). The Fermi pinning energy define the n-type, p-type or ambivalent 

doping of the considered materials[121][122]. The levels of Fermi pinning energy are aligned 

(or universal) in materials (Figure 12) due to the compensation of the energy required to form 

defect level and the energy needed to fully occupy them[123]. 

 

 

Figure 11 Dependence of the formation enthalpy of defects D1 (donor) and D2 (acceptor) in 

charge states q1=+ and 0 and q2=0 and – respectively, on the Fermy energy. The dots are the 

donor (+/0) and acceptor (0/-) transitions energies 

 

 One way to avoid compensating defects is to consider material with CBM far from the 

vacuum level (for n-type doping) i.e large electron affinities χA. Then Fermi energy pinning is 
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far in the conduction band and allows high n-type doping (Figure 12). In2O3, SnO2 , ZnO or 

CdS are very relevant examples (Figure 12).For p-type doping, materials with VBM close to 

the vacuum level, i.e small ionization potential Ф are considered. Then Fermi energy pinning 

is far in the valence band and allows high p-type doping. One way to shift the VBM upwards 

is to use a 3d element with active d states, so that the coupling with the p band of anions move 

up the latter to higher energies, i.e Kawazoe condition in Figure 2 (b). Cu2O, CuAlO2, SrCu2O2 

and also CuCrO2 (Figure 12) are very relevant examples of p-type doping. 

 

 

Figure 12 Fermi energy pinning of n-type (εF
(n)) and p-type (εF

(p)) for TOS and 

semiconductors. Electron affinities and potential ionization are extracted from [3] 

 

  (ii) Adjusting the chemical potentials of the different elements 

  

 The second term in Equation ( 1 ) shows how ΔH for the formation of anionic or cationic 

dopants can be regulated via the control of the chemical potentials during the growth of the 

materials. Anion substituting dopants will be more soluble under host cation-richc growth 

conditions (μH=μH
cation rich) and cation substituting dopants will be more soluble under host 

anion-rich growth conditions (μH=μH
anion rich). It was demonstrated that n-type doping is easier 

via anion substitution using cation-rich conditions and p-type doping is easier via cation 

substitution using anion-rich conditions[121].  

 

 

                                                      
c Cation-rich conditions  is equivalent to anion-poor conditions 
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  (iii) Local bonding effects of the dopant should be minimized 

  

 The last term of Equation ( 1 ), the energy ΔEb, is minimized by the dopant bonding 

which disrupt as low as possible the host bonds [124]. For example, acceptor A2+ dopant in 

CuCrO2 (substitution of chromium cations) should have similar Cr3+ size and adequate electron 

shell in order to disrupt as low as possible oxygen bonds. 

 

 b) Defects in CuCrO2 

 

Defects calculations in CuCrO2 were investigated with LDA, PBE, PBE+U and HSE06 

approach [22], [125]. In all cases, it was found that chromium substitution by magnesium 

(MgCr) has the lowest formation enthalpy, following by copper vacancies (VCu) and oxygen 

interstitial (Oi) (Table 3). We give an example of defects calculations Figure 13. It appears that 

(0/-1) transition level energy for VCu with HSE06 is 0.37 eV (ΔH=1.45 eV), which is 

considerably shallower than the HSE06 calculated transition levels for CuAlO2 at 0.68 eV 

(ΔH=1.33 eV) in the same growth conditions [23].  

 

Table 3 Compilation of theorical results on VCu, Oi defects and MgCr doping 

Defect 
Calculation 

method 

Transition 

level 

Transition level energy 

(eV) 
ΔH Ref. 

VCu PBE (0/-1) 0.25 0.16 [22] 

VCu PBE+U (0/-1) 0.30 0.95 [22] 

VCu HSE06 (0/-1) 0.37 1.45 [22] 

VCu LDA (0/-1) 0.9 -2.5 [125] 

Oi PBE (0/-1) 0.63 1.27 [22] 

Oi PBE+U (0/-1) 1.6 1.38 [22] 

Oi HSE06 (0/-1) 2.38 1.63 [22] 

Oi LDA (0/-1) 1.25 -2.1 [125] 

MgCr PBE (0/-1) 0.25 -0.54 [22] 

MgCr PBE+U (0/-1) 0.3 0.46 [22] 

MgCr HSE06 (0/-1) 0.5 0.62 [22] 

MgCr LDA (0/-1) 0.25 -2.13 [125] 

 

 

 In order to validate these theorical investigations of the electronic properties of 

delafossite CuCrO2, we propose to consider experimental results dealing with the transport 

properties of CuCrO2, and to compare them with other delafossite p-TOS when relevant. In first 

we review the reported methods that have been used to grow CuCrO2 and then we summarize 

the typical performances that have been obtained so far. 



43 
 

 

Figure 13 : Calculated formation energies for p-type defects in CuCrO2 as a function of Fermi 

energy under Cu-poor/Cr-poor growth conditions using PBE, PBE + U and HSE06 

calculations approach. Solid dots denote the transition levels. The intersection between 

vertical dash lines and the Fermi level axis, give the calculated band gap with the respective 

calculation approach[22] 

 

I.2.3 Synthesis methods 

 

Several methods were reported to synthesized delafossite CuCrO2 thin films. Each 

method leads to different stoichiometry, morphology, electrical and optical properties of thin-

films. In this section, we provide the specific features of the discussed synthesis methods.  

 

I.2.3.1 Solid state reaction 

 

The most intensively reported CuCrO2 synthesis is the solid-state (SS) method. The 

CuCrO2 SS synthesis consists in mixing and grinding Cu2O and Cr2O3 powders before sintering 

at 800-1200°C in air or nitrogen atmosphere during 12-48 hours. Additional steps of regrinding 

and calcination of the mixture can be necessary, at 900-1200 °C during 10-100h to achieve 

good crystalline quality [21], [24]–[31], [118].  
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The mechanism of delafossite formation by SS synthesis, was studied in more details 

by Amrute et al.[31]. The temperature of formation of CuCrO2 was found at 800°C under air 

and nitrogen atmosphere. However the mechanism of formation is dependent on the used 

atmosphere (Figure 14). Considering the Cu2O + Cr2O3 mixture in air, Cu2O underwent 

oxidation to CuO up to 400°C. Formation of the CuCr2O4 spinel phase by reaction of CuO and 

Cr2O3 occurred at 500−700°C. Copper oxide CuO and spinel CuCr2O4 react to form CuCrO2 at 

800°C. In N2, CuCrO2 originates by the direct reaction of Cu2O with Cr2O3 from 700°C.  

 

 

Figure 14 Steps involved in the formation of CuCrO2 by the solid-state reaction of 

Cu2O+M2O3 oxides (M being Cr in our case)[31] 

 

Delafossite CuCrO2 synthesized by SS, have a typical morphology of large plate grain 

[30], [126] with a 1-10 μm length, and 0.3-1 μm thick. An example of morphology is illustrated 

by the Figure 15. 

The SS synthesis method is still essentially used to provide model materials for 

fundamental studies related to electronic structure [118], carrier transport mechanisms [21], 

magnetic [28]–[30], thermoelectric [24], [25] and photocatalytic[26] investigations. 
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Figure 15 SEM image of CuCr0.99Mg0.01O2 synthesized by solid state reaction [30] 

 

I.2.3.2 Sol-gel 

 

Sol-gel is an other well reported synthesis method of CuCrO2. Copper and chromium 

hydrate precursors are dissolved in alcoholic solution and then deposited by spin coating on 

quartz or sapphire substrates. After a drying between 300-500 °C during 5-60 min, the 

deposition and drying are repeated until the desired thickness is reached. Annealing at 700-800 

°C under pure nitrogen atmosphere is necessary to obtain films with a pure delafossite structure 

[32]–[38]. Thin films have a granular morphology with a grain size (≈50 nm) (Figure 16 (a) 

and (b)). Cross section feature polycrystalline, porous and rough films (Figure 16 (c) and (d)). 

Appropriate transparency (between 60-70% for 100-200nm thickness) but relative low 

conductivity (10-4-10-2 S.cm-1) are obtained with the films grown by sol-gel. 

 

 

Figure 16 : Top view SEM images of CuCrO2 thin films annealed at (a) air and (b) nitrogen. 

Cross section of these films annealed at (c) air and (d) nitrogen [127] 

(a)

(b)

(c)

(d)
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The required high temperatures exclude the direct use of solid state and sol-gel 

techniques for the fabrication of transparent electronic devices. However, solid state and sol-

gel are typically used for the synthesis of targets for the physical deposition processes, i.e. 

pulsed laser deposition and magnetron sputtering methods.  

 

I.2.3.3 Pulsed Laser Deposition (PLD) 

 

PLD synthesis consists of evaporating solid targets by using a high power pulsed laser 

under vacuum. The substrate is also heated during the deposition. For delafossite CuCrO2, the 

reported temperature is between 450-750 °C. Crystalline delafossite CuCrO2 is only observed 

for temperature higher than 550 °C [39]–[43]. In terms of morphology, thin films are smoother 

and grains are more compact than sol-gel synthesis (Figure 17 (a) and (b)). 

 

 

Figure 17 SEM top view (a) and cross-section (b) on CuCrO2 thin films synthesized by pulsed 

laser deposition [128] 

 

Thin films synthesized by PLD exhibit high electrical conductivity (> 1 S.cm-1) (see 

Table 14 in Annexes). Transparent p-n junction CuCrO2/ZnO was also synthesized by PLD 

with a good transmittance (80%) in the visible wavelength range [42] 

 

I.2.3.4 Magnetron Sputtering (MS) 

 

Two approaches were reported using MS for the synthesis of delafossite CuCrO2. In a 

first approach, the deposition is performed at room temperature followed by annealing at high 

temperature, 600-900°C [17], [44]–[46], [129] or the deposition is performed directly at high 

temperature, 750 C [47]. The optical transparency of films obtained with these processes is 

comparable to the films obtained by sol-gel (40% for thicknesses near 300nm), but electrical 

conductivity is enhanced by a factor of 10 to reach typically 0.1-1 S/cm 

(a) (b)
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I.2.3.5 CVD 

 

Two papers address the growth of CuCrO2 by chemical vapour deposition (CVD) [49], 

[130]. In these latter cases, contaminated delafossite CuCrO2 films with the spinel CuCr2O4 

phase were reported at processing temperatures between 450 and 550 °C. Annealing under 

argon atmosphere at 800°C, was used to convert the spinel phase into a delafossite one. 

Very recently, it was reported the growth of CuxCrOy at low temperature (≈ 345°C) by 

spray pyrolysis[131], [132]. However, the reported XRD diffraction peaks can also be attributed 

to copper or chromium oxides phases and the 1:2:4 ratio of Cu:Cr:O in films raises doubts about 

the exclusive presence of the CuCrO2 phase in films. Good conductivity (12 S.cm-1) and 

transparency (40%) were disclosed for such thin films grown with Cu(acac)2 (bis[2,4-

pentanedionato]copper(II)) and Cr(acac)3 (tris[2,4-pentanedionato]chromium(III)) precursors 

precursors.  

 

At that point, as-deposited polycrystalline pure phase of CuCrO2 thin films were 

obtained only above 550°C otherwise annealing were needed. Therefore, quartz or sapphire as 

substrates was chosen because of their high thermal stability. Glass substrates used in industrial 

applications soften at temperatures above 600-650°C. Any device fabrication in industrial glass 

requires synthesis methods below 600°C. Metal-organic CVD (MOCVD) synthesis is 

compatible with low temperature synthesis because of the low temperature decomposition of 

metal-organic precursors. Moreover, a large choice of chemical precursors is available to tune 

the range of the temperature synthesis and the chemical composition of the grown thin films. 

Thus, we decide in this work, to focus on the MOCVD to grow polycrystalline delafossite 

CuCrO2 thin films. 

 

I.2.4 Transport properties 
 

I.2.4.1 Electrical conductivity 

 

I.2.4.1.1 Room temperature 

 

Many papers report the conductivity of undoped and doped CuCrO2, at room 

temperature. Table 14 in Annexes provides a summary of these values. The conductivity 

depends strongly on the synthesis method as shown Figure 18. The highest conductivity 
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reported of undoped CuCrO2 was 12 S.cm-1 for the CVD synthesis[131], and 220 S.cm-1 for 

Mg doped thin-films[17]. However these best values were never confirmed by other works. In 

Figure 18, we plot the conductivity of undoped Cu-based delafossite depending on the synthesis 

method. It appears that undoped delafossite CuCrO2 is the most conductive whatever the used 

synthesis method. 
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Figure 18 Electrical conductivity of CuMO2 delafossite (M=Cr, Ga, In, Al, Sc) depending on 

synthesis method 

 

I.2.4.2 Temperature dependence 

 

Electrical conductivity measurements were done depending on the temperature. Two 

carrier transport mechanisms were reported in CuCrO2:  

(i) band conduction mechanism (above 150-200 K) [17], [25], [30], [33], [38], [41], 

[47], [49], [129], [133], [134] where the conductivity is expressed as:  

 

𝝈 = 𝝈𝟎𝒆
−𝑬𝒂
𝒌𝑩𝑻 ( 2 ) 

where σ0 is a pre-exponential factor, Ea is the activation energy, kB is Boltzmann constant and 

T is the temperature. Activation energies for undoped CuCrO2 are reported between 100-300 

meV.  

(ii) variable range hopping mechanism (below 150 K) [25], [33], [47] where the 

conductivity is expressed as: 

 
𝝈 = 𝝈𝟎𝒆

−(
𝑻𝟎
𝑻
)
𝟏/(𝒏+𝟏)

 ( 3 ) 
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where σ0 is a pre-exponential factor, T0 is Mott temperature and n is the dimension of the system 

(n=3 for transport in three-dimensional space).  

 

I.2.4.3 Carrier concentration and mobility 

 

We plot mobility versus carrier concentrations of undoped and doped CuCrO2 thin films 

reported in the literature (Figure 19), data are in Table 14 in Annexes. We considered  

(i) only samples with pure CuCrO2 phase  

(ii) only carrier concentrations and mobility measured by Hall effect (carrier 

concentration deducted by thermoelectric measurements or any measurements were not ploted) 

Delafossite CuCrO2 reaches high carrier concentration (1019-1020 cm-3) due to shallow 

acceptor defects and low formation energy of copper vacancies[22]. Only two experimental 

results disclose holes concentration around 1021 and 1022 cm-3 when SS[25] and PLD[135] 

synthesis methods are used respectively. In these two cases, thin films were doped with 

magnesium with concentrations of 4 and 10% respectively. SS resulted in polycrystalline bulk 

of Mg-doped CuCrO2 with averaged crystallite sizes near 1μm, and PLD led to single crystal 

thin films (135 nm). 
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Figure 19 Mobility versus carrier concentrations of reported datas for undoped and doped 

CuCrO2 in literature (Table 14 in Annexes). CSD abbreviation is for Chemical Solid 

Deposition 
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We compared also data of delafossite undoped and doped CuCrO2 and CuAlO2 (Figure 

20). Delafossite CuAlO2 reach carrier concentration up to 2.1019 cm-3, the maximum carrier 

concentration is one decade lower than CuCrO2 thin films. However, when taking into account 

the same synthesis method and the same range of carrier concentrations, the experimental 

mobility of CuAlO2 seems to be 2-3x higher than the one measured for CuCrO2. These 

experimental results seem contradictory to the theorical calculation regarding the mobility in 

CuAlO2 vs CuCrO2 (Figure 10)[20]. However, the experimental mobility can depend on 

impurities scattering, lattice scattering and grain boundaries (for polycrystalline films)[3]. 

Therefore, it is difficult to compared experimental and theorical mobility if the effective mass 

of materials is in the same range[20]. The highest conductivity in CuCrO2 is more associated 

to its shallow energy level of defects close to the VBM and its capability to accommodate high 

defect and dopant concentrations in its crystalline structure (Figure 13) [22][23]. 
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Figure 20 Comparison of carrier concentration versus mobility for undoped and doped 

CuCrO2 and CuAlO2 (see Table 14 and Table 15 in Annexes) 

 

I.2.4.4 Thermoelectric properties 

 

 (i) Room temperature 

 

Thermoelectric properties provide also information on carrier transport through the 

material, like the type of carrier majority or dominant scattering mechanisms. In our case, 

thermoelectric properties are evaluated with the Seebeck coefficient defined as: 
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𝑺 =

𝜟𝑽

𝜟𝑻
 ( 4 ) 

where ΔV is the variation of the electrical potential and ΔT is the variation of temperature 

through the material. Seebeck coefficient of CuCrO2 is reported, at room temperature to range 

between: +50 to +1100 μV.K-1 (Table 14 in Annexe). The positive sign confirms a p-type 

semiconductor. As shown in Figure 21, Seebeck coefficient depends strongly on the electrical 

conductivity. Any increase of the conductivity leads to decrease the Seebeck coefficient. 
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Figure 21 Seebeck coefficients at room temperature of undoped and doped CuCrO2 reported 

in literature (Table 14 in Annexes) 

 

Seebeck coefficient, for a non-degenerate p-type semi-conductor, is expressed as[136]:  

 
𝑺 = +

𝒌𝑩
𝒆
[𝒍𝒏 (

𝑵𝒗
𝒑
) + 𝑨] ( 5 ) 

where kB is Boltzmann constant, Nv is the effective density of state, p the carrier concentration 

and A is a constant depending on dominant scattering in the material. Because carrier 

concentration is correlated with electrical conductivity, σ, and mobility, μ, by following 

equationd[137]: 

                                                      
d This relation assume free electrons model in the material  
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 𝐩 =
𝛔

𝐞𝛍
 ( 6 ) 

By substituting Equation ( 6 ) in Equation ( 5 ), S becomes: 

 
𝐒 = +

𝐤𝐁
𝐞
[
𝐥𝐧(𝐍𝐯𝐞𝛍)

𝐥𝐧𝛔
+ 𝐀] ( 7 ) 

Seebeck coefficient is linearly dependent with lnσ assuming that μ and A are constant.  

 

 (ii) Temperature dependence : 

 

Seebeck coefficient depends also on the temperature range. We show in Figure 22 (a) 

the temperature dependence below room temperature [25], and in Figure 22 (b) the dependence 

above room temperature [24] for undoped and Mg-doped CuCrO2. While undoped CuCrO2 

show that the Seebeck coefficient decreases with the temperature between 250-800 K, the 

opposite trend is observed when CuCrO2 is doped with Mg. 

 

 

Figure 22 Seebeck coefficient of CuCr1-xMgx (x=0-0.05) at (a) 60-300K (b) 300-1100K 

 

I.2.4.5 Band or small polaron conduction ? 

 

In ionic compounds (like oxide materials), charge carriers may be regarded as polarons. 

A polaron consists in a quasi-charge due to the coupling between the charge carrier and the 

distortion of the ionic lattice induced by the carrier itself[138]. There is a distinction between 

large and small polarons[139], [140]. For large polarons, the distortion of the lattice induced 

around a charge carrier, extends over distances larger than the lattice constant. The carrier 

transport is still called “band conduction” like classical semiconductors, but the effective mass 

at the VBM or CBM is much higher due to the polaronic interaction between carriers and the 

(a)
(b)
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lattice[141]. For small polarons, the distortion of the lattice extends over distances smaller than 

the lattice constant. The carrier-lattice interaction is so strong that carriers become self-trapped 

by its own polarization generated in the ionic lattice[142]. In that case, polaron conduction is 

considered and being characterized by hopping properties. 

The nature of the transport conduction is often determined by the limit of Bosman-Van 

Daal, i.e small polaron transport is considered to occur when μ << 0.1 cm2/V.s[143]. The 

measurement of such mobility by Hall effect requires high magnetic field setup that still makes 

the experimental determination of carrier mobility with Hall effect methods in polar oxides a 

challenge. As an alternative method, the scientific community also uses thermoelectric 

measurements and electrical conductivity[144], [145]. This allows to extract carrier 

concentration and mobility values, which are, however, still under debate. As example, it was 

pointed out for ZnRhO2 (p-type TOS) that, if the effective density of states is assumed constant, 

ZnRhO2 exhibits polaron conduction, while if it is assumed that the effective density of states 

is temperature dependent, ZnRhO2 exhibits band conduction  properties[146].  

In delafossite CuCrO2, and according to our knowledge, no group used this refined 

model to determine the mobility from Seebeck and electrical conductivity measurements. The 

lowest mobility reported was 0.04 cm2/V.s (p ≈ 10-21-1022 cm-3)[135] with Hall effect at 14T, 

which is not so low compared to Bosman-Van Dall limit. Therefore, small polaron or band 

conduction mechanisms in delafossite CuCrO2 under high doping still need to be rigorously 

evidenced. 

 

I.2.5 Optical properties 
 

I.2.5.1 Transmission  

 

Delafossite CuCrO2 thin-films has a typical transmission in the visible spectrum 

between 40-65% for a thickness between 100-200nm (Table 14 in Annexe). This is typically 

lower than other delafossite thin films (Table 15 in annexe). 

 

I.2.5.2 Absorption coefficient and optical gap 

 

In the absorption process, a photon of a known energy excites an electron from a lower 

to a higher energy state. There are different possible transitions: band to band, excitons, between 

sub-bands, between impurities… Absorption is defined by its coefficient α. 
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 In delafossite CuCrO2, optical absorption appears near 3eV due to the band to band 

transition between the VBM and the CBM (Figure 23). The optical transition is attributed to Cu 

3d + O 2p → Cr 3d + O 2p according to calculations (Figure 8). 

 

 

Figure 23 Absorption coefficient of undoped CuCrO2 with PLD synthesis (a) at 10K [147] 

and (b) at room temperature [147] 

 

 From the absorption coefficient, optical direct gap can be calculated with the following 

relation[148]:  

 (𝛂𝐡𝛎)𝟐 = 𝐂(𝐡𝛎 − 𝐄𝐠) ( 8 ) 

where hν is the photon energy, C is a constant and Eg is the optical band gap. According to the 

table in annexe, the optical gap of CuCrO2 was reported in literature between 3.0-3.3eV.  

 Another transition can be also reported around 2.0 eV (Figure 24 (a))[149], [150]. This 

is attributed to the Cr 3d (t2g) → Cr 3d(eg) transition due to the octahedral environment of 

chromium atoms (crystal field splitting) (Figure 24 (b)). X-ray absorption studies on chromium 

in CuCrO2 [118], confirmed an energy loss at 2.1 eV. 

 

 

Figure 24 (a) Absorption coefficient of undoped CuCrO2 [149] and (b) crystal field splitting 

effect on 3d levels in an octahedral environment 
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I.2.6 P-N junctions 

 

 Delafossite CuCrO2 was studied for p-n junction applications. The synthesis methods 

were only physical vapour deposition (PVD) approach: PLD[42] and MS[151] synthesis. The 

respective devices are shown in Figure 25 (a) and (b). In all cases, devices were achieved with 

at least three layers of semiconductors. Electrical conductivity of CuCrO2 for the PLD synthesis 

was 0.2 S.cm-1 and 10 S.cm-1 for undoped and Mg-doped respectively[42], while for MS 

synthesis it was between 0.06-0.3 S.cm-1 for Mg doped (with carrier concentrations ranging 

from 1017-1019 cm-3 respectively)[151]. The visible transparency was around 70% for both 

synthesis. 

 

 

Figure 25 Transparent pn junction devices with CuCrO2 as p-type material synthesized by (a) 

PLD[42] and (b) MS[151] 

 

 I-V characteristics of devices synthesized by PLD are shown in Figure 26 (a). The 

authors highlighted the necessity to dope delafossite CuCrO2 and add a conductive layer of ZnO 

at the top of the junction, in order to increase the forward bias voltage. The transport mechanism 

was found to be limited by series resistance up to 2.5V, while between 1 and 2.5V it was space 

charge limited current (SCLC) mechanism[42]. The I-V characteristics of the junction 

fabricated by MS, Figure 26 (b), show a diode characteristic only for a CuCrO2 grown at 450°C. 

but showing a rather poor crystallinity[151] 

 

(a) (b)
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Figure 26 I-V curves of pn junctions with CuCrO2 as p-type material synthesized by (a) 

PLD[42] and (b) MS[151] 

 

 

Conclusions on delafossite CuCrO2 
 

Delafossite CuCrO2 is very stable under air annealing. Among the delafossite 

compounds, CuCrO2 also shows the best electrical conductivity, this features is attributed to the 

Cu-O-Cr covalent bonds and the good dopability of the materials. Moreover optical gap is 

suitable for applications requiring transparent properties within the visible wavelength range. 

These concomitant criteria are the rationales of the privileged selection of delafossite CuCrO2 

as p-type material for the fabrication of transparent p-n junction. However, the low temperature 

synthesis of crystalline CuCrO2 over large area is still actually a challenge. Therefore, we decide 

in this work to investigate and to develop specifically the use of MOCVD process to grow high-

quality CuCrO2. In addition, the nature of the charge carrier transport in heavily doped CuCrO2 

is still a fundamental question to be addressed. 

We select ZnO as n-type materials for the preparation of transparent p-n junction. A lot 

of published studies were dedicated to investigate electrical and transparency properties of ZnO, 

we present hereafter a very short resume of them. 

 

I.3 N-type ZnO 
 

Zinc oxide is a IIb–VI compound semiconductor particularly attractive because of the 

large abundances of Zn and O in the earth crust, 132 ppm and 49.4%, respectively, but also for 

its stability[152]. The research and development on ZnO is mainly motivated for it use as 

(a) (b)
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transparent electrodes in thin film solar cells or flat panel displays to replace indium tin oxide 

(ITO), the dominant transparent electrode material today that suffers from the In scarcity ( In  

abundance in the earth crust is only 0.1 ppm). ZnO has recently found other applications as 

transparent thin-film transistors, or spintronics [153], [154], photocatalytics [155], etc…  

 

I.3.1 Crystalline structure 
 

Zinc oxide crystallizes in the hexagonal wurtzite structure (P63mc). In the hexagonal 

unit cell of ZnO, Zn atoms are surrounded tetrahedrally by oxygen atoms and vice versa (Figure 

27). This tetrahedral coordination is typical of sp3 covalent bonding, but these materials also 

have a substantial ionic character. Lattice parameters of ZnO are 3.25 Å for a-axis and 5.21 Å 

for c-axis[156]–[158] 

 

 

Figure 27  Crystal structure of ZnO (done with VESTA software) 

 

I.3.2 Band structure 
  

Zinc oxide is a direct semiconductor with a band gap energy of 3.4 eV[12]. DFT 

calculations [159][160][161] confirm that the valence band maximum and the conduction band 

minimum both occur at the Г point k =0. The low lying valence bands (E–EV ≈ 8.5 eV) belong 

to Zn 3d states, while the upper valence bands (-5 to 0 eV) are composed of O 2p bonding 

levels. A schematic band structure of ZnO is displayed in Figure 28. The lowest conduction 

bands are strongly localized at Zn 3s levels. This is comparable to the band structure of indium 
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oxide, where the conduction band is also composed of s-like states of cation, i.e., indium 

atoms[162][163][164]  

 

 

Figure 28 (a) ZnO band structure calculation and (b) the corresponding bonding and atomic 

orbitals bands[159] 

 

I.3.3 Electrical properties  
 

 We present in this paragraph, electrical properties of ZnO with intrinsic or extrinsic 

doping 

 

I.3.3.1 Intrinsic doping 

 

The high n-type conductivity of ZnO at room temperature, can be induced by crystalline 

single point defects in the lattice (for instance oxygen vacancies or zinc interstitials). These 

defects introduce shallow donor levels in the electronic band gap of ZnO. Their concentrations 

are strongly impacted by the synthesis process. For ZnO thin-films, oxygen partial pressure and 

deposition rate are known to tailor the properties (concentration, chemical structure, structural 

position) of these defects[165]–[167]. 

Although electrical properties of intrinsic zinc oxide were investigated since more than 

five decades, the underlying origins of the doping mechanisms in intrinsic ZnO are still unclear. 

For a long time, it was believed that the oxygen vacancy was the dominant donor[168], [169]. 

This hypothesis was supported by experiments showing that an annealing of single crystals or 

(a) (b)
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thin films under reducing conditions increased the carrier concentration, while an oxidizing 

treatment decreased the carrier concentration [165][170][171] 

 Recently, it was performed an electrical transport study on pure, intrinsic ZnO single 

crystals in which crystallographic defects were generated by high energy (MeV) electron 

irradiation[172]. Since the defect production was higher when the crystals were irradiated in 

(001) direction (Zn-face up) compared to electron bombardment along the (00-1) direction (O-

face up), it was concluded that zinc interstitials are the intrinsic shallow donors. This conclusion 

was further supported by several calculations showing that oxygen vacancy induces a deep 

donor level in the band gap [161][173][174]. 

 

I.3.3.2 Extrinsic Doping  

 

For n-type doping, one would choose to substitute Zn with atoms that have one electron 

more in the outer shell. Consequently the group III elements Al, Ga, and In are shallow and 

efficient donors on Zn cation sites according to 

D0 ↔ D+ + e-   

where D0 and D+ are the neutral and ionized donors, respectively. Electron concentrations 

beyond 1020 cm–3 are obtained in ZnO:Al or ZnO:Ga[175][176], which result  at room 

temperature in a degenerate electron gas in the conduction band. 

It was also demonstrated that the hydrogen defect level is situated in or close to the 

conduction band, i.e., it constitutes a donor in ZnO [177][178]. Hydrogen is present during 

almost all growth processes, introducing a background concentration of Hydrogen in single 

crystals and films. More recently (2005) the intentional introduction of hydrogen as a donor 

during reactive magnetron sputtering of ZnO:Al was investigated[179]. Though a decrease of 

the resistivity from about 7 to 5 x10-4 Ω.cm was observed, it was not clear whether the 

hydrogen-doping is stable under illumination and at higher operating temperatures. 

 

I.3.4 Optical properties  

 

Zinc oxide has an intrinsic band gap at room temperature of 3.24-3.37 eV [180]–[184] 

which is somewhat lower than that of the other n-type TOS materials like ITO (Eg = 3.75 eV) 

[185], [186] or SnO2 (Eg =3.6 eV) [187][188].  
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I.3.5 ZnO growth 
 

 A lot of processes are studied for the growth of ZnO thin films. Here, we describe only 

rf magnetron sputtering and MOCVD, because magnetron sputtering is the most reported 

techniques and MOCVD is the synthesis technique that we have used in this work.  

 

I.3.5.1 rf magnetron sputtering 

 

 One of the most popular growth techniques for early ZnO investigations was sputtering 

(dc sputtering, rf magnetron sputtering, and reactive sputtering). As compared to chemical-

vapor deposition [189] [190] [191] the magnetron sputtering was a preferred method because of 

its low cost, simplicity, and low operating temperature. ZnO films typically grow at substrate 

temperatures between room temperature and 300°C [192], when sputtering from a high-purity 

ZnO target is sputtered using a rf magnetron sputter system. The growth is usually carried out 

with O2/Ar+O2 ratio ranging from 0 to 1 at pressures of 10−3 – 10−2 Torr. O2 serves as the 

reactive gas and Ar acts as the sputtering enhancing gas. ZnO can also be grown by dc sputtering 

from a Zn target in an Ar+O2 gas mixture. The rf power applied to the plasma is tuned to 

regulate the sputtering yield rate from the ZnO target. Although most of the earlier sputtered 

materials were polycrystalline or even amorphous, some important accomplishments were 

recently reported. Upon increasing the O2/Ar+O2 ratio in the growth atmospere, the visible 

emission in the room temperature photoluminescence spectra was drastically suppressed 

without degrading the band-edge emission intensity in the ultraviolet region. This is attributed 

to the reduction of the oxygen vacancies and zinc interstitials concentrations in the film, 

indicating that the visible emission in ZnO originates possibly from oxygen vacancy or zinc-

interstitial-related defects[193]. 

 

I.3.5.2 Metal organic chemical vapour deposition (MOCVD) 

 

 For the ZnO growth, MOCVD technique typically involves the use of metal alkyls, 

usually dimethyl zinc [(CH3)2Zn] (DMZ) or diethyl zinc [(C2H5)2Zn] (DEZ) in combination 

with a separate source of oxygen and argon or nitrogen as a carrier gas. In earlier investigations, 

O2 or H2O were used as oxygen precursors[194][195]. However, DEZn and DMZn are highly 

reactive with oxygen and water vapour so that severe premature reaction in the gas phase often 

occurs in the cold zone of reactors, resulting in the formation of white powder, that degrades 
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the film quality and the reactor cleanliness. Nevertheless, great progress has been recently made 

in the ZnO growth by MOCVD. The improvement of the material quality is related to improved 

reactor designs[196] and/or the use of less-reactive precursors, allowing one to minimize 

parasitic pre-reactions in the gas phase. Stable metal-organic source of zinc acetylacetonate in 

combination with oxygen was successfully used for the growth of high-quality ZnO films on 

[197][198] sapphire substrates by atmospheric pressure MOCVD. For the group-VI precursor, 

a variety of oxygen compounds were employed: isopropanol (i-PrOH,[199]–[201], tertiary-

butanol (t-BuOH)[202][203] ,N2O[204][205] and NO2[198].  

 The improvement of MOCVD technology also gave rise to great progress in the quality 

of ZnO layers grown with the use of DEZn and O2. The pressure used for the growth was in the 

range of 5–250 Torr[196][206]. Lower-pressure effect was investigated and the results showed 

that the crystal quality was better for films grown at 6 Torr than those grown at 0.05 Torr[207]. 

 As it was presented, zinc oxide is a n-type TOS with high electrical conductivity and 

optical transparency which are compatible for the integration of ZnO in technology as 

transparent p-n junctions. 

 

I.4 Electrical transport in semiconductor 
 

 In this paragraph, we shortly describe models for the scattering mechanisms in 

semiconductors and small polaron transport.  

 The electrical transport of charge carriers in semiconductors is governed by several 

scattering mechanism[3]:  

- intrinsic scattering due to the band structure of the semiconductor, which is governed 

only by intrinsic material parameters (sometimes called lattice scattering) 

- extrinsic scattering caused by impurities, ionized or dopants. The intrinsic scattering 

process dominates for low carrier concentrations n < 1016 cm-3 while the ionized impurity 

scattering governs the carrier transport for n > 1018 cm-3 at room temperature. 

- grain boundary scattering in polycrystalline films. 

 

I.4.1 Lattice scattering  

 

 In polar oxide, lattice scattering process can be distinguished into two categories: 

scattering by acoustic and by optical phonons. 
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I.4.1.1 Acoustical mode scattering  

 

 Acoustical mode scattering is a lattice deformation scattering process due to a local 

energetic shift of the band edges originating from acoustical phonons. According to Bardeen 

and Shockley[208] the acoustical lattice mode Hall mobility is: 

 
𝛍𝐇𝐚𝐜 = 𝐫𝐇𝐚𝐜

√𝟖𝛑ħ𝟒𝐜𝐥𝐞

𝟑𝐄𝟏
𝟐√𝐦∗𝟓(𝐤𝐁𝐓)𝟑

 
( 9 ) 

where cl is the averaged longitudinal elastic constant, E1 is the deformation potential (energy 

shift of the conduction band per unit dilation), rHac= 3π/8 =1.178 is the Hall coefficient for 

acoustic phonon scattering. 

 

I.4.1.2 Optical mode scattering 

 

Optical mode scattering is due to the interaction of electrons with the electric field, 

induced by the lattice vibration polarization occurring in polar semiconductors with partial ionic 

bonding. According to Devlin [209], the optical Hall mobility can be calculated by:  

 𝛍 =  𝐫𝐇𝐨𝐩𝐭Ф
𝐞

𝟐𝛂𝛚𝟎𝐦∗
[𝐞
(
ħ𝛚𝟎
𝐤𝐁𝐓

)
− 𝟏] ( 10 ) 

where the polaron coupling α constant is given by: 

 (
𝟏

𝜺∞
−
𝟏

𝜺𝒔
)√

𝒎∗𝑬𝑯
𝒎𝒆ħ𝝎𝟎

 ( 11 ) 

where ε∞ and εs are the high frequency and the static dielectric constants, EH is the first 

ionization energy of the hydrogen atom (13.595 eV), m* and me are the effective and the 

vacuum electron masses, while ħω0 is the energy of the longitudinal optical phonon, rHopt is the 

Hall coefficient factor for optical mode scattering and Ф is a slowly varying function of the 

temperature. Usually it is assumed that rHoptФ is equal to 1 [210]. 

 Optical mode scattering can be also a lattice deformation scattering process due to a 

local energetic shift of the band edges as the acoustical mode scattering. The temperature 

dependence of the mobility is the same that acoustical mode scattering: 𝜇 ∝ (𝑘𝐵𝑇)
−3/2 [208] 
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I.4.2 Ionized impurity scattering  

 

This scattering process is caused by ionized dopant atoms and dominates for carrier 

concentrations above about 1018 cm-3. An analytical expression for the mobility μii of 

degenerately doped semiconductors, taking into account the non-parabolicity of the conduction 

band, was given by Zawadzki [211] and refined by Pisarkiewicz et al. [212]: 

 
𝛍𝐢𝐢
𝐙𝐏 =

𝟑(𝛆𝐫𝛆𝟎)
𝟐𝐡𝟑

𝐙𝟐𝐦∗𝟐𝐞𝟑
𝐧

𝐍𝐢

𝟏

𝐅𝐢𝐢
𝐧𝐩(𝛏𝐝)

 
( 12 ) 

With: 

 𝛏𝐝 = (𝟑𝛑
𝟐)𝟏/𝟑

𝛆𝐫𝛆𝟎𝐡
𝟐𝐧𝟏/𝟑

𝐦∗𝐞𝟐
 ( 13 ) 

where the screening function Fii
np is given by: 

 𝑭𝒊𝒊
𝒏𝒑
= [𝟏 +

𝟒𝝃𝒏𝒑

𝝃𝒅
(𝟏 −

𝝃𝒏𝒑

𝟖
)] ∗ 𝒍𝒏(𝟏 + 𝝃𝒅) −

𝝃𝒅
𝟏 + 𝝃𝒅

− 𝟐𝝃𝒏𝒑 (𝟏 −
𝟓𝝃𝒏𝒑

𝟏𝟔
) ( 14 ) 

with the parameter ξnp =1 – m0*/m*, which describes the non-parabolicity of the conduction 

band (m*, m0* are effective masses in the conduction band and at the conduction band edge, 

respectively). The non-parabolicity is usually described by the dependence: 

 
𝒎∗

𝒎𝟎
∗ = 𝟏 + 𝟐𝜷(𝑬 − 𝑬𝑪) ( 15 ) 

where β is the non-parabolicity parameter, E and EC are the energies of carriers in the 

conduction band and at its edge. The prefactor in Equation ( 12 ) shows, that the ionized-

impurity limited mobility depends as μii ≈ (εr/m*)2 on the material constants of the 

semiconductor and as μii ≈ Z-2 on the charge of the dopants (Z=1 for group III donors; Z=2 for 

oxygen vacancies). 

 The theoretical model given above is based on the assumption of a statistically 

homogeneous distribution of scattering centers, i.e., dopants. However, this is no longer valid 

for extremely high dopant concentrations (up to 3.1020 cm-3) where the dopants form clusters 

[213], [214] which lead, due to their higher charge, to lower mobilities (μii ≈Z-2). 

 

I.4.3 Neutral impurity scattering 

 

Since the shallow donors in TCO materials (for instance the group III elements in ZnO) 

exhibit ionization energies around about 50 meV[215], the concentration of neutral donors at 
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room temperature is very low, taking into account the further reduction of the ionization energy 

for degenerately doped semiconductors. The mobility due to neutral impurity scattering is: 

 𝛍𝐧 =
𝐦∗𝐞𝟑

𝐀(𝐓)𝟒𝛑𝛆𝛆𝟎ħ𝟑𝐍𝐧
 ( 16 ) 

Here, A(T) is the generally temperature-dependent scattering cross-section factor and Nn is the 

density of neutral scattering centers. The concentration of neutral impurities is given by Nn= 

ND–NA–n(T), where ND and NA are the donor and acceptor concentrations, respectively. 

 

I.4.4 Grain boundaries scattering 

 

Polycrystalline films exhibit a vast amount of grain boundaries, which constitute 

crystallographically disturbed regions, leading to electronic defects in the band gap of 

semiconductors. These defects are charged by carriers from the interior of the grains. 

Depending on the type of the carriers (electrons or holes) and the type of defects (electron trap 

or hole trap), the charge balance causes depletion or accumulation zones around the 

barrier[216]. In TCO films which are typically n-type, a depletion zone is generated on both 

sides of a grain barrier accompanied by an energetic barrier of height Фb for the electrons[216]. 

This is due to the electron trap character of defects. The mobility μGB dominated by the 

thermionic emission across the grain barriers with an energetic height Фb becomes [216]: 

 𝛍𝐆𝐁 = 𝛍𝟎𝐞
−Ф𝐛/𝐤𝐁𝐓 ( 17 ) 

where Фb is the energetic barrier height at the grain boundary, T the sample temperature, and 

kB is the Boltzmann constant, respectively. The prefactor μ0 in Equation ( 17 )is: 

 𝝁𝟎 =
𝒆𝑳

√𝟐𝝅𝒎∗𝒌𝑩𝑻
 ( 18 ) 

where L is the crystallite size 

Depending on the doping concentration in the grains, two expressions for the barrier height can 

be derived: 

 * for LN > Nt : 

 Ф𝒃 =
𝒆𝟐𝑵𝒕

𝟐

𝟖𝜺𝜺𝟎𝑵
 ( 19 ) 

 * for LN < Nt: 

 Ф𝒃 =
𝒆𝟐𝑳𝟐𝑵

𝟖𝜺𝜺𝟎
 ( 20 ) 
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where e is the elementary charge, Nt is the charge carrier trap density at the boundary, εε0 is the 

static dielectric constant, N is the carrier density in the bulk of the grain and L the grain size. 

For LN < Nt the traps are only partially filled and hence the crystallites are completely depleted, 

while for LN > Nt only part of the grain is depleted and the traps are filled completely. The 

maximum barrier height Фbmax occurs for a doping concentration of N(Фbmax) =Nt/L, 

accompanied by a minimum of the mobility according to Equation ( 17 ). 

 For degenerate semiconductors, the mobility due to grain boundaries is different from 

Equation ( 17 ). It is expressed as[217]: 

 𝛍 =
𝟒𝛑𝐞𝐋𝐦∗𝐤𝐁𝐓

𝐩𝐚𝐡𝟑
𝐥𝐧 (𝟏 + 𝐞

−(
𝜱𝒃
𝐤𝐁𝐓

−𝛈)
) ( 21 ) 

where L is the crystallite size, pa is the average free carrier concentration in the crystallite, ΦB 

is the potential barrier height and η is defined for a n-type semiconductor as: 

 𝜼 =
𝑬𝑭 − 𝑬𝑪
𝒌𝑩𝑻

 ( 22 ) 

where Ec is the energy of the bottom of conduction band and EF is the Fermi energy 

 

 For p-type semiconductors, the mobility depending on scattering mechanisms is also 

described by above equations, but for p-type material with degenerate valence band, the hole 

effective mass mh
* is defined when the valence band is splitted as [218]:  

 𝒎𝒉
∗ = ((𝒎𝒍𝒉

∗ )𝟑/𝟐 + (𝒎𝒉𝒉
∗ )𝟑/𝟐)

𝟐/𝟑
 ( 23 ) 

where mlh
* is the light hole effective masse  and mhh

* is the high hole effective mass. 

 

I.4.5 Small polaron transport 

 

 In small polaron model, for adiabatic casee, the mobility is expressed as [219]–[221]: 

 𝛍 =
𝛍𝟎
𝐓
𝐞
−
𝐄𝐇
𝐤𝐁𝐓 ( 24 ) 

where EH  is activation for hopping and μ0 defined as: 

 𝝁𝟎 =
𝒈(𝟏 − 𝒄)𝒆𝒂𝟐𝝂

𝒌𝑩
 ( 25 ) 

                                                      
e In adiabatic approximation, electrons or holes localized on an atom follow instantly the motion of this atom  
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where g is a geometric factor (≈1), e the elementary charge, a the distance of hopping and ν is 

the appropriate (optical mode) phonon frequency. The fraction of occupied site, c, is defined as 

c=n/N, where n is the carriers density and N is the density of available sites. 

 As the electrical conductivity is 𝜎 = 𝑛𝑒𝜇 and the mobility is defined by Equation ( 24 ) 

in small polaron transport, the electrical conductivity is expressed as: 

 𝛔 =
𝛔𝟎
𝐓
𝐞
−
𝐄𝐇
𝐤𝐁𝐓 ( 26 ) 

where σ0 = eNcμ0 

 

 

 

 

Conclusions 
 

 We exposed in this first chapter the state of the art of p-type delafossite CuCrO2 and n-

type ZnO materials. In comparison with others p-type TCM, delafossite CuCrO2 materials 

exhibit one of the highest trade-off electrical conductivity-visible transparency with standard 

method synthesis. Both CuCrO2 and ZnO are very stable under air and have similar band gap. 

High trade-off conductivity-transparency, air stability and wide band gap are suitable 

parameters for transparent p-n junction synthesis. Therefore, we decided to synthesize p-n 

junctions with p-type delafossite CuCrO2 and n-type ZnO. However, for an up-scale of such 

architecture to the industry, transparent junctions should be synthesized at temperature as low 

as possible. The MOCVD synthesis was specifically developed in this study to grow CuCrO2 

thin-films. Charge carrier transport mechanisms in doped CuCrO2 are still under debate in the 

scientific community. Specific thermoelectric and electrical conductivity measurements are 

also conducted to bring additional insights to this topic. 
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II. EXPERIMENTAL METHODS 
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 In this chapter, we present the experimental techniques we have used during this work. 

The first part is dedicated to the MOCVD synthesis method and the second part reminds the 

characterization methods that have been preferably utilized to investigate the physical and 

chemical properties of the synthesized thin films. 

 

II.1 MOCVD synthesis 
 

 Chemical Vapour Deposition (CVD) is defined as a chemical reaction on the substrate 

surface of gaseous reactants activated by its surrounding environment (heat, light or plasma). 

The chemical product is a stable solid structure (film, particles, wires etc.) on the substrate. A 

lot of various CVD modes like atmospheric pressure CVD, low pressure CVD, plasma 

enhanced CVD, rapid thermal CVD, atomic layer deposition (ALD) is reported… We give a 

short resume of CVD fundamentals in order to understand the concept of the Metal Organic 

CVD and the pulsed injection method. 

 

II.1.1 Basic principles of CVD deposition 

 

 The CVD deposition can be divided into sequential steps (Figure 29): 

 

(1) Production of the reactant species in a gas phase (sublimation of powder, liquid 

evaporation or gas introduction) 

(2) Transport of species towards the reaction chamber. 

(3) Gaseous reactants undergo gas phase reactions forming intermediate species: 

  (a) at high temperatures above the decomposition temperatures of precursors, 

intermediate species are generated inside the reactor via the precursor thermolysis. Parasitic 

homogeneous gas phase reaction may occur when the intermediate species undergo subsequent 

decomposition and/or chemical reaction, forming powders and volatile by-products in the gas 

phase. The parasitic powders pollute the reactor and the substrate surface. The collected 

powders on the substrate surface may act as crystallization seeds in some particular cases[48]. 

The gaseous by-products are transported away from the deposition chamber. 

  (b) at temperatures below the thermal dissociation of gaseous precursors, the 

diffusion/convection of the species across the boundary layer (a) (thin layer close to the 

substrate surface) occurs. These species subsequently undergo steps (4)–(7) described hereafter. 
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(4) Absorption of gaseous reactants onto the heated substrate. The heterogeneous 

reaction occurs at the gas–solid interface (i.e. heated substrate) which produces adatoms or solid 

clusters and gaseous-product species. 

(5) Adatoms diffuse along the heated substrate surface forming the crystallisation seed 

for the growth of the film. 

(6) Gaseous by-products are removed from the boundary layer through diffusion 

or convection. 

(7) The unreacted gaseous precursors and by-products are transported away from the 

deposition chamber. 

 

For the deposition of dense films and coatings, the process conditions are tailored to 

favour the heterogeneous reaction. Often a combination of heterogeneous and homogenous gas 

phase reaction is preferred for the deposition of porous coatings. In our case, we tune process 

parameters like growth temperature flow precursor, height of heated substrate etc… (see below) 

in order to get crystallised and dense films. 

 

 

Figure 29 Steps of CVD during deposition 

 

II.1.2 Kinetic reaction and growth rate 

 

The growth rate of deposited coatings, depends on temperature, precursors, gas-phase 

transport of precursors and the chemical reaction on surface (Figure 30). 
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As depicted in Figure 30 (a), for temperature kT < Ea (Ea is the activation energy of 

thin film growth), the growth rate is limited by the chemical reaction kinetic on the surface 

(chemisorption and/or chemical reaction, surface migration, lattice incorporation). The growth 

rate gr in that case strongly depends on the substrate temperature and is defined as[48]: 

𝑔𝑟 = 𝐴𝑒
−𝐸𝑎
𝑘𝑇   

where A is a constant, Ea is the activation energy, k the Boltzmann constant and T the 

temperature 

For temperature kT>Ea, Figure 30 (b) the growth rate is limited by the diffusion of 

gaseous species through the boundary layer to the substrate surface. In that case, the growth 

rate depends weakly of the temperature. 

For high temperature (Figure 30 (c)), the growth rate decreases due to the precursor 

depletion and/or the increase of the desorption of reactants away from the surface. As 

previously described, homogeneous gas phase reactions may occur, producing parasitic powder 

and consuming precursors impairing the homogeneous growth of thin-film coating  

 

 

Figure 30 Growth rate of kinetic regimes in CVD synthesis, depending on the inverse of 

temperature 

 

II.1.3 Growth mechanisms 
 

During deposition, adatoms interact with the substrate surface and/or with others 

adatoms. The strength of interactions defines the growth mechanism of the films[222]  

 

II.1.3.1 Van Der Merwe (two dimentional) 

 

 Two dimensional growth occurs when adatoms attach preferentially to the 

surface sites (Figure 31 (a)) resulting to the growth of thin-films via layer by layer mechanism 

(a homogeneous film is formed prior to the growth of any subsequent layer). 
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II.1.3.2 Wolmer-Weber (three dimentional) 

 

Three dimensional growth occurs when adatoms interact preferentially with each other 

than with the surface. This results in the formation of adatom clusters or islands (Figure 31 (b)) 

leading to the growth of rough films over the substrate surface. 

 

II.1.3.3 Stransky-Krastanov 

 

 A last growth mode involves both Wolmer-Weber and Van der Merwe 

mechanisms (Figure 31 (c)). A two dimensional growth occurs until a critical layer thickness 

(depending on the surface energy, the lattice parameters of both substrate and film…) is 

reached. Then, the three dimensional growth takes place. 

 

 

Figure 31 Growth mechanisms in CVD process: (a) Van Der Merwe (b) Wolmer-Weber and 

(c) Stransky-Krastanov 

 

We focus now on the features of the MOCVD mode and the description of the apparatus 

we intensively used during this thesis.  

 

II.1.4 MOCVD and pulsed injection 

 

MOCVD is a CVD process with metalorganic precursors. Precursors containing metal 

atoms bonded to organic radicals are called “metalorganics” while precursors having direct 

metal-carbon bound are called “organometallic”. In this latter case, the process is called 

“organometallic chemical vapour deposition” (OMCVD). MOCVD offers a large choice of 

precursors compared to the classical CVD mode. A wide range of material chemistries (we 

(a) (b) (c)
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provide brief examples Table 4) can be grown in the form of amorphous, epitaxial and 

polycrystalline films or nanostructures. Metalorganics precusors have also a lower temperature 

decomposition than gaseous precursors used in conventional CVD, and as a consequence, the 

temperature deposition can be often decreased. This feature is particularly suitable in our case 

when the maximum temperature is limited by the glass substrate, i.e T<600°C.  

 

Table 4 Examples of metalorganic and organometallic precursors for materials synthesis with 

MOCVD approach, extracted from [48] (Note: DE: diethyl; DIP: diisopropyl; DM: dimethyl; 

DTB: ditertiarybutyl; MA: methylallyl; TE: triethyl; 

TM: trimethyl.) 

Materials Precursors Applications  Ref. 

AlGaAs / GaAs TMAl, TMGa, TEGa, AsH3 LED, injection laser [223] 

InGaAs, InP, InGaAsP 
TMIn, TMGa, TEGa, AsH3, 

PH3 

Fibre optics, 

Communications, bipolar 

transistor 

[224]–

[226] 

InAlGaN TMIn, TMAl, TMGa, NH3 Blue LEDs [227] 

ZnCdSe DMZn, DMCd, H2Se Blu-green LEDs [228] 

ZnCdSSe, ZnMgSSe 
DEZn, DMCd, DES, DMSe, 

DTBSe, H2S(MeCd)2Mg 
LEDs [229] 

HgCdTe, HgCdZnTe DMHg, DETe, MATe, 

DIPTe, DMCd, DMZn 
Infrared detectors 

[229], 

[230] 

PbSnTe TEPb, TESn, H2Te Infrared detectors [231] 

Cu, Al 
(CF3COCHCOCF3)2Cu, 

TMAl 

Interconnects for Si 

integrated circuit 
[232] 

 

 

In 1995 Senateur et al.[233]  have developed a new method of precursor’s introduction 

called “pulsed injection CVD” where liquid precursors or precursor solutions are directly 

injected into the reactor in a pulsed way through a microelectrovalve. The main advantage of 

this pulsed injection method over others CVD precursor delivery approaches (e.g bubbler or 

sublimator) is the less stringent criteria for the use of given precursor in terms of volatility and 

stability, owing to the precursor partial pressure being dependent solely on the delivery 

conditions. There is also a better control of the thickness, the growth rate, the stoichiometry and 

the reproducibility of coatings [234][235]. 

 

II.1.5 MOCVD apparatus and chemistry 
 

Thin films were deposited using pulsed injection MOCVD (MC200, produced by 

Annealsys). A schematic description of the setup is given Figure 32 with Cu and Cr chemistries 
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as an example. The precursor, in liquid phase, is maintained under a nitrogen pressure of 5 bars 

at room temperature ①, before its injection into the reactor under a pressure between 5-30 

mbar ②. The liquid precursor enters in reactor due to the pressure difference ΔP. The precursor 

flow is controlled by an injector having successive opening and closing of the valve ③. 

Precursor evaporation occurs when entering in the reactor because of the sudden decrease of 

pressure leading to the flash evaporation of liquid droplets. Precursors and reactant gases 

(oxygen in our case) are introduced together ④ and are transported towards the substrate holder 

⑤ by pumping down to reactor ⑥.  The substrate ⑦ is heating by the substrate holder and 

then, chemical reactions occur near the substrate surface ⑧. We can tailor various process 

parameters for tuning the synthesis regime: 

- Temperature of substrate holder (RT ≤ T < 750°C) 

- Pressure inside the reactor (1 mbar < P ≤ ATM) 

- Precursor flow (0.2g/min < prec.flow ≤3g/min) 

- Gas flow of O2, N2, H2O or NH3 (50sccm <gasflow < 5000sccm) 

- Gas carrier flow (N2) of precursor (100sccm <gas carrierflow<1000scmm) 

- Injector frequency (1Hz ≤ f ≤ 10Hz) 

- Height of substrate holder (0 ≤ h ≤ 16cm) 

- Rotation of substrate holder (0 ≤ r ≤ 30rpm) 

In our case, the precursors used are M(thd)x with M=Cu, Cr or Zn and x=2 or 3. M(thd)x 

precursors (which are metalorganic precursor) belong to the metal β-diketonates class who has 

attracted much attention due to their advantageous tuneable chemical and physical 

properties[236], [237]. The structure of the β-diketonate ligands can be altered, giving different 

volatility, temperature decomposition, etc… The (thd) ligand compounds present high thermal 

stability in air, adequate volatility, good coefficient diffusion (in nitrogen), and low thermal 

decomposition[238]–[240]. These peculiar properties make [M(thd)x] precursors promising for 

the growth of TOS via a CVD process. Prior to the deposition process, the glass substrates were 

ultrasonically cleaned in ethanol, and acetone, dried with a nitrogen jet and then exposed during 

15 minutes to oxygen plasma generated in situ the chamber. 
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Figure 32 Schematic representation of the MOCVD set-up and chemical reaction of 

precursors 
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II.1.6 Atomic Layer Deposition (ALD) 

 

 Zinc oxide thin films were deposited by pulsed injection MOCVD and also by ALD 

(TFS 200, produced by Beneq) process. In that case, precursors and reactants are injected 

sequentially one after another, separated by N2 purge.Technical details can be found in [REF]. 

The advantages of ALD are the conformality of the films and the low temperature deposition 

compared to classical CVD processes. 

 

II.2 Characterization Methods 
 

 In this part, we briefly describe the characterization methods used to investigate 

structural, morphological, electrical and optical properties of our thin films synthesized by 

MOCVD. 

 

II.2.1 Scanning Electron microscopy (SEM) 
 

 SEM is a microscope based on electron interaction with atoms from the sample, giving 

information about surface topography, morphology, chemical composition when coupled with 

EDX analysis etc..., depending on the nature of the electron scattering analysed (Secondary 

electrons, Backscattered electrons, Auger electrons…). 

 

 

Figure 33 Top view SEM image of our ZnO thin film synthesized by MOCVD, SEM main 

parameters are electron voltage and current of 3kV and 25pA 

 

500nm
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The equipment used was SEM-FIB (FIB: Focused Ion Beam) HeliosNanolab 650 

produced by FEI having an ultimate spatial resolution down to 10 nm. The analyses are 

performed under vaccum (≈10-6mbar) and all images are obtained by secondary electron 

detection. Depending on the charge surface effect, the electron source voltage and current are 

tuned, from 2 to 5kV and from 25 to 100 pA, respectively. We give in Figure 33 an example of 

SEM picture. 

 

II.2.2 X-Ray Diffraction (XRD) 
 

XRD is based on the X-Ray light X-Ray diffraction by the crystalline sample. The 

wavelength of the X-Ray source is the same order of magnitude that the crystal lattice and 

interatomic distances (few Ǻ) producing constructive or destructive interferences. The 

crystallographic parameters of the lattice are extracted using the Bragg’s law (Figure 34): 

 𝟐𝐝𝐡𝐤𝐥𝐬𝐢𝐧𝛉 =  𝐧𝛌 ( 27 ) 

Where dhkl is the distance lattice plane (hkl), θ is the Bragg diffraction angle (°) and λ is 

the source wavelength.  

 

 

Figure 34 (a) Bragg diffraction on two atoms in two different lattice plans. Constructive 

interference occur when the path difference between two waves (2dhklsinθ) is equal to an 

integer multiple of the wavelength of the radiation (Equation ( 27 )). (b) Crystallites 

diffraction planes in θ-2θ geometry [241] 

 

The diffractometer used was a D8 Discover Brucker with a X-ray source of copper 

(λ=0.1542 nm). The angle scanning was typically performed between 20-80° with a step of 

0.02°. The used geometry was θ-2θ or grazing angle depending on the targeted informations. 

In the θ-2θ geometry, only lattice planes (hkl) that are oriented to the surface plane can 

contribute to Bragg diffraction (Figure 34 (b)). However, for thin films, a large fraction of the 

diffractogram in θ-2θ geometry comes from the substrate due to the X-ray penetration depth. 

Therefore, grazing angle geometry is preferred to increase the thin-films diffraction and probe 

almost all diffractions planes of the polycrystalline thin films. 

(a) (b)
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Crystallite size and microstrainf were evaluated by a single line profile analysis using a 

pseudo-Voigt fitting function of the measured diffractogram [241]. It was experimentally 

verified that the crystallite-size broadening can be approximated by a lorentzian function, 

whereas strain broadening is better described by a gaussian function [242]–[246]. The common 

used method, Williamson-Hall [241], [247], suppose only lorentzian function for both 

crystallite-size and strain broadening, impairing an accurate approximation of the shape of XRD 

peaks (Figure 35 (a)). 

Pseudo Voigt function (PV) is a linear combination of lorentzian (L) and gaussian (G) 

functions with a coefficient η: 

 𝑷𝑽 = 𝜼𝑳 + (𝟏 − 𝜼)𝑮 ( 28 ) 

When η=0, the function is a pure gaussian and when η=1 the function is a pure 

lorentzian. In pseudo Voigt function, lorentzian contribution is attributed to the crystallite size 

broadening and the gaussian contribution is attributed to the broadening induced by the stain 

inside crystallites. (Figure 35 (b)). 
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Figure 35 Diffractogram of ZnO powder synthesized at LIST with (a) Lorentz fitting and (b) 

Pseudo Voigt fitting 

 

Integral breadth contributiong of lorentzian (βL) and gaussian (βG) to the integral breadth 

of the peak (β) is calculated by empirical formulaes[241]: 

 𝜷𝑳 = (𝟎. 𝟎𝟏𝟕𝟒𝟕𝟓 + 𝟏. 𝟓𝟎𝟎𝟒𝟖𝟒𝜼 − 𝟎. 𝟓𝟑𝟒𝟏𝟓𝟔𝜼
𝟐)𝜷 ( 29 ) 

 
𝜷𝑮 = (𝟎. 𝟏𝟖𝟒𝟒𝟒𝟔 + 𝟎. 𝟖𝟏𝟐𝟔𝟐𝟗√𝟏 − 𝟎. 𝟗𝟗𝟖𝟒𝟗𝟕𝜼 − 𝟎. 𝟔𝟓𝟗𝟔𝟎𝟑𝜼

+ 𝟎. 𝟒𝟒𝟓𝟓𝟒𝟐𝜼𝟐)𝜷 
( 30 ) 

Thus, the crystallite size L, and the microstrain ε can be determined thanks to βL and βC. Indeed, 

the crystallite size L, is defined by (Debye-Scherrer equation)[241], [248]: 

                                                      
f Microstrain quantify the lattice distortion in the vicinity of a defect causing a slight variation of atomic bond 

lengths and interplanar spacings d. 
g The integral breadth, β, is defined as the ratio of the peak area/peak maximum 
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 〈𝑳〉𝑽 =
𝑲𝝀

𝜷𝑳 𝐜𝐨𝐬 𝜽
 ( 31 ) 

where 〈𝐿〉𝑉 is the volume-weighted average crystallite size, K is a constant (≈0.9), λ is the X-

ray wavelength, βL is the lorentzian integral breadth and θ is the Bragg angle diffraction peak. 

And the microstrain εh is defined as[241], [246]: 

 𝜺 =
𝜷𝑮

𝟒𝒕𝒂𝒏𝜽
 ( 32 ) 

where βG is the gaussian integral breadth and θ is the Bragg angle diffraction peak.  

 We give in Table 5 an example of the crystallite size and the microstrain as extracted 

from the pseudo Voigt fitting on ZnO powder (which is an ideal case for getting highly resolved 

diffraction peaks) before and after ozone annealing. The contribution of the instrumental error 

to the diffraction peak broadening is taken into account. 

 

Table 5 Crystallite size and microstrain of ZnO powder before and after ozone annealing 

Ozone 

treatment 

Bragg 

diffraction peak 
2θ (°) 

Crystallite size 

(nm) 
Microstrain (%) 

Before 

(100) 31.470 32(1) 0.183(0.005) 

(002) 34.123 37(2) 0.148(0.005) 

(101) 35.954 30(1) 0.167(0.003) 

After 

(100) 31.451 32(1) 0.345(0.006) 

(002) 34.100 38(2) 0.317(0.005) 

(101) 35.927 30(1) 0.317(0.002) 

 

 

II.2.3 X-Ray photoemission spectroscopy (XPS) 
 

 XPS is a surface analysis giving information on chemical and electronic states of 

elements at the vicinity of the material surface. The surface is irradiated by X-Ray beam (hν) 

which extracts core electrons from the material with a kinetic energy (KE) depending on their 

binding energy (BE) in the material. The binding energy is defined as: 

 𝑩𝑬 = 𝒉𝝂 −𝑲𝑬 − 𝝓 ( 33 ) 

where ϕ is the work function of the detector. The depth penetration of the incident beam is a 

few nanometers. A quantitative chemical composition of the analysed material is determined 

by calculating the ratio of the surface area of each peak. Depth chemical profile in films was 

also done by the sequential use of argon sputtering and XPS measurements. In Figure 36 we 

                                                      
h Microstrain ε is defined as 𝜀 = ∆𝑑/𝑑0 where d0 is the undistorded spacing plans and Δd is the variation of 

interplanar spacing 
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give examples of XPS analysis of our ZnO thin films synthesized by MOCVD. Zinc element 

show the typical splitting energies of 2p and 3p peaks into 2p1/2-2p3/2 and 3p1/2-3p3/2 respectively 

(Figure 36 (c) and (d)) and due to the electron spin-orbit interaction. 
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Figure 36 XPS survey spectra of ZnO thin films (a). High resolution of O 2s (b), Zn 2p (c) 

and Zn 3p (d) peaks 

 

 The XPS used was an Axis Ultra DLD producted by Kratos with a spherical deflection 

analyser. The X-Ray source was Al Kα (hν = 1486.6 eV) with a power of 150W. Surface 

analysis was 300 × 700 m2. Analysis was performed under high vacuum (P ≈ 10-8 mbar).  

 

II.2.4 Electrical measurements 

 

 The electrical conductivity, carrier concentration and mobility were determined by a 

Hall effect Ecopia HMS 2000. The setup is able to measure conductivity with a Van Der Pauw 

configuration without magnetic field. The resistivity is defined as: 

 𝝆 = 𝑹𝒔 ∗ 𝒅 ( 34 ) 

where d is the thickness and Rs the sheet resistance. The sheet resistance is determined by 

solving the equation: 

 𝒆−𝝅𝑹𝒗𝒆𝒓𝒕𝒊𝒄𝒂𝒍/𝑹𝒔 + 𝒆−𝝅𝑹𝒉𝒐𝒓𝒊𝒛𝒐𝒏𝒕𝒂𝒍/𝑹𝒔 = 𝟏 ( 35 ) 

where Rvertical and Rhorizontal are defined as:  
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 𝑹𝒗𝒆𝒓𝒕𝒊𝒄𝒂𝒍 = 
𝑹𝟏𝟐,𝟑𝟒 + 𝑹𝟑𝟒,𝟏𝟐 + 𝑹𝟐𝟏,𝟒𝟑 + 𝑹𝟒𝟑,𝟐𝟏

𝟒
 ( 36 ) 

and 

 𝑹𝒉𝒐𝒓𝒊𝒛𝒐𝒏𝒕𝒂𝒍 = 
𝑹𝟐𝟑,𝟒𝟏 + 𝑹𝟒𝟏,𝟐𝟑 + 𝑹𝟑𝟐,𝟏𝟒 + 𝑹𝟏𝟒,𝟑𝟐

𝟒
 ( 37 ) 

where R12,34 , R34,12  R23,41 and R41,23 are resistances measured with different configuration 

(Figure 37). 

 

 

Figure 37 Geometrical configurations of resistances measurements in Van der Pauw geometry 

 

Carrier concentrations were measured by Hall effect under a magnetic field at 0.5T. In 

addition, high magnetic field (9T) measurements were also performed using another Hall effect 

measurement set up based on a DRYICEVTI Cryogen Free Top Loading 9T System from 

ICEoxford Ltd. In both setup, applied current was 0.1 mA. The relation between carrier 

concentration and experimental measurement is:  

 𝒏 = 
𝑰𝑩

𝒕𝒆𝑽𝑯
  ( 38 ) 

with I is the applied current, B the applied magnetic field, t the thickness of the film and VH the 

Hall voltage. Mobility is deduced by the following relation:  

 𝝈 = 𝒏𝒆𝝁 ↔  𝝁 =  
𝝈

𝒏𝒆
 ( 39 ) 

where μ is the mobility, n the carrier concentration and σ the electrical conductivity measured 

without magnetic field. At high magnetic field, Hall resistance (RH) was measured by varying 
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the magnetic field (from -9T to 9T): 𝑅𝐻 =
𝑉𝐻

𝐼
=

𝐵

𝑛𝑡𝑒
 . The carrier concentration was extracted 

from the slope 
1

𝑛𝑡𝑒
 of the curve. 

 Thermoelectric measurements were done by « homemade » Seebek effect 

measurements setup. A gradient of temperature is applied through square samples (≈ 

5mm*5mm) by heating (T1) and cooling (T2) opposite faces of the samples (ΔT=T1-T2). 

Electrical potential (ΔV) is measured on each opposite face and Seebeck coefficient is extracted 

by calculating the slope of the plot ΔV versus ΔT ( Equation ( 4 )). 

 

II.2.5 Optical measurements 

  

 Transmittance and reflectance were done with a Perkin Elmer Elmer Lambda 950 UV-

Visible-NearIR spectrometer. The wide wavelength spectrum is covered by a Deuterium (UV)/ 

Tungsten (Vis) lamp and a photomultipIier (UV-Vis)/InGaAs (NIR) detector. The set-up uses 

an integratting sphere in order to collect the diffuse light transmittance and reflectance from the 

sample. In Figure 38, we give an example of transmittance and reflectance measurements with 

this spectrometer. 
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Figure 38 Transmittance and reflectance of glass substrate and ZnO thin film synthesized by 

MOCVD 
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III. OPTICAL MODEL DEVELOPMENT 
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 In this chapter, we describe a new method that we have developed during this thesis, for 

calculating the absorption coefficient with an analytical approach (instead of standard 

numerical calculations) in a multiple reflections model. Although Vargas et al. developed a 

similar method with analytical approach[249], we proposed another way to obtain the exact 

formula of absorption coefficient.  

 Absorption coefficient was calculated assuming non-coherent film (with a thickness d) 

with multiple reflections inside the thin-film and a non-absorbing substrate (Figure 39). Then 

transmittance T, and reflectance R, are expressed as:  

 𝑻 =
𝑰𝒕
𝑰𝟎
=
𝑰𝟎(𝟏 − 𝒓)

𝟐𝒆−𝜶𝒅 + 𝑰𝟎(𝟏 − 𝒓)
𝟐𝒓𝟐𝒆−𝟑𝜶𝒅 +⋯

𝑰𝟎
=
(𝟏 − 𝒓)𝟐𝒆−𝜶𝒅

𝟏 − 𝒓𝟐𝒆−𝟐𝜶𝒅
 ( 40 ) 

 
𝑹 =

𝑰𝒓
𝑰𝟎
=
𝒓𝑰𝟎 + 𝑰𝟎𝒓(𝟏 − 𝒓)

𝟐𝒆−𝟐𝜶𝒅 + 𝑰𝟎𝒓
𝟑(𝟏 − 𝒓)𝟐𝒆−𝟒𝜶𝒅 +⋯

𝑰𝟎

= 𝒓 +
(𝟏 − 𝒓)𝟐𝒓𝒆−𝟐𝜶𝒅

𝟏 − 𝒓𝟐𝒆−𝟐𝜶𝒅
  

( 41 ) 

where r is the reflectance of a simple air/film interface and α is the absorption coefficient of the 

film. 

 

 

Figure 39 Schematic representation of multiple reflexions inside a film without any substrate 

 

With Equation ( 40 ) and Equation ( 41 ), absorption coefficient α is usually calculated 

using standard numerical approach. During this thesis, we develop an analytic approach and 

propose an exact equation to determine analytically the absorption coefficient.  
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Indeed Equation ( 40 ) and Equation ( 41 ) are two equations with two unknown 

parameters (r and α), so the system can be resolved mathematically. Equation ( 41 ) can be 

expressed as: 

Thus, the unknown parameter r is defined as:  

 
𝒓 =

𝑹

𝟏 + 𝑻𝒆−𝜶𝒅
 

( 43 ) 

When r is substituted by Equation ( 43 ) in Equation ( 40 ), the following equation 

appear: 

 𝑻𝟐𝒆−𝟑𝜶𝒅 + (𝟐𝑻 − 𝟐𝑹𝑻 − 𝑻𝟑 + 𝑻𝑹𝟐)𝒆−𝟐𝜶𝒅 + ((𝟏 − 𝑹)𝟐 − 𝟐𝑻𝟐)𝒆−𝜶𝒅 − 𝑻 = 𝟎 ( 44 ) 

If we write:  𝑋 = 𝑒−𝛼𝑑 , Equation ( 44 ) becomes: 

 𝑿𝟑𝑻𝟐 + 𝑿𝟐(𝟐𝑻 − 𝟐𝑹𝑻 − 𝑻𝟑 + 𝑻𝑹𝟐) + ((𝟏 − 𝑹)𝟐 − 𝟐𝑻𝟐)𝑿 − 𝑻 = 𝟎 ( 45 ) 

Therefore, Equation ( 45 ) is a cubic equation with 𝑋 = 𝑒−𝛼𝑑as unknown. Equation ( 45 

) can be resolved analytically by Cardan’s method[250] . The exact solution is:  

 𝑿 = 𝟐√
−𝒑

𝟑
𝒄𝒐𝒔(

𝟏

𝟑
𝒂𝒓𝒄𝒄𝒐𝒔(

−𝒒

𝟐
√
𝟐𝟕

−𝒑𝟑
)) −

𝒃

𝟑𝒂
 ( 46 ) 

where :  

 𝒑 = −
𝒃𝟐

𝟑𝒂𝟐
+
𝒄

𝒂
 ( 47 ) 

and : 

 𝒒 =
𝒃

𝟐𝟕𝒂
(
𝟐𝒃𝟐

𝒂𝟐
−
𝟗𝒄

𝒂
) +

𝒅

𝒂
 ( 48 ) 

with: 

 𝒂 =  𝑻𝟐 ( 49 ) 

 𝒃 = (𝟐𝑻 − 𝟐𝑹𝑻 − 𝑻𝟑 + 𝑻𝑹𝟐) ( 50 ) 

 𝒄 = (𝟏 − 𝑹)𝟐 − 𝟐𝑻𝟐 ( 51 ) 

 𝒅 = −𝑻 ( 52 ) 

  

 Finally, absorption coefficient α is defined as:  

 𝑹 = 𝒓 + 𝒓𝑻𝒆−𝜶𝒅 = 𝒓(𝟏 + 𝑻𝒆−𝜶𝒅) ( 42 ) 
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 𝜶 =
𝟏

𝒅
𝐥𝐧 

(

  
 𝟏

𝟐√
−𝒑
𝟑 𝒄𝒐𝒔(

𝟏
𝟑𝒂𝒓𝒄𝒄𝒐𝒔 (

−𝒒
𝟐 √

𝟐𝟕
−𝒑𝟑

)) −
𝒃
𝟑𝒂)

  
 

 ( 53 ) 

Absorption coefficient α calculated with Equation ( 53 ), is compared to a numerical 

resolution of the system (performed by Germain Rey) of Equation ( 40 ) and Equation ( 41 ) on 

a CuCrO2 thin film (Figure 40 (a)). It appears that our analytical resolution is in a very good 

agreement with the usual numerical approach (Figure 40 (b)).  

Moreover, when multiple reflexions are not taking into account, absorption coefficient 

is negative (which does not have physical sense) at low photon energy (Figure 40 (a)). The use 

of multiple reflexions model is fundamental to determine accurate values of α with enough 

precision on a large wavelength spectrum.  
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Figure 40 (a) and (b) Absorption coefficient calculated by analytical and numerical method  
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IV. CVD SYNTHESIS AND STRUCTURAL 
PROPERTIES
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 In this chapter, we present our characterization results of delafossite CuCrO2 thin films 

grown by pulsed injection MOCVD. The effect of the growth temperature, the precursor 

volume ratio and the oxygen partial pressure on structural properties of films are depicted. 

Electrical and optical properties of films are presented in the next chapter. 

 

IV.1 Growth temperature 
 

 During this thesis, we work in a first phase on optimizing process (precursors 

concentration, N2 flow through injectors, the height and the rotation of the substrate holder) to 

get  homogeneous deposition on substrates without the formation of powders. Afterwards, these 

parameters were kept constant for studying the effect of the growth temperature (and also the 

effect of the precursor volume ratio and the oxygen partial pressure). 

 

IV.1.1 Crystalline structure 
 

The effect of the growth temperature on the crystallographic phases of films, deposited 

on glass substrate, was investigated keeping constant all other parameters (Table 6).We defined 

‘Tsurface’ as the surface temperature of the glass substrate before deposition (measured with a 

thermocouple) 

 

Table 6 Parameters used for studied the effect of growth temperature 

Tsurface 

(°C) 

Ptotal 

(mbar) 

PO2 

(mbar) 
χ 

Cprec. 

(10-3 mol.L-1) 

Flowprec. 

(g.min-1) 

N2 carrier 

(sccm) 

Height 

(cm) 

Rotation 

(rpm) 

310 6 2.1 0.33 5 1 350 16 15 

350 6 2.1 0.33 5 1 350 16 15 

370 6 2.1 0.33 5 1 350 16 15 

410 6 2.1 0.33 5 1 350 16 15 

 

 The obtained diffractograms are displayed in Figure 41. According to the International 

Center for Diffraction Data (ICDD) (pdf n°04-010-3330), films obtained at Tsurface=310°C and 

Tsurface=370°C present a pure rhombohedral delafossite structure belonging to the R3̅m space 

group. The evaluation of the relative intensity of the diffracted peaks shows the most intense 

peak is (012) (2θ=36.4°), in the grazing incidence x-ray diffraction (GIXRD) configuration, 

with an increasing (006) peak intensity (2θ=31.5°) for deposition temperatures above 370°C. 

Films deposited at Tsurface=410°C are characterized by the presence of Cu2O and CuO phases 

(arrows in Figure 41). It is worth noticing that pure delafossite structure is grown at low 
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temperature, Tsurface=310°C, and without any additional annealing step. This is a particularly 

attractive feature of the deposition process studied during this thesis. 
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Figure 41 GIXRD diffractograms of films deposited at growth temperature of Tsurface= 310, 

370 and 410 °C and using a precursor volume ratio χ = 0.33. Bottom and top diagrams 

represent the expected peaks for the corresponding phases, according to the ICDD cards given 

on the figure. 

 

IV.1.2 Morphology 

  

 The morphology of films is granular as shown by the SEM top-of-view pictures in 

Figure 42 (a), (b) and (c), for Tsurface=310°C, 370°C and 410°C respectively. This morphology 

points also out the polycrystalline nature of films as observed by XRD. A granular aspect is 

also observed in films with SEM cross-section images (Figure 43). The films at Tsurface=350°C 

(Figure 43 (a)) seems more dense than 370°C (Figure 43 (b)), while films at Tsurface=410°C 

(Figure 43 (c)) have a more elongated and compacted grains morphology, may be due to the 

presence of copper oxide phases in the film.  
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Figure 42 SEM top view images of (a) Tsurface=310°C, (b) Tsurface=350°C, (c) Tsurface=370°C 

and (d) Tsurface=410°C 

 

 

Figure 43 SEM cross-section images of (a) Tsurface=350°C, (b) Tsurface=370°C and (c) 

Tsurface=410°C 

 

IV.1.3 Chemical composition 
 

 Chemical quantification was done by XPS for Tsurface=350°C, 370°C and 410°C (Figure 

44). It was observed that thin films with delafossite structure (Tsurface=350°C and 370°C), have 

an excess of chromium with a ratio Cu/Cr of 0.5-0.6 and a stoichiometric composition of 

oxygen (O=50%). When copper oxide phases appear in the films (Tsurface=410°C), the ratio 

Cu/Cr is 1.1, meaning an increasing copper concentration in the film due to the contribution of 

copper from copper oxide phases. The oxygen composition also decreases (46%), due to Cu2O 

phase in CuCrO2 films (Figure 41). While in CuCrO2, two oxygen atoms contribute to the 

chemical composition (50% in stoichiometric CuCrO2), only one oxygen atom in Cu2O 

contribute to the chemical composition. Then, the presence of Cu2O in CuCrO2 thin films tends 

to decrease oxygen composition determined with XPS 

400 nm 400 nm400 nm400 nm

(a) (b) (c) (d)
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Figure 44 Chemical composition of Tsurface=350, 370 and 410°C 

 

We precise the observed phase for Tsurface=350°C and 370°C is not the spinel phase 

CuCr2O4, as it was questioned in recent works on CuCrO2 thin films synthesized by CVD[131], 

[132]. All diffractions peaks are attributed of CuCrO2 phase and the chemical composition 

Cu:Cr:O is not 1:2:4. 

 

IV.2 Precursor volume ratio 
 

IV.2.1 Crystalline structure 
  

 The impact of the precursor volume ratio ( χ=VCu(thd)2/(VCr(thd)3+VCu(thd)2) ) was 

investigated at the growth temperature of Tsurface=370°C (Table 7), temperature that promotes 

the growth of compact and continuous thin films of a pure CuCrO2 delafossite phase (Figure 

41) 

 

Table 7 Parameters used for studied the effect of precursor volume ratio χ 

Tsurface 

(°C) 

Ptotal 

(mbar) 

PO2 

(mbar) 
χ 

Cprec. 

(10-3 mol.L-1) 

Flowprec. 

(g.min-1) 

N2 carrier 

(sccm) 

Height 

(cm) 

Rotation 

(rpm) 

370 6 2.1 0 5 1 350 16 15 

370 6 2.1 0.2 5 1 350 16 15 

370 6 2.1 0.33 5 1 350 16 15 

370 6 2.1 0.5 5 1 350 16 15 

370 6 2.1 0.6 5 1 350 16 15 

370 6 2.1 0.66 5 1 350 16 15 

370 6 2.1 0.8 5 1 350 16 15 

370 6 2.1 1 5 1 350 16 15 

 

  

 The XRD diffractograms of films deposited at various values of χ are depicted in Figure 

45. Pure delafossite thin films are grown for 0.2 ≤ χ ≤ 0.6, while CuO and Cu2O phases are 
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evidenced for χ ≥ 0.66 (highlighted by the arrows Figure 45). The Cu2O phase is detected when 

the deposition was carried out with a precursor solution featuring χ=1, with a small signature 

of Cu metal at 2θ=43.5°. The amorphous background between 20-30° disappear with a 

precursor ratio of χ=1, because the film is more crystalline and thicker than the others films. It 

is worth noting that no film is grown at χ = 0 (i.e. when only Cr(thd)3 is used for deposition) 

and that excess of chromium precursor in the precursor solution does not lead to chromium 

oxide phases. Thus, deposition temperatures below Tsurface=410°C and with copper fraction χ < 

0.66 are necessary to avoid the formation of parasitic crystalline phases such as CuO and Cu2O. 

 For pure delafossite thin films, the extracted lattice parameter “c” along the (006) 

direction, from the XRD results, is between 17.05 and 17.06 Ǻ (±0.02 Ǻ). It is slightly below 

the reported values at 17.10 Ǻ for the rhombohedral delafossite structure of CuCrO2[108], 

[251]. The extracted parameter “a”, along the (012) peak (parameter “c” is known from to (006) 

direction) is 2.98 ±0.02 Ǻ and is in good agreement with the values reported for crystalline 

CuCrO2 delafossite (2.97 Ǻ) [24], [108], [251]. According to the crystalline parameters “a” and 

“c”, our materials lattice seems slightly compressed along the “c” axis by 0.3%. Pure 

polycrystalline delafossite CuCrO2 phase is grown with large process windows of precursor 

volume ratio and growth temperature. This further reinforces the suitability of our pulsed-

injection-CVD process for growing CuCrO2 coatings over large area in an industrial 

perspective. 

 

IV.2.2 Morphology 
 

IV.2.2.1 SEM analysis 

 

The surface SEM inspection (Figure 46) indicates that the morphology of the pure 

delafossite phase is strongly influenced by the relative precursor volume ratio χ. For χ=0.2, the 

as deposited films present a “spines” morphology, while for the χ=0.33 and χ=0.6, a grainy 

structure is observed. Films are more compact and the grain size, as observed on SEM pictures, 

decreases when the ratio χ increases. As measured from the SEM pictures, the average grain 

size is (160 ± 60) nm for χ=0.33, while (56 ± 27) nm is determined for χ=0.6. The thin-films 

thicknesses measured from cross-section SEM observations are 120, 140 and 160nm for χ=0.2, 

0.33 and 0.6, respectively. A continuous closely packed thin film is obtained for a Cu-rich 

precursor solution (χ=0.6). 
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Figure 45 Influence of the precursor volume ratio χ on the crystallographic structure of the 

obtained films at Tsurface=370°C. Bottom and top diagrams represent the expected peaks 

for the corresponding phases, according to the ICDD cards given on the figure 

 

 

 

Figure 46 SEM micrographs for films deposited at Tsurface=370°C and (a) χ=0.2, (b) χ=0.33 

and (c) χ=0.6 

 

 The crystallites size extracted from the Equation ( 31 ) for (012) and (110) diffraction 

peaks (Figure 47 (a) and Figure 47 (b)) are larger for χ=0.2, 14 nm and 23 nm respectively. For 

higher ratio, the size is almost constant and the values are 9.5 nm and 15 nm respectively. The 
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difference of crystallite sizes between χ=0.2 and 0.33 ≤ χ ≤ 0.6 is aligned with the morphological 

observations (Figure 46) which shows bigger grains for “spines” than granular thin films. 

However, the microstrain extracted from the Equation ( 32 ) for (012) and (110) diffraction 

peaks (Figure 47 (a)-(b)), is also higher for χ=0.2, approximately 0.25%, while being 0.13% for 

0.33 ≤ χ ≤ 0.6. Spines morphology has more lattice distortion than granular morphology, while 

the influence of the peculiar chemical composition in films cannot be excluded. 
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Figure 47 Crystallite size and microstrain of 0.2 ≤ χ ≤ 0.6 extracted from (a) (110) and (b) 

(110) diffraction peaks 

 

IV.2.2.2  Transmission electron microscopy (TEM) analysis 

 

 The thin film grown with a ratio of precursors χ=0.33 was observed by TEM. In Figure 

48, we show the chemical mapping of CuCrO2 with high angle annular dark field (HAADF) 

analysis, which is a TEM scanning method. The contrast in Figure 48 (a) is due to the weight 

of atoms: the darker is the image, the lighter are the atoms. We observed in Figure 48 (b), (c) 

and (d) a relative homogeneous spatial chemical composition inside grains, especially for the 

chromium in our CuCrO2 films. 

 

 

Figure 48 (a) HAADF analysis in a region of CuCrO2 thin film (χ=0.33) (weight atoms 

contrast) (b) copper (c) chromium and (d) oxygen composition in film, with HAADF images 

superposed on energy dispersive x-ray spectroscopy (EDX) mapping 
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50 nm50 nm
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Selected area electron diffraction (SAED) analysis of another CuCrO2 region of the 

same thin-film is presented Figure 49 (a). We identify diffracting planes (006), (104) and (202) 

of crystallites (according to pdf 04-010-330 of ICCD). We observed a lack of rings for 

diffracting planes, which would appear for poly-crystallites oriented randomly. The spots in 

SAED analysis indicate a textured structure, still meaning some preferred crystallographic 

orientations rather than a fully randomized orientation of diffracting crystallites. Finally, we 

show in Figure 49 (b) a HRTEM picture of a CuCrO2 region (χ=0.33). The distance measured 

between lattice fringes are 2.8 and 1.4-1.6 Å which are attributed to (006) and (110) diffraction 

plans (oriented parallel to the picture). The crystallite size measured for the (110) diffraction 

(on the image in Figure 49 (b)) is 11 nm which is in line with the average crystallite size as 

extracted from the XRD measurement (Figure 47 (b)). We also notice in Figure 49 (b) that the 

two (006) crystallites are similarly oriented with regard the picture plan and (110) crystallites 

also feature this textured orientation. 

 

 

Figure 49 (a) SAED of a region of CuCrO2 thin film (χ=0.33) and (b) HRTEM picture of 

another region 

 

IV.2.3 Chemical composition 

 

IV.2.3.1 XPS  

 

Chemical composition of the grown films on glass substrates was studied by ex-situ 

XPS analysis and is given in Figure 50. For pure delafossite films (0.2 ≤ χ ≤ 0.6), an over-
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stoichiometric concentration of chromium is measured in the films even for χ > 0.5 

corresponding to a Cu-rich solution of precursors. It is reminded that no specific crystalline 

phase of chromium compound (except CuCrO2) is detected by XRD in these cases. For χ > 

0.66, an excess of copper concentration is evident and is well in line with the concomitant 

detection of copper oxides phases. The graph inset in Figure 50, shows the percentage of copper 

and chromium in films with pure phase delafossite for the different precursor ratios investigated 

in our study. It appears that the relative deficiency of copper in the films is mainly counter 

balanced by an excess of chromium in CuCrO2 thin-films. The oxygen concentration close to 

the stoichiometric value of 50% is also a specific feature of our thin-films when compared to 

the optimized thin-films reported by Farrell et al[131] . In their case, an excess of oxygen was 

observed (63%) for the optimum stoichiometry of Cu0,4CrO2,5. It is also noticed the trend of 

Cu/(Cu+Cr) for pure delafossite CuCrO2 phase (green dash line in Figure ( 51 )) is similar to 

the opposite trend of microstrain as a function of precursor ratio χ (Figure 47 (a) and (b)). It is 

perhaps due to the impact of chromium excess on the CuCrO2 lattice: more chromium excess 

is introduce in the lattice, more distortions of lattice are observed.  
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Figure 50 Chemical composition of films growth at Tsurface=370 °C with precursor ratio 

featuring 0.2 ≤ χ ≤ 0.8 as measured with XPS 
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Considering the growth rate (Figure 51) of our films versus the ratio of precursors, thin-

films are grown only when the Cu precursor is present. As previously stated, a precursor 

solution of pure Cr(thd)3 does not lead to any film growth in the process conditions that have 

been investigated in our study. Interestingly, the growth rate increases almost linearly from 0 to 

1 nm/min when the Cu concentration is incrementally increased from χ=0 to χ=1. Moreover, in 

the range where only CuCrO2 polycrystalline phase is evidenced by XRD, the chemical 

concentration of Cr is almost stable while the growth rate is definitely increasing. We assume 

that Cu precursor or Cu-byproducts catalyse the thermal decomposition of Cr(thd)3 and the 

growth reaction of Cr with Cu and oxygen to grow CuCrO2. 

 

 

Figure 51 Growth rate at Tsurface=370 °C with precursor volume ratio featuring 0 ≤ χ ≤ 1 

 

 We investigate the chemical environment of Cu and Cr in our pure CuCrO2 delafossite 

thin films by detailed analysis of the XPS spectra. The XPS spectra of the deposited film with 

χ=0.5 are shown in Figure 52 before (top surface analysis) and after surface cleaning with the 

use of in situ argon ion beam (inside the analysis chamber). While C1s peak is observed for the 

top-surface analysis of our thin-films, no carbon is detected anymore after the surface cleaning. 

Top-surface carbon contaminations are attributed to the exposure of our samples to the ambient 

air and correspond to organic residues on the sample surface. Carbon concentration in our thin-

films is below 1at.%, (detection limit of the XPS analysis) highlighting the efficient surface 

reaction of our metal organic precursors and the fast removal of the carbonated by-products. 
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Figure 52 XPS spectrum, before and after surface cleaning, of the chromium copper oxide 

films grown with χ=0.5 
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Figure 53 High resolution Cu 2p XPS scans for films grown at Tsurface=370°C with               

0.2 ≤ χ ≤ 0.6 
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 Cu 2p spectra after sputtering for films deposited with various ratios (0.20 ≤ χ ≤ 1.0) are 

depicted in Figure 53. All spectra are normalized to the Cu 2p3/2 peak intensity. The XPS 

spectrum shows Cu 2p1/2 at (952.4±0.1) eV and Cu 2p3/2 at (932.5±0.1) eV, providing a spin 

orbit splitting energy in good agreement with the reported data in the literature for CuCrO2 

phases, i.e. ΔCu 2p=19.9±0.2 eV[252] for all ratios χ. One may remember that the determination 

of the oxidation state of Cu based on the fine analysis of Cu 2p, is almost impossible when 

considering Cu0 and Cu+I oxidation state, because both peaks are too closer to be distinguished 

by XPS instrument. We also observed, for χ =0.8, features at 944.0 eV and 940.8 eV (arrow in 

Figure 53), and a Cu 2p3/2 peak broader in the high energy range. These features indicate the 

presence of Cu+II [253] for χ =0.8, as confirmed by XRD analysis highlighting the CuO phase. 

 Cr 2p XPS spectra after sputtering of 0.2 ≤ χ ≤ 0.6, are depicted Figure 54 (a). All films 

exhibit Cr 2p1/2 and Cr 2p3/2 peaks at the same binding energies, i.e. 582.2 eV ± 0.1 eV and 

576.6 ± 0.1 eV respectively, which correspond to the (+III) oxidation state of Cr[252]. 

Interestingly, in the same range of energies, Cu Auger peak (Cu LMM) is detected. Cu LMM 

peak is centered at 569.9±0.2 eV when delafossite phase is contaminated by the presence of 

copper oxide phases (0.66 ≤ χ ≤ 1), while the Cu LMM peak is 568.8±0.1 eV, for the pure 

delafossite phase (χ <0.66). The reference spectra of CuO (Cu+II), Cu2O (Cu+I) and Cu (Cu0) 

were also measured on the same instrument and using the same protocoli. The reference peaks 

of Cu are used for comparison of the Cu LMM peak obtained in the case of pure delafossite 

phase (as shown by the XRD measurements) i.e. χ=0.5. As depicted in Figure 54 (b), the Cu 

LMM peak is mainly due to the contribution of two oxidation states of copper, namely Cu0 and 

Cu+I Interestingly, Arnold et al [118] analyzed the Cu LMM peak (with Cr 2p peaks) of 

stoichiometric CuCrO2, and they observed only a CuI contribution. Knowing that our 

delafossite CuCrO2 thin-films are Cr-rich (Cu:20% and Cr:30%), we may attribute our specific 

Cu LMM signature to the influence of the excess of Cr (≈ +5%) which impacts the chemical 

environment of Cu atoms. It is worth reminding that the electronegativity of Cu being 

meaningfully higher than Cr (1.90 and 1.66 for Cu and Cr respectively[254]) , a close-proximity 

of excess Cr in interstitial site of O-Cu-O dumbbells would significantly impact the electronic 

configuration of Cu, in line with the observation of Cu0 by XPS measurements. 

                                                      
i The shift of XPS and Auger peaks due to charging effect was not observed, because all samples were electrical 

conductor. 
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Figure 54 (a) High resolution Cr 2p and Cu LMM XPS scans for films grown at 

Tsurface=370°C with 0.2 ≤ χ ≤ 0.8 (b) Cu LMM peak for χ=0.5 and Cu LMM peaks of copper 

oxidation sate Cu0, CuI and CuII. 

 

 The quantifications of Cu oxidation states (0, +I and +II) were done by taking into 

account the weighting of reference peak in Figure 54 (b). The results are given in Table 8. It 

appears that Auger quantification on Cu LMM is not consistent with XPS analysis on Cu 2p. 

Indeed, Auger quantification gives Cu+II as major contribution for 0.2 ≤ χ ≤ 0.5 while Cu+II was 

not observed for this ratio (Figure 53). This inconsistency comes from the nature of the valence 

electron in Auger Cu LMM peak. The Auger notation is L3M45M45, involving transitions of 

Auger electron from the Cu 3d valence level (Figure 55). Therefore, Cu LMM peak is highly 

sensitive to chemical environment of the bounding of Cu with neighboring atoms. Cu 2p peaks, 

involve core level and allow consistent chemical quantification. 

 

Table 8 Chemical quantification of copper oxidation states on Cu LMM peak with 0.2 ≤ χ ≤ 

0.5 
χ Cu0 (%) Cu+I (%) Cu+II (%) 

0.2 16 17 67 

0.33 21 28 51 

0.5 25 24 50 

 

 

IV.2.4 Valence band 
 

 We investigated the energy profile of the valence band of pure delafossite thin films (0.2 

≤ χ ≤ 0.5) with the Al Kα source beam of the XPS instrument. In first, the energy profile of the 
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valence band of copper metal and Cu2O thin films (χ=1) were measured in order to validate our 

measurements protocols by comparing our results for Cu metal and Cu2O with literature data. 

 

 

Figure 55 Auger electron transitions involving in Cu LMM for delafossite CuCrO2 sample 

 

Valence band of copper metal is presented Figure 56 (a); the intensity is the contribution 

of valence states in copper metal i.e. Cu 3d. The shape of valence band and the position of the 

most intense peak (2.6 eV) are in very good agreement with that reported in literature (Figure 

56 (b)[255]).  

Valence band of synthesized Cu2O thin films (χ=1) is presented Figure 56 (c). We point-

out that chemical quantification found by XPS showed a stoichiometric composition (Cu: 67% 

and O: 33%). For the Cu2O sample, the measured binding energy profile of the valence band is 

the same as the ones reported into the literature. The energy profiles of Cu2O and CuCrO2 

valence are similar when measured by XPS with source Al Kα (Figure 9(a)). Indeed, the cross 

section of electron ionization of Cu3d is 20x larger than the one of O2p and 10x larger than the 

one of Cr3d (when Al Kα excitation is used [81]). Furthermore, the chemical environment of 

Cu is almost identical (O-Cu-O) in Cu2O and CuCrO2 leading to bonding and anti-bonding 

energy states in the valence band of both materials. Therefore, XPS measurements with Al Kα 

source mainly show Cu3d states when the valence bands of Cu2O and CuCrO2 are probed. 
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Figure 56 Measured valence bands under Al Kα excitation of (a) copper metal, (b) copper 

metal [255], (c) Cu2O and (d) Cu2O [255] 

 

 Energy profile of the valence band of our delafossite CuCrO2 thin films (0.2 ≤ χ ≤ 0.5) 

is shows Figure 57. The valence band profiles are very similar whatever the precursor ratio used 

to grow the CuCrO2 thin films. The most intense peak is reported at 3.0-3.1eV which is in good 

agreement with the literature[18]. However, the valence band shapes are very different from 

the literature[18]. Indeed, the shoulder at 1.5 eV, corresponding to anti-bounding states between 

copper and oxygen (Figure 9), was not observed. Thus, we expect for our CuCrO2 thin films, a 

lower contribution of the hybridized bounding states between oxygen and copper to the density-

of-states of the valence band. This is in good agreement with the zero oxidation state of copper 

detected via XPS analysis in Figure 54. In stoichiometric delafossite CuCrO2, Cu oxidation 

state is +I, then the valence states of copper is (3d)10 which hybridized to (3d)9 (4s)1 when linear 

bounded to oxygen. In the case of (Cu)0 oxidation state (which is evidenced in our case), the 

valence states of copper is (3d)10(4s)1 which is not favourable for a Cu 3d-4s hybridization with 

oxygen (because all orbitals of Cu 3d are fill by pair electrons and Cu 4s orbital is fill by one 

electron). The typical shoulder at 1.5 eV is absent maybe due to the lack of anti-bounding states 

between Cu+I and O-II. Another feature of the energy profile of the valence band of our samples 
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is the broader peak at 3-3.1 eV. In spite of the over-stoichiometry in Cr in our thin-films, the 

contribution of Cr atoms is not detected with our XPS setup. Due to the lack of Cu3d-O2p anti-

bounding states, we may expect a disperse VBM and higher effective mass than the one of 

stoichiometric CuCrO2 (Figure 2 (a) and Figure 9). Interestingly, X-Ray absorption 

spectroscopy and X-ray resonance photoemission could be extremely useful for determining 

the density of states at the VBM. 
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Figure 57 Measured valence bands of CuCrO2 thin films with 0.2 ≤ χ ≤ 0.5 

 

IV.3 Oxygen partial pressure 
 

IV.3.1  Crystalline structure 
 

 The influence of oxygen partial pressure was also studied between PO2=1.2-2.3 mbar at 

a fixed temperature of Tsurface=370°C and a fixed ratio χ=0.5 (Table 9). 

 

Table 9 Parameters used for studied the effect of oxygen partial pressure 

Tsurface 

(°C) 

Ptotal 

(mbar) 
PO2 

(mbar) 

χ Cprec. 

(10-3 mol.L-1) 

Flowprec. 

(g.min-1) 

N2 carrier 

(sccm) 

Height 

(cm) 

Rotation 

(rpm) 

370 6 1.2 0.5 5 1 350 16 15 

370 6 1.4 0.5 5 1 350 16 15 

370 6 1.6 0.5 5 1 350 16 15 

370 6 1.8 0.5 5 1 350 16 15 

370 6 1.9 0.5 5 1 350 16 15 

370 6 2.1 0.5 5 1 350 16 15 

370 6 2.3 0.5 5 1 350 16 15 
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Figure 58 XRD diffractograms of films deposited at oxygen partial pressure PO2=2.3, 1.8 and 

1.2 mbar using a precursor ratio χ = 0.5 Bottom diagrams represent the expected peaks for the 

CuCrO2 phases according to the ICDD cards given on the figure. 

 

 It was observed in the range of PO2=1.2-2.3 mbar, that oxygen partial pressure does not 

impact the crystallographic structure (Figure 58) of the grown thin films. Indeed, for all oxygen 

partial pressure, pure delafossite CuCrO2 polycrystalline thin films were synthesized. 

 

IV.3.2 Morphology 
 

 The influence of oxygen partial pressure on morphology is presented Figure 59. The 

films are less porous when PO2 increase but the grain size is mainly the same: 145±40nm, 

146±48nm and 151±60nm for PO2=1.4, 1.8 and 2.3 mbar respectively. According to the SEM 

cross-section (Figure 60), the films are more compact when the oxygen partial pressure 

increases. At 1.2 mbar, the growth mechanism seems to be Stranski-Krastanov (see Figure 31 

(c)), while for 2.3 mbar it’s rather than Van Der Merwe mechanism seems to occur (see Figure 

31 (a)). 
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Figure 59 SEM top view images of (a) PO2=1.2 mbar (b) PO2=1.4 mbar (c) PO2=1.8 mbar and 

(d) PO2=2.3 mbar 

 

 

Figure 60 SEM cross section of (a) PO2=1.2 mbar (b) PO2=1.6 mbar (c) PO2=1.8 mbar and (d) 

PO2=2.3 mbar 

 

 The crystallites size (as extracted from the (012) diffraction peak) in Figure 61 increases 

slightly from 7.6 to 9.3nm when the oxygen partial pressure increases. It may be correlated to 

the decrease of the thin-films porosity and the increase of their thicknesses. The microstrain, as 

extracted from XRD measurements, shrinks from 0.27% to 0.18% when PO2 is increased up to 

2.3mbar. This is attributed to the rise of the crystallites which allows to relax the strain inside 

crystallites. 

 In Figure 62, we show the growth rate as a function of the oxygen partial pressure. At 

Tsurface=370°C, oxygen partial pressure higher than 1 mbar is required to initiate the growth 

reaction of CuCrO2. The growth rate increases linearly with PO2 until reaching a 0.7 nm/min 

plateau. This value is lower than the typical growth rate obtained with other synthesis methods 

(2-5 nm/min) but in these cases we remind that high temperature synthesis and/or post-
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annealing are needed to obtain a pure phase of delafossite CuCrO2 (see § I.2.3). The growth 

rate increases linearly up to about 1.7 mbar of PO2 and is typically limited by the diffusion of 

oxygen gas through the boundary layer above the substrate surface. For higher partial pressure 

of oxygen, the growth rate is constant and is certainly limited by the chemical reaction kinetic 

on the surface (chemisorption and/or chemical reaction, surface migration, lattice 

incorporation). 
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Figure 61 Cristallite size and microstrain of 1.2 ≤ PO2 ≤ 2.3 mbar extracted from (012) 

diffraction peaks 
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Figure 62 Growth rate of thin films synthesized as a function of oxygen partial pressure 
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IV.3.3 Chemical composition 
 

 Chemical composition does not significantly vary for PO2=1.2-2.3 mbar (Figure 63). 

The ratio Cu/(Cu+Cr) is constant at 0.36 for PO2=1.6-2.3 mbar while it tends slightly increase 

to 0.43 for PO2=1.2 mbar. 

 The high resolution XPS spectra on Cu 2p (Figure 64 (a)), Cr 2p and CuLMM (Figure 

64 (b)), do not show any difference when oxygen partial pressure is varied. The signature of 

Cu0 in the Cu LMM peak is always observed at 568.8±0.1 eV. 
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Figure 63 Chemical composition for films grown at χ=0.5 with oxygen partial pressure varied 

between 1.2 ≤ PO2 ≤ 2.3 mbar 
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Figure 64 High resolution XPS scans for films grown at χ=0.5 with 1.2 ≤ PO2 ≤ 2.3 mbar for 

(a) Cu 2p and (b) Cr 2p 
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V. ELECTRICAL AND OPTICAL 
CHARACTERIZATION 
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 In this chapter, we first present our results on electrical and thermoelectrical 

measurements of CuCrO2 thin films, following by a discussion on transport conduction of holes. 

We finish this chapter by optical measurements. 

 

V.1 Electrical conductivity 
 

V.1.1 Effect of the growth temperature 

 

 Electrical conductivity at room temperature (as measured in the Van Der Pauw 

configuration) is plotted as a function of the growth temperature (Figure 65) for the same 

precursor volume ratio χ=0.33. The conductivity is mainly constant for thin films with pure 

delafossite phase (310°C ≤ Tsurface ≤ 370°C), the value is near 10±3 S.cm-1 which is unusually 

high for non-doped delafossite CuCrO2 (see Table 14 in Annexes for comparison). At Tsurface ≥ 

410°C, the conductivity decreases down to 5±2 S.cm-1, this decrease is attributed to the mixing 

of CuCrO2 and copper oxide phases (Figure 41). 
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Figure 65 Electrical conductivity of thin films synthesized with χ=0.33 and a growth 

temperature between 310 ≤ Tsurface ≤ 410°C 

 

V.1.2 Effect of precursor volume ratio  

 

 Electrical conductivity at room temperature is plotted as a function of χ (Figure 66) for 

a growth temperature of Tsurface=370°C. For all samples, the thickness ranges from 120-160 nm. 
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The highest conductivity, 17±5 S.cm-1, was obtained for χ = 0.5, this conductivity is higher than 

any published data for undoped CuCrO2 thin-films (Table 14 in Annexe). The observed 

morphology (Figure 46) provides critical insights to the decrease of the conductivity in the 

range of χ ≤ 0.5. Increasing the fraction of copper into the precursor solution improves the 

morphology of the thin-film, considering the in-plane electrical conduction path. In the range χ 

> 0.6, the degraded conductivity is attributed to the incremental increase of Cu2O and CuO 

phases in thin-films (Figure 45). 
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Figure 66 Electrical conductivity as a function of the ratio χ for films grown at Tsurface=370 °C 

 

 For the thin-film grown at 370°C with χ=0.5, Hall resistance measurements were 

performed by varying the magnetic field between -9 and 9T at constant current of 0.25 mA. 

The slope (see §II.2.4) led to a hole concentration of (9 ±3)1021 cm-3 and a hole mobility μh of 

(1.1±0.4)10-2 cm2/V.s. Such measurement at high magnetic field is mandatory to investigate 

the mobility of oxide semiconductors with low mobility [135]. It is worth highlighting that such 

a successful measurement is here obtained for the first time for CuCrO2 polycrystalline thin-

films.  

 

V.1.3 Oxygen partial pressure 
 

 Electrical conductivity at room temperature is plotted in Figure 67 as a function of the 

oxygen partial pressure. The conductivity shows an exponential decay with the oxygen partial 

pressure and the maximum (17±6 S.cm-1) is reached for a large plateau of sufficiently high 
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oxygen partial pressure. This highlights the very large window of the CuCrO2 process 

developed here. Reminding that the chemical composition in films is almost independent of the 

oxygen partial pressure (Figure 63), the decrease of conductivity is mostly related to the thin-

film morphology as presented in Figure 59 and Figure 60. The morphology is almost identical 

for oxygen partial pressure higher than 1.8 mbar. Beyond this threshold value, the thin-film 

exhibits closely-packed grains enhancing the in-plane electrical transport. Grains size and 

overall crystalline structures are not significantly modified when PO2 > 1.8 mbar. 
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Figure 67 Electrical conductivity as a function of oxygen partial pressure for thin films grown 

at χ=0.5 

 

V.1.4 Electrical conductivity vs temperature 

 

 The electrical conductivity continuously increases with the temperature increasing from 

30 to 300K (Figure 68 (a)), confirming the semiconducting behaviour of our thin-films. The 

electrical conductivity versus temperature between 150-300K may be fitted by a classical 

thermally activated law (Figure 68 (b)) (when the band conduction model of classical 

semiconductors is used). The conductivity is expressed as Equation ( 2 ) (see §I.2.4.2) and the 

extracted transport activation energy Ea is 63 meV. This value is very well in line with the data 

reported in Barnabe et al. works[129], where they found a degenerate semiconductor behaviour 

of their CuCrO2 thin films[129]. However, considering the low mobility value as given by the 

Hall Effect measurement and the relatively “high” effective mass of holes, m*, in CuCrO2 

(ranging from 4.5 to 6 units of free electron mass)[20], the mean free path  of holes (in classical 



116 
 

semiconductors) can be obtained by 𝜆 = 𝜈𝑡ℎ𝜏 with νth being the thermal velocity of carriers at 

room temperature and  the mean free time of carriers (holes) between collisions. νth is defined 

by Equation ( 54 ), assuming free hole with only kinetic energy [137]: 

 𝐯𝐭𝐡 = √
𝟑𝐤𝐁𝐓

𝒎∗
 ( 54 ) 

and  is given by: 

 𝛕 =
 𝒎∗ 𝛍𝐡
𝐪

 ( 55 ) 

where q being the elementary charge. 

 ranges from 1.6-1.8.10-3 nm, indicating that the free holes model from the Drude 

approach[137] is not appropriate. It was consistently proposed that delafossite compounds 

CuAlO2, CuScO2 and CuYO2 exhibit electrical transport limited by small polaron 

hopping[256], [257]. In this model, the carrier is strongly localized within the lattice potential. 

The coupling of carrier with the lattice phonon forms polarons that are self-trapped. From a 

mechanistic point of view, Bosman and Van Daal set the condition occurrence of self-trapping 

(small polaron model) as[143]: 

 𝛕 ≫ 𝛕𝟎 ( 56 ) 

where τ is the time for the hole transition from ion to ion, and 𝜏0 is the time of a lattice vibration. 

The time τ can be calculated with[143]: 

 𝛕 =
𝐞𝐚𝟐

𝟐𝛍𝐤𝐁𝐓
 ( 57 ) 

where a is the lattice constant (a=2.98 Ǻ in our case, assuming the hole transport is supported 

by Cu-planes[22]). The time 𝜏0 is defined by the approximation: 

 𝐤𝐁𝐓 ≅
𝐡

𝟐𝛑
𝛚𝟎 ( 58 ) 

where ω0 = 
2π

τ0
 . 

We obtained, at room temperature, 1.5x10-12 s for τ and 1.6.10-13s for τ0, in our specific case. 

The condition ( 56 ) seems to be well respected, although the experimental confirmation of 

small polaron conductivity is often troubled by the effects of impurities, grain boundaries and 

temperature-dependent changes of the transport mechanism [143], [146]. In our particular case, 

applying the small polaron model in Figure 68 (c) (see §I.4.5) leads to an activation of hopping 

EH of 81 meV, higher than 65meV reported by Farrell et al [132] using also a small polaron 

model. In our case, Hall mobility measurement and the corresponding calculation of the time 
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for the hole transition from ion to ion suggests small polaron hopping conductivity. We 

investigated complementary transport characterization (§V.2 and §V.3) with thermoelectric 

measurements. For the very low temperature range of 30-90 K, none of the classical 

semiconductor or small polaron models fits the experimental data. A variable range hopping 

model (see Equation ( 3 ) in §I.2.4.2) is applied (Figure 68 (d )) as[258], [259]. In our case, the 

best fit is obtained for n=2 and T0=79K, suggesting the hopping mechanisms of holes is 

confined to the two dimensions on the Cu-basal planes. 
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Figure 68 (a) Conductivity of χ=0.5 as a function of the temperature, (b) band conduction 

model, (c) small-polaron model and (d) VRH model with n=2 

 

 The electrical conductivity is mainly due to the high concentration of holes induced by 

crystalline point-defects. Considering the work reported by Ingram et al. [256] for CuAlO2, a 

similar copper deficiency and an excess of +III cations (aluminium in their case) were noticed. 

P-type conductivity was attributed to a complex defect of Al on a Cu-site stabilized by two 

bound oxygen interstitials. In our particular case, an  excess of oxygen is not significantly 

detected and impairs to draw similar conclusion that would imply the complexation of Cr with 

oxygen interstitials [23]. As an alternative hypothesis, we suggest that the excess of Cr vs Cu 
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is a specific feature for the growth of CuCrO2 degenerated semiconductors thin-films. Recent 

defect calculations on CuCrO2 show that copper vacancy is a shallow acceptor (0.37 eV) with 

the lowest intrinsic defect energy [22]. Additional defects energy calculations with excess of 

Cr would provide critical insights to definitly conclude on the results.  

 

V.2 Seebeck effect 
 

 In this paragraph, we investigate thermoelectric properties of delafossite CuCrO2 thin 

films with Seebeck coefficient measurements, at room temperature and with varying 

temperature from 130 to 400K. 

 

V.2.1 Room temperature 
 

V.2.1.1 Seebeck coefficient as a function of the growth temperature 

 

Thermoelectric measurements at room temperature for various growth temperatures of 

thin-films are presented Figure 69. For pure delafossite phase (330°C ≤ Tsurface ≤ 370°C), 

Seebeck coefficient is almost constant at + 124±4 μV.K-1, while for a mix of copper oxides and 

CuCrO2 phases (typically obtained at Tsurface=410°C), Seebeck coefficient decreases to + 117±1 

μV.K-1. Positive sign of Seebeck coefficient confirms the p-type character of the grown CuCrO2 

thin-films. 

 

V.2.1.2 Seebeck coefficient as a function of the ratio χ 

 

We present in Figure 70 thermoelectric measurements as a function of ratio χ. Seebeck 

coefficient is almost identical for pure delafossite phases when χ varies from 0.33 to 0.6 (+ 

109±3 μV.K-1). However, thin film grown with χ=0.2, which is also a pure delafossite CuCrO2 

film, shows higher Seebeck coefficient (+ 131±3 μV.K-1). This effect may be due to the specific 

“spines” morphology of this thin-film (Figure 46 (a)), that would lower the averaged thermal 

conductivity of the sample. When thin films have a mixing phase between copper oxide and 

delafossite CuCrO2 (χ >0.6), Seebeck coefficient still increases to reach almost a similar value 

than the one obtained for χ=0.2. 
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Figure 69 Seebeck coefficient as a function of temperature synthesis for films grown at 

χ=0.33 
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Figure 70 Seebeck coefficient measured at room temperature of films for Tsurface=370°C and 

0.2 ≤ χ ≤ 0.6 

 

 We compile in Figure 71 our Seebeck coefficient and electrical conductivity data for 

0.2 ≤ χ ≤ 0.6 and compare them with data from literature when both Seebeck coefficient and 

electrical conductivity are rigorously measured on the same sample. In our case, the order of 

magnitude is in the same range of Mg-doped CuCrO2 reported in the literature[24], [25], [129], 

which further confirms (i) the large carrier concentration in our films, (ii) that the crystalline 

point-defects of our samples do not significantly modify the carrier mobility and the lattice 

properties of  CuCrO2 when compared to Mg-doped CuCrO2 grown by SS and MS synthesis. 
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Figure 71 Comparison of Seebeck coefficients at room temperature of undoped and doped 

CuCrO2 reported in literature (Table 14 in Annexes) and our works (red dots) 

 

V.2.2 Temperature dependence of Seebeck coefficient 

 

V.2.2.1 Seebeck coefficient vs temperature for different growth temperature 

 

 We presented in Figure 72 the temperature dependence of Seebeck coefficient for 

different growth temperature at a ratio of precursor χ=0.33. For pure delafossite CuCrO2 phase 

(Tsurface=330°C and Tsurface=370°C), the values are very similar, as it was observed at room 

temperature (Figure 69). For these samples, at low temperature (140-250 K), Seebeck 

coefficient is mostly constant (110-115 μV.K-1), while at temperature above 250 K, Seebeck 

coefficient is linearly dependent on temperature. This trend was also observed for Mg-doping 

CuCrO2 [25][24] and is discussed in §V.3. 

 When delafossite CuCrO2 is mixed with copper oxides phase (Tsurface=410°C), at 

temperature above 300K, Seebeck coefficient is mainly the same compared to the other growth 

temperature. However, below 300 K, Seebeck coefficient is lower than pure delafossite CuCrO2 

phase (Tsurface=330°C and Tsurface=370°C) until reaching a constant value near 105 μV.K-1 below 

200K. 

 

V.2.2.2 Precursor volume ratio 

 

 The effect of ratio of precursor volume χ on the Seebeck coefficient of thin films was 

also studied and is presented in Figure 73 for 0.2 ≤ χ ≤ 0.8. For χ =0.33, 0.5 and 0.6 (which 
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correspond to pure CuCrO2 thin films), Seebeck coefficient values and trends are very similar 

in the temperature range measured (140-400K). However, pure CuCrO2 thin film with χ=0.2 is 

different from χ=0.33, 0.5 and 0.6. Indeed, Seebeck coefficient of χ=0.2 is clearly higher than 

χ=0.33, 0.5 and 0.6 and seems to be mostly constant (130-135 μV.K-1) between 140-400K. 

When thin film of delafossite CuCrO2 is mixed with copper oxides (χ=0.8), Seebeck coefficient 

is also higher compared to χ=0.33, 0.5 and 0.6. This effect can be attributed to CuO phases in 

the film, Seebeck coefficient of CuO films being reported always up to 200 μV.K-1 below room 

temperature even if it is doped [260][261]. 
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Figure 72 Seebeck coefficient as a function of temperature grown at Tsurface=330°C, 370°C 

and 410°C and with χ=0.33  
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Figure 73 Seebeck coefficient as a function of temperature for ratio χ of 0.2, 0.33, 0.5, 0.6 and 

0.8. 
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V.3 Hole transport: Discussion 
 

 We have studied the carrier transport with thermoelectrical and electrical conductivity 

measurements as a function of temperature. For the sake of clarity, we focus here only 

measurements for a ratio of χ=0.6, other delafossite thin films having similar thermoelectrical 

properties (Figure 72 and Figure 73). We show in Figure 74 (a) Seebeck coefficient as function 

of temperature and Figure 74 (b) electrical conductivity as a function temperature measured by 

four probes (Van Der Pauw configuration) in the same thermoelectric measurement set-up. We 

clearly observed two regimes in Figure 74 (a) for the Seebeck coefficient. Similar trends were 

observed for degenerate semiconductor, semimetallic or metallic materials in the range of 50-

400 K [262]–[265]. In these cases, Seebeck coefficient is expressed as [262], [266], [267]: 

 𝑺 = 𝑨𝑻 +
𝑩

𝑻
 ( 59 ) 

where A and B are parameters depending on materials. The linear contribution with the 

temperature is due to the “diffusion” of carrier and the dependence on the inverse of temperature 

is related to the phonon contribution via electron-phonon coupling [267]. 

 In order to further extract carrier concentration and mobility as a function of 

temperature, three transport models could be considered when using Seebeck coefficient and 

electrical conductivity values: small polaron[139], [143], [219], non-degenerate[139], [146], 

[268] and degenerate[262], [269], [270] semiconductor models. In our case, our investigations 

clearly show that a high-level of carrier concentration (> 1020 cm-3) is a specific feature of our 

samples. Therefore, we only consider either small polaron or degenerate semiconductor models 

to extract mobility and activation energy values from our measurements. Such results are then 

critically discussed. 
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Figure 74 (a) Seebeck coefficient and (b) electrical conductivity as a function of temperature 

for χ=0.6 
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V.3.1 Model of small polarons 
 

 Seebeck coefficient in small polaron model is defined as [219], [271]: 

 𝑺 =
𝒌𝑩
𝒆
𝒍𝒏 (

𝟐(𝟏 − 𝒄)

𝒄
) ( 60 ) 

where c is the fraction of occupied site by polarons. As detailed in the first chapter, VBM of 

CuCrO2 is composed in majority by Cu 3d states, and then copper atoms are host sites of 

polarons. Therefore, the fraction c can be written as: 

 𝒄 =
[𝑪𝒖𝟐+]

[𝑪𝒖+]
 ( 61 ) 

where [Cu2+] is the number of occupied site by polarons, i.e. the hole carrier concentration p, 

and [Cu+] is the concentration of copper atoms in a CuCrO2 crystal (i.e. 3.05x1022 cm-3). 

Therefore, carrier concentration is determined by: 

 
𝒑 = [𝑪𝒖+] ∗

𝟏

𝒆
𝑺𝒆
𝒌𝑩

𝟐 + 𝟏

 
( 62 ) 

 From our Seebeck and conductivity measurements, we report in Figure 75 the extracted 

carrier concentration and the mobility (μ=σ/pe) as a function of temperature. We observe a 

slight decrease of carrier concentration with the temperature, from 1.3x1022 to 9.5x1021 cm-3, 

while the mobility clearly increases with the temperature from 7.8.10-5 to 10-2 cm2/V.s. 
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Figure 75 (a) Carrier concentration and mobility as a function of temperature calculated with 

small polaron model (b) fitting of ln(μT) vs 1/T to determine EH and μ0 

 

 Figure 75 shows ln(μT) as a function of 1/T in order to determine EH and μ0 from 

Equation ( 24 ) (see § I.4.5). The extracted values are compared with other materials in Table 

10. We find 103 meV for EH and 97 Kcm2/V.s for μ0. Both values are smaller than any data 
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reported in literature (Table 10) but remain in the same range than the published data for similar 

materials. 

 

Table 10 Reported fitting parameters EH and μ0 in the literature 

Materials EH (meV) μ0 (K.cm2/V.s) Ref. 

CuAlO2 140 500 [256] 

CuScO2 220 650 [257] 

CuYO2 230 610 [257] 

ZnRh2O4 250 1320 [144] 

CuCrO2 (our work) 103 97  

 

 

V.3.2 Degenerate semiconductor 
  

 For a metal or a degenerate semiconductor material, Seebeck coefficient is defined by 

Equation ( 59 ), where the parameter A is expressed as [272]:  

 
𝑨 =

𝟖𝝅𝟐𝒌𝑩
𝟐𝒎∗

𝟑𝒆𝒉𝟐
(
𝝅

𝟑𝒑
)
𝟐/𝟑

 
( 63 ) 

where h is Planck constant and p carrier concentration. The parameter B is proportional to lattice 

specific heat of the material. In Figure 74 (a), we fitted Seebeck coefficient with Equation ( 59 

). We find (2.85±0.03)x10-7 V.K-2 for A and (7.1±0.2)x10-4 V for B. From A, we extract the 

carrier concentration p from Equation ( 63 ): 

 
𝒑 =

𝝅

𝟑(
𝟑𝑨𝒆𝒉𝟐

𝟖𝝅𝟐𝒌𝑩
𝟐𝒎∗

)

𝟑/𝟐
 

( 64 ) 

with an effective mass of m*/me =6, 10 and 20, we find 1.8x1021, 3.8x1021 and 1.1x1022 cm-3 

respectively. Even with the lowest effective mass, the carrier concentration is higher than 1021 

cm-3, being in agreement with Hall measurement ((9±3)1021 cm-3) and with a degenerate 

semiconductor model. We show in Figure 76 the mobility as a function of temperature for the 

respective carrier concentrations. As carrier concentration is constant with temperature in 

degenerate semiconductor, the mobility relies on the activation energy of the electrical 

conductivity (μ=σ/pe). According to electrical transport models in semiconductor (see Chapter 

I.4), only grains boundaries model fits with an activated mobility. 

 Indeed, for degenerate semiconductors, the mobility is defined as Equation ( 21 ) (see 

§I.4.4). In Figure 76 (b), we apply the fit of mobility (for p=1.1x1022cm-3) using the equation: 
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 𝝁 = 𝑨𝑻𝒍𝒏 (𝟏 + 𝒆−
𝑩
𝑻) ( 65 ) 

We put in Table 11 “A” values obtained by fitting three carrier concentrations. Assuming pa is 

equivalent to p which is a good approximation for a strong degeneracy, we deduce L, the 

crystallite size (Table 11). It appears that the calculated crystallite size is smaller than the one 

extracted from the XRD measurement (0.1-0.3 nm and 10-15nm respectively) (Figure 47). This 

calls further analysis and discussion. 
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Figure 76 Mobility as a function of temperature calculated with degenerate semiconductor 

model for (a) p=1.8.1021, 3.8.1021 and 1.1.1022 cm-3  and (b) fitting of mobility with a model 

of grain boundaries for degenerate semiconductor 

 

Table 11 Fitting parameter “A” and the extracted cristallite size “L”as a function of carrier 

concentrations 

p (cm-3) A (m2/(V.s.K) L (Å) 

1.8.1021 (m*/me=6) 9.03.10-8 3.0 

3.8.1021 (m*/me=10) 4.28.10-8 1.8 

1.1.1022 (m*/me=20) 1.48.10-8 0.9 

 

V.3.3 Contradictory discussion 
 

 Extracted parameters when using the small polaron model are in relatively good 

agreement with those reported in literature for delafossite compounds and other p-type TOS. 

Degenerate semiconductor model may also well explain the results of the experimental Seebeck 

coefficient vs. temperature but the extracted crystallite size is not consistent with the average 

crystallite size found by XRD analysis. A critical discussion is further required to balance (a) 

the validity of the small polaron model in our case and (b) the results obtained by using the 

degenerate semiconductor model. 

 

 (a) Validity of small polaron model 
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 We raise some concerns regarding the usual small polaron model: 

  (i) It was demonstrated by Nagaraja et al.[146], that even if extracted parameters 

μ0 and EH could be in the range of values reported for materials showing proven small polaron 

conductivity, this may not necessarily mean that the small polaron mechanism triggers the 

electronic transport inside the material. Indeed, with a model of small polaron applied on 

Rh2ZnO4, Nagaraja et al.found, from thermoelectric measurements, μ0 and EH, having values 

of 1320 K.cm2/V.s and 320 meV respectively, which are indeed in the range of small polaron 

materials. The mobility extracted at room temperature was 3x10-4 cm2/V.s which tends to 

establish the conductivity of Rh2ZnO4 being governed by small polaron transport. However, 

Nagaraja et al. performed also direct measurement of the mobility with Hall effect at high 

magnetic field (14T). They found a value of 0.18 cm2/V.s (at room temperature) which is two 

orders of magnitude higher than the extracted value when applying the small polaron 

conductivity model to thermoelectric measurements. According to the Bosman-Van Daal limit, 

Hall effect measurement proved a band conduction transport in Rh2ZnO4 (μ > 0.1 cm2/V.s), 

which is contradictory to small polaron transport from thermoelectric measurement (μ = 3x10-

4 cm2/V.s). Nagaraja et al. explained this difference of mobility come from the assumption of 

the temperature independence of the effective density of state, near the VBM, in Equation ( 60 

) which is not true if the material is a band conduction transport. Then, the mobility extracted 

from thermoelectric measurement could be a mobility of small polaron transport but this value 

could be wrong. Nagaraja et al. showed by taking into account the temperature dependence of 

the effective density of state into the thermoelectric models of Rh2ZnO4, theorical calculations 

lead to a mobility of 0.12 cm2/V.s for the same measurements, which becomes in a very good 

agreement with experimental Hall-effect measurements. Then, the authors preferred to consider 

a band conduction transport for this material.  

 In our case, the impact of a similar approximation of the small polaron model cannot be 

excluded. However our mobility measured by Hall effect (10-2 cm2/V.s) for a specific sample 

is still well under the Bosman-Van Daal limit. Nevertheless, the application of this Bosman-

Van Daal limit for polar oxides needs to be debated. 

  (ii) The limit of Bosmann-Van Daal (μ<<0.1 cm2/V.s)[143], under which one 

the material conductivity is considered to be governed by the small polaron transport in polar 

oxide, cannot prove unambiguously the transport mechanism in our delafossite CuCrO2 thin 

films even if this condition is clearly matched. Indeed, as Bosmann-Van Daal [143]mentioned 

in their paper, high doping level (>1020 cm-3) or grain boundaries may partly modifiy the 

properties of pure material by significantly decreasing the mobility. In their work, Bosmann-
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Van Daal have proved small polaron transport in p-type MnO[143], when  doped with lithium 

(0.1%), by reducing the effect of grain boundaries in their material when tailoring the materials 

synthesis. They found holes carrier concentration of 7x1017cm2/V.s and a mobility of 3.10-

5cm2/Vs which is far lower than the Bosmann-Van Daal limit. Interestingly, for undoped and 

lowly doped delafossite CuCrO2, the mobility reported for a carrier concentration around 1018 

cm2/V.s (Figure 19), is between 0.2-10 cm2/V.s which is significantly higher than the Bosmann-

Van Daal limit. According to these experimental results, crystal of delafossite CuCrO2 does not 

seem to feature small polaron transport. 

  (iii) Experimental measurements of the valence band of our delafossite CuCrO2 

thin films by XPS further puzzle the conclusions that we may draw regarding the carrier 

transport. Indeed, for our delafossite CuCrO2 thin films, we observe a valence band profile 

(Figure 57) being significantly different from the one reported in literature (Figure 9) because 

anti-bonding states of O-Cu-O bond are seriously diminished in our case. Theorically, it was 

demonstrated by S. Lany[273]–[275] and A. Zunger[274] that low bonding or anti-bonding 

density of states at the band edge (VBM or CBM) is more favourable to conduction band than 

small polaron transport. Further cyclotron experiments, would be very helpful as it was done 

for Cu2O[276], where an unambiguously band conduction transport was found.  

 

 (b) Results of degenerate semiconductor model:discussion 

 We found that degenerate semiconductor model can explain the non-linear trend of 

Seecbeck coefficient below 300K but this model is called into question because of the 

unrealistic values of the extracted crystallite size. This latter result requires specific discussion 

in our case. 

 We remind that the chemical composition in the films grown with χ=0.6 is (Figure 50): 

22% of copper, 30% of chromium and 48% of oxygen. The excess of chromium was always 

observed in our pure delafossite CuCrO2 thin films. As observed by TEM in Figure 48, the 

excess of Cr is not localized in grain boundaries, but seems to be diluted into the lattice. 

Knowing that the larger interstitial site is between two copper atoms, in the copper atoms plane 

(Figure 4), then the Cr excess may preferably occupy this interstitial sitej. As the chemical 

concentration of oxygen is almost stoichiometric (≈50%), 30% of chromium means that there 

is one additional atom of chromium in the lattice, for five copper atoms in the stoichiometric 

lattice. In that simple case, the distance between chromium atoms supposedly being in 

                                                      
j Copper substitution with chromium (CrCu) should not appear in our case, because this defect is a donor 

(Cr3++2e- ↔ Cr+), while we obtained a p-type material. Moreover, this defect has a high formation energy [125] 
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interstitial sites, when considering an homogeneous distribution of the excess of chromium, is 

2-3x the distance between copper-copper atoms i.e 6-9 Å. It is believed [22] that the holes 

transport in copper based delafossite is mostly localized in the copper atoms plan, meaning a 

quasi-2D conduction of holes within the Cu plane. Therefore, we may suppose that each 6-9 Å, 

a hole may statistically undergo a scattering event on interstitial Cr. Interestingly, this distance 

is the same order of magnitude than the “apparent” crystallite size as extracted from 

thermoelectric measurements when the band conduction model of degenerate semiconductor is 

applied. However, such impurity scattering mechanism would not agree with the measured 

exponential increase of the carrier mobility with the temperature (ranging from 130K to 400K). 

Such trend is usually attributed to grain boundaries barriers (see chapter I.4).  

 Chemical concentration of copper (22%) underlines a lack of copper atoms in thin films, 

which may be attributed to copper vacancies necessary to accommodate the excess of Cr in the 

Cu in-plane interstitial sites. The concentration of copper vacancies (3% for χ=0.6), which 

correspond to a concentration of unoccupied site of 4x1021 cm-3, is in good agreement with the 

order of magnitude of the holes concentration was determined by Hall Effect measurement 

(9±3)x1021 cm-3). It is worth reminding that XPS measurements reveal a copper oxidation state 

of zero, Cu0 (Figure 54 and Figure 64), which may be attributed to the higher electronegativity 

of copper atoms vs. Cr atoms. Cu (+I) in close proximity with the chromium atoms in interstitial 

sites (additional chromium) may gain one electron from a bonding with Cr, resulting in Cu0. At 

this stage, it is premature to assess the impact of Cu0 on the electrical transport, in particular if 

Cu0 may contribute to the conduction by generating a Cu0/Cu+I doping level in the bandgap or 

if Cu0 may behave as a hole trap.  

  

 Several ambiguities of small polaron and band conduction models prevent any 

conclusion on the nature of the transport conduction in our CuCrO2 thin films. Further analysis 

on cyclotron and X-ray spectroscopies should be useful in order to determine the transport 

conduction. 

 

V.4 Optical measurement 
 

V.4.1 Transmittance/Reflectance 

  

 Optical transmittance (T) and reflectance (R) were measured for thin-films grown at 

three growth temperature: Tsurface=350°C, 370°C and 410°C (Figure 77). The transmittance of 
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the glass substrate is also reported as a reference spectrum. In the visible range (between 400-

800 nm), the average transmittance of the reference glass substrate is 90% while for thin-films, 

the average transmittance is near 50%. We observe in the range of 550nm-850nm that thin-film 

grown at Tsurface=410°C have better transmittance than other films and its reflectance is almost 

the same as the film grown at Tsurface=370°C. This highest transmittance is attributed to the 

lower thickness (55 nm) of the thin-film grown at Tsurface=410°C while in the range of 375-

500nm wavelength, the transmittance is degraded when compared to thin-films grown at lower 

temperature. This is attributed to the absorption induced by the copper oxide phases mixed with 

CuCrO2 in this sample (Figure 41). Indeed, Cu2O and CuO have lower bandgap (2.2eV[277], 

[278] and 1.6eV[279], [280] respectively) than CuCrO2. 
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Figure 77 Transmittance (T) and reflectance (R) spectra of glass substrate and CuCrO2 thin 

films synthesized at growth temperature of Tsurface=350°C, 370°C and 410°C 

 

 The optical transmittance was also measured in the range of 250-850 nm for films grown 

with 0.2 ≤ χ ≤ 0.8 at Tsurface=370°C, the corresponding spectra are shown in Figure 78. The 

range of thicknesses for all films is between 120-160 nm. The average transmittance in the 400-

800 nm range decreases from 40%-50%, for 0.2 ≤ χ ≤ 0.6, down to 30% for higher χ. For this 

latter case, the transmittance decrease is attributed to the concomitant existence of Cu2O and 

CuO phases, having a much lower bandgap than CuCrO2. The pure delafossite phase features 

a higher averaged transmittance relative to the contaminated films with a maximum 

transparency for χ=0.2. For this specific film, the transmittance improvement is mainly 

attributed to the morphology of the thin-film which is not continuous as evidenced by the SEM 

picture of Figure 46 (a). 
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Figure 78 Transmittance spectra of glass substrate and 0.2 ≤ χ ≤ 0.8 

 

V.4.2  Absorption coefficient 
 

 Absorption coefficients of thin films (calculated with Equation ( 53 )) with 

Tsurface=350°C, 370°C and 410°C are presented in Figure 79 (a). For pure delafossite phase, 

Tsurface=350°C and 370°C, α increase from 3.0 eV, with a constant slope between 3.2-3.5eV, 

which is due to the CuCrO2 absorption. However, for mixed copper oxide and CuCrO2 phases, 

thin-films grown at Tsurface=410°C, α increase from 2.5eV and two slope of α can be clearly 

distinguished: one between 2.5-3.0 eV, due to the absorption of copper oxide phases and the 

other one between 3.2-3.5 eV attributed to the additional absorption of the CuCrO2 phase. 

 Direct optical gap of  Tsurface=350°C, 370°C and 410°C, are evaluated using a linear fit 

of the Tauc’s plot (Figure 79 (b)) with the Equation ( 8 ) (see §I.2.5.2): the extracted direct band 

gap Eg is found to be between 3.2-3.3 eV which is in very good agreement with previous 

experimental and theoretical works [17], [33], [34], [37], [39], [41], [44], [47], [49] regarding 

CuCrO2 materials. 
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Figure 79 (a) absorption coefficient α and (b) Tauc’s plot of Tsurface=350°C, 370°C and 410°C 
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 The absorption coefficient for 0.2 ≤ χ ≤ 1 (calculated with Equation ( 53 )) and the 

corresponding normalized derivative are plotted in Figure 80. All films containing the 

delafossite phase show a steep increase of the absorption coefficient at 3.1-3.2 eV with a 

corresponding maximum for the derivative curve. However, another steep increase of the 

absorption is noticed at 2.5 eV for 𝑥 ≥ 0.66. This absorption edge at 2.5 eV is particularly steep 

for the Cu2O reference coating (χ = 1). This feature further confirms the growth of parasitic 

Cu2O for χ ≥ 0.66. 

 Direct optical gap of 0.2 ≤ χ ≤ 0.5, are evaluated using a linear fit of the Tauc’s plot with 

the Equation ( 8 ). The extracted direct band gap Eg is also found to be between 3.1-3.3 eV, 

which is in very good agreement with previous experimental and theoretical works [17], [33], 

[34], [37], [39], [41], [44], [47], [49] regarding CuCrO2 materials. 
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Figure 80 Absorption coefficient of  0.2 ≤ χ ≤ 1 as a function of photon energy. The inset 

graph is the derivative of absorption coefficient 

 

Discussions 
 

 We close this chapter by comparing our undoped delafossite CuCrO2 thin film properties 

and those reported in literature (see Table 14 in Annexes). In Table 12, we summarize growth 

parameters, electrical conductivities and visible transparency for different CuCrO2 synthesis 

processes. According to the data reported in Table 12, it appears that we synthesized CuCrO2 

at the lowest temperature (vs the published data) and without any additional annealing. 

Interestingly, the electrical conductivity is enhanced when the material is grown with our pulsed 

injection synthesis while visible transparency is still moderate. Figure 81 show a plot of 
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electrical conductivity and visible transparency for our pulsed injection synthesis (best value) 

and various synthesis methods for undoped CuCrO2. The inset graph in Figure 81 show our 

delafossite CuCrO2 thin film, deposited on a large surface area (10x10 cm) of glass. 
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Figure 81 Plot of electrical conductivity and transmittance for various synthesis methods and 

comparison with our work (best value) 
 

 

Table 12 Properties of delafossite CuCrO2 synthesized with various synthesis methods 

Synthesis 

Growth Annealing 
σ 

(S.cm-1) 

Transmissi

on  

(%) 

Thickness 

(nm) temperature 

(°C) 

time 

(h) 

temperature 

(°C) 

time 

 (h) 

SS 850-1200 12-48 900-1200 10-100 10-4 - 10-3 
Not 

reported 
Not reported 

SG 300-500 0.1-1 700-800 0.5-2 6.10-4-10-2 45-60 100-200 

PLD 550-750 0.5-2 None None 1-5 55-65 60-130 

MS 
RT 1 600-900 2-4 

10-3- 1 40-60 100-300 
750 1.5 None None 

CVD 240-550 0.5 700-950 
Not 

reported 
1-2 40 400 

Pulsed 

injection 

(our work) 

 

310-370 2 None None 17 40-50 140 
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VI. PN JUNCTIONS 
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 In this chapter, we present in the first part the synthesis process for the fabrication of p-

n junctions and their structural properties. The second part deals with their electrical and optical 

properties. 

 

VI.1 Synthesis and structural properties 
 

 Two approaches were studied for the synthesis of p-n junctions. The first relies on the 

deposition of CuCrO2 thin film on ZnO layers both synthesized by MOCVD on glass substrates. 

The second approach uses the ALD of conformal ZnO layers on CuCrO2 thin films previously 

grown on glass by MOCVD. 

 

VI.1.1 MOCVD process flow 
 

 In this approach, p-n junctions were synthesized with only MOCVD process. The first 

layer was ZnO (undoped or aluminium doped) deposited on glass, and the second layer was 

CuCrO2 (Figure 82). After CuCrO2 deposition, the electrical conductivity of ZnO was strongly 

diminished, perhaps due to the difference of the growth temperature (Tsurface(ZnO) =600°C and 

Tsurface(CuCrO2)=370°C) and the oxygen partial pressure (PO2(ZnO)=1.2 mbar and 

PO2(CuCrO2)=2.1 mbar) between the two processes. Growth temperature and oxygen partial 

pressure are known to impact significantly the stoichiometry and the chemical stability of 

defects (oxygen vacancies, etc…) of ZnO thin films [3], [12]. Moreover, the porosity of CuCrO2 

synthesized on ZnO thin films, induced electrical short circuit in the junction (i.e punchthrough) 

of the p-type layer by the probes. Therefore, we did not consider this approach and proposed 

the deposition of ZnO by ALD on CuCrO2 in order to take benefit of the low growth temperature 

of ZnO (T=150°C) that should not modify the electrical properties of CuCrO2. The conformal 

deposition by ALD is also seen as critical benefit to avoid empty interface regions between 

CuCrO2 and ZnO. 

 

 

Figure 82 Schematic representation of pn junction synthesized with MOCVD approach. 

Glass substrate

ZnO or ZnO:Al

CuCrO2
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VI.1.2 MOCVD/ALD process flow 
  

 The first layer was CuCrO2 synthesized by MOCVD, and the second layer was ZnO 

synthesized by ALD. The process parameters for the growth of CuCrO2 thin films are resumed 

in Table 13. Zinc oxide was synthesized by ALD with diethylzinc (DEZ) as precursor and water 

as oxydant at 150°C and 5mbar. The pulse sequence was: 150ms DEZ pulse/10s N2 

purge/200ms water pulse/10s N2 purge. 

 

 

Figure 83 Schematic representation of p-n junction synthesized with MOCVD/ALD 

approach. 

 

 

Table 13 Parameters used for synthesis of CuCrO2/ZnO junctions with only MOCVD/ALD 

technics. 

Material 
Tsurface 

(°C) 

Ptotal 

(mbar) 

PO2 

(mbar) 
χ 

Cprec. 

(10-3 

mol.L-1) 

Flowprec. 

(g.min-1) 

N2 carrier 

(sccm) 

Height 

(cm) 

Rotation 

(rpm) 

CuCrO2 370 6 2.1 0.2-0.5 5 0.8 350 16 30 

 

 

VI.1.2.1 Crystalline structure 

 

 An example of XRD diffractogram of MOCVD/ALD pn junctions is given Figure 84 

for CuCrO2 thin films synthesized by χ=0.5. The peaks reported at 2θ=31.5°, 36.3° and 62.3° 

cannot be distinctively attributed to ZnO or CuCrO2, they can be either of the materials due to 

their closed reported peak diffraction data. However, the peaks at 2θ=40.9° and 68.0° make no 

doubt about the presence of CuCrO2 and ZnO crystallographic phases respectively (arrows in 

Figure 84). 

Glass substrate

ZnO (ALD)

CuCrO2
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Figure 84 XRD diffractograms of MOCVD/ALD junction for CuCrO2 thin films synthesized 

by χ=0.5 

 

VI.1.2.2 Morphology 

 

VI.1.2.2.1 SEM 

 

 The morphologies observed from SEM top view pictures of the MOCVD/ALD p-n 

junctions, after ALD synthesis, are presented in Figure 85. We show in Figure 85 (a) and (b) 

CuCrO2 (χ=0.2)/ZnO (ALD) junction : (a) is CuCrO2 (χ=0.2) and (b) is ZnO (ALD). Delafossite 

CuCrO2 thin film keeps its morphology of “spines” (see Figure 46 (a)) and ZnO adopt a compact 

elongated grains structure. Similar observations are performed for delafossite CuCrO2 (χ=0.33 

and χ=0.5) and ZnO deposited by ALD, in Figure 85 (c), (d), (e) and (f): CuCrO2 keep its post 

deposition morphology (Figure 46) and ZnO have a compact elongated grains structure It is 

noticed for the junction with CuCrO2 synthesized with χ=0.5, elongated grains structure of ZnO 

(Figure 85 (f)) are smaller than others ZnO thin films (Figure 85 (b) and (d)). It is may be due 

to the morphology effect of smaller CuCrO2 grains (which influence the growth of ZnO films) 

compared to CuCrO2 grains in Figure 85 (a) and (c)  

 

VI.1.2.2.2 TEM 

 

 A TEM observation of the junction grown with χ=0.33 for the CuCrO2 thin films was 

done. The interface of the junction was observed with HAADF (Figure 86 (a)), and EDX 
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combined with HAADF (Figure 86 (b)). It appears that the interface is well defined, and a 

quantity of chlorine was introduced between CuCrO2 and ZnO. Chlorine is attributed to the 

HCl chemical etching (1-5 mol.l-1) of ZnO at a corner of the sample, in order to contact CuCrO2 

layers. 

 

 

Figure 85 SEM top view images of MOCVD/ALD junctions after ZnO deposition on CuCrO2 

with (a) χ=0.2, (c) χ=0.33 and (d) χ=0.5. Images of respective ZnO deposition are (b), (d) and 

(e) 
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Figure 86 (a) HAADF observation of the pn junction interface with χ=0.33 for CuCrO2 (b) 

EDX combined with HAADF mapping on the same region in (a) 

 

 In Figure 87 (a),(b),(c),(d) and (e), we show individual chemical mapping of Cu, Cr, O, 

Cl and Zn respectively when EDX is combined with HAADF. It was observed that chromium 

and zinc elements (Figure 87 (b) and (e)) don’t diffuse in ZnO and CuCrO2 films respectively. 

The chromium and zinc elements are homogeneous in CuCrO2 and ZnO films respectively, as 

the oxygen element in both films (Figure 87 (c)). Copper seems to diffuse in ZnO films (Figure 

87 (a)), but the redeposition of copper on ZnO film due to the sample preparation with FIB, 

cannot be exludedk. Finally, we observe the presence of chlorine in both CuCrO2 and ZnO films, 

with an increased concentration at the interface.  

 

 

Figure 87 Individual chemical mapping done by EDX combined with HAADF of: (a) copper, 

(b) chromium, (c) oxygen, (d) chlorine and (e) zinc elements 

 

VI.1.2.3 Chemical composition analysis 

 

 We investigate the chlorine concentration profile at the interface of p-n junctions with 

secondary ions mass spectrometry (SIMS) analysis for the MOCVD/ALD junctions. In Figure 

                                                      
k FIB technic used a gallium sputtering of the sample for TEM preparation. The sample is fixed on a support 

which is a piece of copper metal.  
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88 (a), (b) and (c), we show SIMS results of junction fabricated with χ=0.2, 0.33 and 0.5 

respectively used for the growth of CuCrO2 films. In all junctions, chlorine at the ZnO/CuCrO2 

interface was detected. For the junction with χ=0.2, 0.33, the chlorine peak at the interface is 

broader and less intense than in the case of the junction grown with χ=0.5. This is attributed to 

a more porous morphology of CuCrO2 thin film with χ=0.2, 0.33 than χ=0.5 (Figure 85 (a), (c) 

and (e)) that may facilitate the diffusion of Cl into CuCrO2 thin films 
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Figure 88 SIMS analysis of MOCVD/ALD p-n junction for CuCrO2 thin films synthesized 

with (a) χ=0.2, (b) χ=0.33 and (c) χ=0.5 

 

VI.2 Electrical and optical characterization 
 

 We present in this section, electrical and optical measurements of the MOCVD/ALD 

junctions 

VI.2.1 Electrical properties 
 

VI.2.1.1 MOCVD-ALD junction 

 

 The electrical measurements were done by applying two tungsten probes on material(s). 

I-V measurements of MOCVD/ALD junction is shown Figure 89 for delafossite CuCrO2 
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synthesized with χ=0.33. An ohmic contact on CuCrO2
l
 thin film is obtained (Figure 89 (a)), 

while very low current ( < 5x10-8A), close to the apparatus limits, was measured for ZnO thin 

films (Figure 89 (b)). Interestingly, I-V characteristic of a diode is observed for this junction 

(red line in Figure 89 (a)). However, it was observed an ohmic characteristic for the others 

junctions (synthesized with χ=0.2 and 0.5 for CuCrO2 thin films), when “junction contact” is 

measured.  
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Figure 89 I-V curves of (a) CuCrO2, ZnO and junction for the junction with delafossite 

CuCrO2 synthesized with χ=0.33 (b) Zoom on I-V curve of ZnO  

 

VI.2.1.2 Transport models 

 

 In this section, we report transport models to characterize our junction exhibited a diode 

characteristic (rectifying behaviour). I-V measurements were done at room temperature and at 

130°C, in dark environment. 

 At room temperature (Figure 90), the reverse current (from -5V to 0V) is still very low 

as shown by the plot of current logarithm versus voltage (inset graph in Figure 90). This leakage 

current may be attributed to surface or generation-recombination of carrier effect[218].  

 The forward current exhibit at high voltage (2-5 V) a straight line (red line dot in Figure 

90). This linear dependence of the current is due to the series resistance of the junction[218]. 

Between 0-1V, the forward current has an exponential dependence, as shown by the linear trend 

of the current logarithmic in this voltage range (inset graph in Figure 90). This trend can be in 

a first approximation modelled by the standard junction current model[218]: 

                                                      
l The contact on CuCrO2 was measured by applying two tungsten probes on CuCrO2 thin films. The same 

protocol was done for contact on ZnO. The I-V characteristic of diodes was measured with a probe on CuCrO2 

and another on ZnO. 
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 𝑰 = 𝑰𝟎 (𝒆
𝒒𝑽
𝜼𝒌𝑩𝑻 − 𝟏) ( 66 ) 

where I0 is the reverse current, V the applied voltage and η the ideality factor. 

The ideality factor equals 1 if the diffusion current dominates, or 2 if the recombination current 

dominates[218]. If the quantity 𝑒
𝑞𝑉

𝜂𝑘𝐵𝑇 is higher than 1, then the current logarithm as a function 

of the voltage should be a straight line with a slope of 
𝑞

𝜂𝑘𝐵𝑇
.  

 The threshold voltage is estimated when I/Io=100 approximatively (Equation ( 66 )). We 

found a threshold voltage at 1V which is in good agreement with the reported values for 

CuCrO2/ZnO junctions (between 1 and 2V)[42][151]. 
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Figure 90 I-V curve of the MOCVD/ALD junction for CuCrO2 synthesized with χ=0.33 at 

room temperature and in dark environment. The plot of the logarithm of the current is show in 

the inset graph. 

 

 The ideality factor of the junction is determined by the following relation[218]: 

 𝜼 =
𝒒

𝒌𝑩𝑻
(
𝒅𝑽

𝒅𝒍𝒏𝑰
) ( 67 ) 

which is valid for 𝑒
𝑞𝑉

𝜂𝑘𝐵𝑇 ≫ 1, i.e for V/η ≥ 0.12. It is observed in Figure 91, that our ideality 

factor is only constant in the range of 0.25-1V, and increases above an applied voltage of 1V. 

The ideality factor is not considered above 2V because the series resistance effect dominates 
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(Figure 90). According to the condition of V/η ≥ 0.12, the ideality factor can take the values 6 

≤ η ≤15 (Figure 91), which are in all cases, higher than 1 or 2 as for a classical diode. Such high 

ideality factor in p-n junctions were also observed for material with wide band gap like 

GaN[281], ZnO[282][283]… The mechanism involved in these cases is usually a tunnelling 

current between parasitic electronic states in the bandgap. 
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Figure 91 Ideality factor η and the quantity V/η as a function of applied voltage. 

 

 The intermediate regime between 1V to 2V, before series resistance effect (> 2V), is 

neither linear nor exponential dependent (Figure 90). It was reported in the literature,  SCLC 

mechanism between 1-2.5V for a ZnO/CuCrO2:Mg p-n junction (see §I.2.6) and for others p-n 

junctions [281], [284]. The SCLC mechanism is dependent on V2 [218], [284], [285]. However, 

the quadratic fitting between 1V to 2V doesn’t matched our I-V characteristic (not show). As 

the series resistance effect dominate on a large scale (>2V), we tried to fit our diode 

characteristic between -5V to 5V, with an electrical model based on p-n junction in series with 

high resistance. If series resistance effect is taking account in Equation ( 67 ), in that case the 

Equation ( 66 ) becomes [218]: 

 𝑰 = 𝑰𝟎(𝒆
(𝑽−𝑰𝑹𝒔)/𝜼𝑽𝑻 − 𝟏) ( 68 ) 

where Rs is the series resistance and VT=kBT/q. The current equation as a function of the applied 

voltage is not easily defined in Equation ( 68 ) due to the current term in the exponential factor 

in this equation. Numerical methods are often used to solve Equation ( 68 ), but an exact 

analytical solution has been preferably used in our case [286], [287] and is defined as: 
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 𝑰 =
𝜼𝑽𝑻
𝑹𝒔

𝒍𝒂𝒎𝒃𝒆𝒓𝒕𝑾(
𝑰𝟎𝑹𝒔
𝜼𝑽𝑻

𝒆
𝑽+𝑰𝟎𝑹𝒔
𝜼𝑽𝑻 ) − 𝑰𝟎 ( 69 ) 

The “lambertW(x)” is a function like sin(x), ln(x), ex etc… . This function is defined for real 

numbers between ] −
𝟏

𝒆
; +∞[ , is derivable and lambertW(xex)=x (like ln(ex)=x)[288]. 

 We show in Figure 92 a fitting of the I-V response of our diode ( Figure 90) between -

5V and +5V with the Equation ( 69 ). The fit perfectly match the measured I-V curve from -2V 

to 5V. The extracted parameter Rs (49.4kΩ) is also close to 54kΩ, the measured resistance 

between 4-5V (the inverse slope of the I-V curve). The extracted ideality factor was 7.9, which 

is in good agreement with wide band gap diodes [281]–[283]  
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Figure 92 I-V curve at 30°C fitted with series resistance model 

 

 We also consider the p-n junction under heating at a temperature of 130°C. I-V curve at 

room temperature and at 130°C are compared in Figure 93 (a). The series resistance effect is 

also observed at 130°C but only above 4V and the threshold voltage is estimated at 1.8V. At 

130°C, the trend below 4V is more similar to an exponential function than at room temperature, 

if we compare the exponential fit of the I-V curve (with Equation ( 66 )) in Figure 93 (b). Again, 

the fitting with series resistance model at 130°C (Figure 93 (c)) is very close to the measured I-

V curve, the extracted parameters Rs and η are 19.6kΩ and 11.9 respectively. 
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Figure 93 (a) I-V curves of the diode at 30°C and 130°C (b) I-V curve at 130°C (black line) 

fitted with Equation ( 66 ) (red line) and (c) I-V curve at 130°C (black line) fitted with 

Equation ( 69 ) (red line) 

 

VI.2.1.3 UV illumination 

  

 I-V measurements of the junction under the UV illumination (λUV = 250 nm, 5.0 eV) 

was conducted. The flux of UV on the junction was varied by increasing the height between the 

junction and the UV lamp. I-V curves are presented in Figure 94 and the forward current 

increases significantly when the UV flux increases (the height of lamp decrease). This trend is 

attributed to an effect on series resistance. The threshold voltage decreases from 1 to 0.5V when 

the height of the lamp decreases from 80 to 10cm. Under the highest flux of UV (height of 10 

cm), the reverse current is not negligible anymore (-2x10-6 A). Our junction is efficiently acting 

as an UV detector. 
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Figure 94 I-V curves under UV illuminations of the MOCVD/ALD junction synthesized with 

χ=0.33 for CuCrO2 

 

VI.2.2 Optical properties 
 

 The transmittance of the MOCVD/ALD junction with χ=0.33 for CuCrO2 thin film is 

presented in Figure 95. It appears that the average transmittance of the p-n junction in the visible 

range (400-800 nm) is around 45-50% which is less than the reported CuCrO2/ZnO p-n 

junctions, around 70% (see § I.2.6). 
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Figure 95 Transmittance of the p-n junction of the MOCVD/ALD junction synthesized with 

χ=0.33 for CuCrO2 
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CONCLUSIONS AND OUTLOOK 
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 Even if transparent electronic still need an archetypal of low cost transparent p-n 

junction, we show in this thesis a possible opportunity to achieve this objective with the 

synthesis of p-type CuCrO2 by CVD approach. 

 Thin films of delafossite CuCrO2 were synthesized by the pulsed injection MOCVD 

method and exhibited pure and polycrystalline phases under suitable growth parameters. The 

carbon contamination from chemical precursors during the synthesis was below 1%, which is 

far lower than classical CVD semiconductors synthesis. CuCrO2 phase was synthesized by one 

step, without annealing, and with a growth temperature as low as 310°C. Direct CuCrO2 

synthesis at such low temperature was never previously reported. Interestingly, it was found 

that delafossite CuCrO2 phases obtained by pulsed injection MOCVD features a significant 

excess of chromium in this films while maintaining the crystalline quality of the material. Such 

feature was very recently observed in works of Farrell et al.[131]. This excess of chromium 

influenced the chemical environment of copper, as it was observed a Cu0 oxidation state and a 

lack of Cu 3d anti-bonding states near the VBM.  

 Our undoped delafossite CuCrO2 thin films showed similar electrical properties than 

those reported for doped CuCrO2 films. The measured electrical conductivity at room 

temperature was the highest reported of undoped films, due to the large carrier concentration 

meaning an important intrinsic doping that are correlated to the over stoichiometry of chromium 

and copper. The mobility measured was very low and activated with the temperature. Several 

ambiguities of small polaron and band conduction models prevent any conclusion on the nature 

of the transport conduction in our CuCrO2 thin films. Optical band gap and transmittance of 

CuCrO2 thin films are in the same range than CuCrO2 thin films synthesized by others method. 

We obtained the best trade-off electrical conductivity-visible transparency of undoped CuCrO2 

films reported in literature.  

 PN junctions were synthesized with CuCrO2 by pulsed injection MOCVD and ZnO by 

ALD. A functional junction was achieved with a mushroom morphology of CuCrO2 thin films. 

This functional junction was obtained with only two layers while reported junctions of CuCrO2 

and ZnO used at least three layers. The visible transparency of our junction was between 45-

50%. A high series resistance effect in the forward current of the diode is measured but is 

reduced when the temperature increase. The I-V response of the diode under UV illumination 

showed that our device can be used as an UV detector. 

 A first perspective of this work, could be a deeper study of electrical characterizations 

of the functional junction, like C-V measurement, in order to understand and model the 

transport of carriers in such junction architecture. The second perspective is the tailoring of the 
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carrier concentration of CuCrO2 thin films in order to build functional transparent electronic p-

type transistors. This objective may be achieved by annealing under nitrogen atmosphere or by 

the synthesis of stoichiometric CuCrO2 films. An other perspective is the synthesis of our p-n 

junction on flexible substrates which handle at 300°C. The last perspective is the 

fundamental/experimental determination of the charge carrier transport (small polaron vs band 

conduction) in our CuCrO2 thin films by X-ray spectroscopies and cyclotron 
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ANNEXES 



152 
 

Table 14 Compilation of delafossite CuCrO2 properties reported in literature 
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Table 14 Compilation of delafossite CuCrO2 properties reported in literature (next) 
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Table 15 Compilation of delafossite compounds properties reported in literature (next) 
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Table 16 Compilation of p-type non delafossite TOS properties reported in literature 
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ABSTRACT 

 

 Transparent conducting oxides such as ITO, FTO or AZO, are currently used in a 

number of commercial applications, such as transparent electrodes for flat panel displays, light-

emitting diodes and solar cells. These applications rely essentially on n-type conductive 

materials. The developments towards electronic devices based on transparent p-n junctions have 

triggered an intense research for the synthesis of p-type transparent conductors with sufficiently 

high quality. Copper-based delafossite materials are thought to hold one of the highest potential 

and among them CuCrO2 has exhibited strong potential in terms of trade off electrical 

conductivity and optical transparency. In this work, we report for the first time on CuCrO2 thin-

films, grown using a pulsed injection MOCVD. We particularly highlight the influence of the 

growth temperature, the volume precursor ration and the oxygen partial pressure on chemical, 

morphological, structural, electrical and optical properties of the films. Delafossite CuCrO2 thin 

films are synthesized as low as 310°C on glass substrate, which is the lowest growth 

temperature reported to our knowledge. The films exhibit a carbon contamination below 1%, 

an excess of chromium and a p-type conductivity. Electrical conductivity at room temperature 

is measured as high as 17S.cm-1 with a moderate visible transparency at 50%. We report the 

highest trade off electrical conductivity and visible transparency of CuCrO2 thin films. We 

investigate the transport conduction with simultaneous electrical and thermoelectrical 

measurements and band conduction and small polaron models are controversially discussed. A 

functional transparent p-n junction CuCrO2/ZnO, based on only two-layers, is synthesized with 

a visible transparency of 45-50%. The junction shows a typical current-voltage characteristic 

of a diode, with high series resistance features. The device is efficiently acting as an UV 

detector. 


