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Combining experiments and first-principles calculations, we present in this paper a detailed study of the O 3 detection mechanism on the CuO (111) surface. The exchange-correlation functional is treated within both the LDA and the GGA including the spin polarization. In order to better take into account the on-site electronic interactions between 3d electrons of Cu atoms a Hubbard term U has to be added in all calculations. We show that the O 3 molecule is reduced to a O 2 molecule with an enthalpy of reaction of -1.11 eV (-1.15 eV) within LDA+U (GGA+U). Along the reaction path, the O 3 molecules are first physisorbed with a large adsorption energy of -1.83 eV (-1.03 eV) and a significant charge transfer from the surface to the molecule.

The p-doping strengthening is compared to the electrical response of a CuO based sensor under O 3 exposure.

Introduction

Due to their technological compatibility, low cost and wide range of applications, Metal Oxide (MOx) semiconductors have been largely used as sensing layer of microelectronic devices. [1,2] The purpose of these sensors is the detection of gases such as O 3 , NO x , CO, NH 3 , C 2 H 5 OH, ... and the measurement of their concentration in the atmosphere. The sensitive layer of the sensor device consists in n-type semiconductors MOx such as WO 3 , SnO 2 , ZnO, TiO... [3][4][5][6][7][8][9][10][11][12][13][14][15][16][17] or p-type ones such as CuO, Cu 2 O, Cr 2 O 3 , SrTi 1-x Fe x O 2 ... [18][19][20][21][22][23][START_REF] Hsueh | [END_REF]. From an industrial point of view, the mostly used sensors are mainly based on n-type semiconductors. Therefore, a lot of studies have focused on the improvement of the performances of these oxide layers and consequently their detection mechanism is well documented.

In most cases, the sensing properties are monitored by a variation of the electrical conductivity resulting from adsorption and following oxidoreduction reaction of the gas at the sensor surface. [25][26][27] In the case of WO 3 based sensor devices, the doping of the sensitive layer depends on the oxidation degree of the surface [28] which is modified by the adsorption of gas molecules. [29] Thus the gas detection principle is related to the variation of the electrical resistance of the MOx. In the case of CuO nanowire based devices, it was recently shown that the detection of reducing gases such as CO or ethanol involves a notable increase in the electrical resistance. [22][23][START_REF] Hsueh | [END_REF] It was supposed that the detection mechanism of oxidizing gases such as O 3 is just the opposite, and induces a decrease in the electrical resistance.

The relationship between conductivity variation and microscopic adsorption mechanism of the toxic gases has to be clarified. For that purpose ab initio calculations are well suited. Our aim is to interpret the electrical response of the target gases at the atomic scale. In this paper we focus on the adsorption and the dissociation of O 3 molecule on the (111) surface of CuO, which has been determined by X-ray diffraction as the most stable surface of the tenorite. [START_REF] Hsueh | [END_REF] At room temperature, CuO is monoclinic (space group C2/c) and the unit cell contains 4 CuO unit formulae. The experimental lattice constants are a = 4.684 Å, b = 3.423 Å, c = 5.129 Å, and β = 99.54 • . [30] In addition, this MOx is substoichiometric in Cu at low temperature, increasing the p-doping of the material. [31] Although the Density Functional Theory (DFT) relatively well describes the geometrical structure of Mott insulators such as NiO [32] or UO 2 [33][34][35], it fails to describe correctly their electronic structure. In the case of CuO, which is known as a Mott insulator, DFT calculations predict a metallic and non magnetic ground state, whereas the band gap experimentally ranges from 1.2 to 1.9 eV, [36][37][38][39] and an antiferromagnetic order on the Cu atoms is found (± 0.65 µ B per unit formula CuO). The failure of the standard DFT, within the framework of the local density (LDA) or generalized gradient (GGA) approximations, comes from the poorly description of the on-site electronic correlations between 3d electrons of Cu atoms. [40] In order to overcome this difficulty, one can use different solutions: SIC (self interaction correction) method, [41] DFT using hybrid functionals, [42,43] DFT+U calculations, [32] or DFT+DMFT (dynamical mean field theory) calculations. [44] The DFT+U method is the only one which allows surface studies with reasonable computational times. Wu et al. [45] showed that the LDA+U restores correctly the bulk properties of CuO. For these reasons, we have opted for simulations within the framework of DFT+U using the SIESTA code. [46,47] In the case of n-type WO 3 based sensors, we showed previously that the O 3 molecules are reduced into O 2 on a O vacancy of the surface. [28,29] In the case of p-type CuO based sensors working under O 2 -rich conditions, the reducing mechanism should not involve O-vacancies according to experiments which indicate that CuO is substoichiometric in Cu atoms. [31] We show here that O 3 molecules strongly interact with the surface. This involves a charge transfer from the surface to the molecule, leading to the formation p charge carriers at the top of the valence band. An experimental characterization of the sensing properties of CuO is proposed and discussed on the base of our ab initio results.

The paper is organized as follows: we first introduce the computational procedure (in particular the parameters of the supercell method) and the experimental techniques. In order to validate our computational parameters, bulk properties are first compared to experiments. After ensuring that the (111) surface is the one mainly observed by X-ray diffraction, the formation of neutral point defects at the surface is studied in section 4. We 

Computational details

DFT calculations

Ab initio calculations are performed within the framework of the DFT using the SIESTA implementation [46,47]. The core electrons are treated within the frozen core approximation in which norm-conserving Troullier-Martins [48] pseudopotentials, including nonlinear core corrections, are used for each atomic species. In all calculations, spin polarization is allowed.

The exchange-correlation potential is treated both within the local density approximation (LDA) and within the generalized gradient approximation (GGA) using the parametrization by Perdew-Burke-Ernzerhof. [49] The wave function of the valence electrons (i.e. 2s 2 2p 4 for O and 4s 2 3d 9 for Cu) is expanded onto a localized basis set consisting in finite-range pseudo-atomic orbitals. [50] We used a double-ζ basis in which each atomic valence state is described by two localized wave functions. Additionnal 3d orbital for O and 4p orbital for Cu are included to allow for polarization.

CuO is known as a Mott insulator in which valence and conduction bands mainly consist in 3d states of Cu atoms. Also it is well known standard LDA (or GGA) fails to describe the strong on-site correlations between 3d electrons. Thus, to better take into account these interactions, we perform all the calculations within the framework of the DFT+U following the scheme proposed by Dudarev et al. [32] It consists in adding a Hubbard term U and an exchange term J for the 3d electrons. In our calculations, we take the values proposed by Wu et al.: [45] U = 7.98 eV and J = 0.98 eV. Those values give a satisfactory description of the bulk properties of CuO as will be confirmed hereafter.

It is now well known that the DFT+U method induces the existence a local energy minima (or metastable states) in which the calculations can be trapped. This was shown for rare earths [51], rare earth oxides [52] and nitrides [53], and actinide oxides. [35,54] We have checked that our calculations for CuO were not affected by this issue by performing tests using the occupation matrix control scheme (OMC) [35] developed for f compounds and adapted here d compounds. By testing various configurations of the Cu 3d orbital occupancy for the bulk CuO crystal we find that all calculations converge to unique ground state, contrary for instance to what was found for bulk UO 2 . [35] We thus infer that the DFT+U calculations reported here for CuO surfaces will not be affected by the issue of metastable state.

The (111) surface properties are simulated by using supercells oriented along the [111] direction and defined by the following vectors: is added along u 3 in order to lower the electronic interactions between two adjacent slabs. In all cases, a 4×4×1 k-mesh grid is used: four k-points along each direction of the reciprocal space parallel to the surface and one k-point along the direction of the substrate. The geometrical relaxation procedure consists in relaxing atomic positions with a maximum force tolerance of 0.02 eV/ Å on each atom. In all calculations, the defects are created and molecules adsorbed on the top layer of the slab and their concentration at the surface is equivalent to 1/16. In addition, the atomic positions of the bottom layer are frozen in the equilibrium geometry of the clean surface.

         u 1 = 2(b -a) u 2 = 2(c -a) u 3 = a + b + c

Bulk properties

In order to validate the numerical parameters, the bulk properties of the monoclinic CuO are simulated and compared with previous calculations and experiments. In our calculations the length of the cell parameters are optimized, keeping the β angle constant. Our results are reported in Table 1. follows:

The cohesive energy E coh

E coh CuO = E bulk (CuO) -E(O at ) -E(Cu at ). (1) 
and,

H f CuO = E bulk (CuO) - 1 2 E(O 2 ) -E bulk (Cu). (2) 
In these equations E bulk (CuO) is the total energy per unit formula of the monoclinic CuO, E bulk (Cu) is the total energy of the fcc phase of Cu,

E(O 2 )
is the total energy of the triplet state (S = 1) of O As shown experimentally, CuO is substoichiometric in Cu atoms at low temperature. [31] This plays a key role on the electronic properties of the material, in particular on the p-doping. In order to characterize the effect of the substoichiometry on the electronic structure, we have calculated the DOS (see Figure 2) by using supercells consisting in a unit cell doubled along the three lattice vectors. Thus the supercell without any defect contains 64 atoms (32 CuO unit formulae). Considering the Fermi level fixed to 0 eV, the Cu vacancy involves a 1 eV shift of the band structure towards higher energies. Thus, the formation of p charge carriers at the top of the valence band is clearly highlighted. 

Experiments

The copper oxide films are prepared by standard radio frequency (r.f.) magnetron sputtering system from a metallic copper target and argon gas with a flow of 0.03 l.min -1 and a total pressure of 2.10 -3 mbar. The r.f. power is set at 30 W. The films are deposited during 6 minutes onto a 0.5×0.5 mm 2 Si/SiO2 substrates containing interdigitated platinum electrodes. They are then annealed under ambient air at 450 C during two hours. After annealing, the structural characterization of the obtained films is carried out using an X-ray diffractometer (Xpert MPD), in 2θ range of 10 • -80 • , with a scanrate of 0.02 s -1 , using Cu-K α radiation (λ = 1.5418 Å). We obtain the pattern presented in Figure 3 For the sensing measurements under ozone, the CuO based sensors are mounted on a heater chamber. The heater is controlled by a regulated DC power supply providing operating temperature of 250 C (Eurotherm 903P).

Output resistance of sensors as a function of time is recorded using a sourcemeter (Keithley 6340), while the gases are continuously flown through the chamber at a total flow rate of 0.5 l.min -1 (500 sccm), stabilized by a numeric 

1 2 O 2(g) → O surf + V Cu . (3) 
The formation of a Cu adatom (Cu ad ) is obtained from the conversion of a surface CuO unit formula to a Cu ad accompanied by O in gas phase according to

CuO surf → Cu ad + 1 2 O 2(g) . (4) 
An oxygen vacancy (V O ) is obtained at the surface from the desorption of an O surf atom,

O surf → V O + 1 2 O 2(g) . (5) 
Finally an oxygen adatom (O ad ) is formed from the chemisorption of an oxygen atom of the air as follows

1 2 O 2(g) → O ad . (6) 
The corresponding formation enthalpies H f can be determined from DFT calculations using slabs with n = 48 CuO per supercell including or not a point defect, leading to the following approximations:

H f V Cu ≈ E(Cu n-1 O n ) - n -1 n E(Cu n O n ) -µ O H f Cu ad ≈ E(Cu n+1 O n ) - n + 1 n E(Cu n O n ) + µ O H f V O ≈ E(Cu n O n-1 ) -E(Cu n O n ) + µ O H f O ad ≈ E(Cu n O n+1 ) -E(Cu n O n ) -µ O (7) 
The CuO bulk. This leads to the relation:

1 2 E(O 2 ) + 1 3 H CuO f ≤ µ O ≤ 1 2 E(O 2 ), (8) 
where E(O 2 ) is the total energy of the triplet state (S = 1) of O 2 and H CuO f the formation enthalpy of CuO. Due to the well known overbinding of O 2 molecule obtained by DFT, [57] the formation energies of point defects and oxygen adsorption energy could be affected by an error. This error can be corrected with the difference between the calculated and experimental binding of the O 2 molecule. In our calculations, this leads to correct the value of µ O by +0.65 eV within GGA. This error can be also corrected, as suggested by Wang et al. [58], by fitting a correction to the formation enthalpy of metal oxides. In this case, the correction to the value of µ O amounts to 0.7 eV within GGA+U, but no correction value was reported for LDA+U.

In Table 2, we report the formation energies of surface point defects as calculated without correction for the O 2 molecule within LDA+U and GGA+U and with the correction of 0.7 eV for the GGA+U values of µ O as proposed by Wang et al. [58], which is also consistent with the error on the GGA dissociation energy of O 2 .

For both functionals, the most stable defects in term of enthalpy formation correspond to the O adatom and the Cu vacancy under O 2 -rich Then, the diffusion of the Cu vacancies in volume induces a p-doping of the sensitive layer. Therefore, the resistance basis line is low.

2. O 3 is injected in step (2) and the resistance decreases. The molecule is physisorbed and its interaction with the sensing surface is characterized by the lowering of the measured resistance.

3. After a couple of minutes, the resistance reaches a minimum (not shown in Fig. 6) of 400 Ohms approximately. We suppose that an equilibrium occurs between physisorption of O 3 molecules, dissociation at the surface and desorption of O 2 molecules. 4. In a final step, the O 3 flux is stopped and the resistance returns to its initial value.

Ultimately, the dissociation of O 3 molecules involves the reduction of the surface following the chemical reaction:

O 3(g) → O 2(g) + O ad , (9) 
where the O 3 and O 2 molecules are taken in gas phase and O ad is the resulting adatom at the surface. The final reaction enthalpy obtained from calculations using supercell with n = 48 CuO unit formalae, is given by:

∆H = E(Cu n O n+1 ) + E(O 2(g) ) -E(Cu n O n ) -E(O 3(g) ), (10) 
where The adsorption energy E ad (O 3 ) is obtained by substracting from the total energy of the CuO slab interacting with O 3 , the total energy of the isolated fragments. This gives,

E(Cu n O n+1 )
E ad (O 3 ) = E(Cu n O n , O 3ad ) -E(Cu n O n ) -E(O 3(g) ) (11) 
where n = 48 CuO per supercell. The calculated value of E ad (O 3 ) is quite large: -1.03 eV (-1.82 eV) within the GGA+U (LDA+U). The discrepancy of 0.79 eV between the two functionals is due to the underestimation (overestimation) of the adsorption energy when using the GGA (LDA). Also, this can be related to the large difference between the two functionals on the Cu-O bond lengths. Nevertheless in all cases, the interaction is characterized by a significant charge transfer (CT) from the surface to the molecule. In term of Mulliken charges, CT amounts to 0.55 e -(0.37 e -) respectively. One can conclude that in comparison with the LDA+U, the interaction is found to be less covalent and more ionic when using the GGA+U. 

  highlight that the O adatom and Cu vacancy are the most relevant defects under O 2 -rich condition which is the initial condition prior to O 3 detection in our experiments. This result allows us to discard O-vacancies as adsorption sites for O 3 molecules. In section 5, we detail the adsorption-dissociation mechanism of the O 3 molecule on the clean (111) CuO surface. We finally use our theoretical results to interpret the measured electrical response of CuO under O 3 exposure.

  where a, b and c are the lattice vectors of the optimized monoclinic unit cell as represented in Figure 1. The clean (111) surface (i.e. without any adatom, vacancy or adsorbed molecule) is simulated by a Cu n O n slab containing n = 48 CuO unit formulae. This slab consists of three atomic layers of 16 CuO each along the [111] direction. A vacuum width of 15 Å

Figure 1 :

 1 Figure 1: Representation of the monoclinic structure of CuO. Copper and oxygen atoms are represented by red and blue spheres respectively. The antiferromagnetic order within the monoclinic unit cell (purple tubes) is represented by up and down arrows.

  2 and, E(O at ) and E(Cu at ) are the atomic energies of O and Cu. In the cases of bulk and atomic Cu, the calculations are performed using the DFT+U method.In comparaison with experiments the GGA+U overestimates all the cell paramaters whereas the LDA+U slightly underestimates them. Nevertheless, in comparison with previous LDA+U calculations by Wu et et al.[45], our results are in better agreement with experiments. The difference between the results comes from the choice of electron basis set and pseudo-potential.The calculated electronic structure gives an indirect gap between Γ and D (a * /2,0,c * /2) of 1.21 eV (1.30 eV) within the LDA+U (GGA+U). Both functionals give an antiferromagnetic ground state with a local magnetic moment of ±0.63µ B per Cu atom. The calculated cohesive energy and formation enthalpy are 25 per cent larger within the LDA+U than the ones from the GGA+U. Let us note that the experimental value of the formation enthalpy is about the average value approximately.

Figure 2 :

 2 Figure 2: Calculated density of electronic states (DOS) of CuO. Comparison between the supercell containing 64 atoms without any defect (red dashed line) and the one with one neutral Cu vacancy (blue solid line). In all cases the Fermi level ε F is chosen as the reference energy (0 eV).

  . The large peak around 40 • is attributed to the platinum electrodes. All the other peaks correspond to the different planes of the monoclinic CuO, according to the 08-089-5898 reference pattern from ICSD, [55, 56] excepted the one at nearly 35 • . Its origin is not yet clear and it should be attributed to an interface ternary phase made of Cu, O and Si atoms. Let us note that the intensity of the (111) plane is larger than the (-111) one, contrary to the relative intensities of the reference database. This indicates that the {111} planes are favoured in our deposited film of tenorite CuO.

Figure 3 :

 3 Figure 3: X-ray diffraction pattern of the sensing CuO layer. The indexed planes correspond to those of the monoclinic CuO according to the 08-089-5898 file from ICSD.

Figure 4 :

 4 Figure 4: (a) top view of the (111) surface of CuO: Cu atoms of high (low) magnetization are represented by red (blue) spheres and O atoms by black spheres. For clarity the [ 110] and [ 101] perpendicular directions to the (111) surface are indicated by purple arrows (b) Location of the four studied O and Cu point defects (i.e. vacancy and adatom).

  oxygen chemical potential at the surface µ O depending on the partial pressure of O 2 , we consider two boundary conditions: (i) in O 2 saturated atmosphere (O 2 -rich condition), µ O reaches an upper limit corresponding to the chemical potential of O atom in O 2 ; (ii) in O 2 -poor atmosphere, µ O reaches a lower limit corresponding to the chemical potential of O atom in

- 0 .Figure 5 :

 05 Figure 5: conformation of the oxygen adatom (yellow sphere) on the (111) surface. The copper and oxygen atoms are represented by red and blue spheres, respectively.

5 .

 5 Detection of O 3 molecules Electrical measurements of the Figure 6 give the response of the CuObased sensor to O 3 exposure. The basis line obtained in dry air amounts to the low value of 600 Ohms. The sensor is cyclically exposed to 500 ppb O 3 flux. In all cases, the response to O 3 is instantaneous and reproductible. After one minute, the resistance decreases down to the value of 450 Ohms. After stopping the O 3 flux, the resistance returns to its initial value with a recovery time of 15 minutes approximately. Let us decompose the response of the Figure 6 in four steps: 1. We suppose that the step (1) correponds to the response of a clean surface interacting with O 2 of the air. This leads to an equilibrium concentration of O adatoms at the surface involving the substoichiometry in Cu atoms as shown previously. The O adatoms could recombine with O surface atoms and Cu vacancies at a surface step for example.

Figure 6 :

 6 Figure 6: Electric response of CuO sensitive layer under 500 ppb O 3 exposure in dry air (1 bar) at 250 C.

  is the total energy of the supercell with an O adatom and E(Cu n O n ) the one of the clean surface. The value of ∆H is almost independent of the choice of the functional (-1.11 eV the LDA+U and -1.15 eV within the GGA+U) and indicates the reaction is clearly exothermic. In order to understand the reaction mechanism, we have simulated the steps 2 and 3 of the detection mechanism. Thus, the step 2 corresponds to the physisorbed O 3 molecule and the step 3 to the dissociated O 2 +O molecule on a adsorption site of the surface. The Figure 7(a) shows the most stable configuration for the physisorbed of O 3 . In that conformation the molecule remains undissociated and the two peripheral O atoms of the molecules are bonded with two adjacent copper atoms: the Cu-O bond lengths are found to be 2.04 Å (1.91 Å) within the GGA+U (LDA+U). They should be compared to the bond lengths in the bulk: 1.99 and 1.94 Å respectively. The formation of these Cu-O contacts induces a weakening of the intramolecular O-O bond lengths: irrespective of the functionals, the O-O distances amount to 1.36 Å instead of 1.29 Å (1.27 Å) within the GGA+U (LDA+U).

Figure 7 :

 7 Figure 7: Representation of the conformations corresponding to: (a) the physisorbed O 3 molecule; (b) the semi dissociated O 3 molecule; (c) the dissociated molecule O + O 2 at the (111) CuO surface.

  a p-doping enhancement of the CuO film as shown by our DFT+U calculations. The Fermi level -originally located at the middle of band gap -is shifted by 0.51 eV (0.43 eV) within the GGA+U (LDA+U) towards the top of the valence band (VB). This shift is illustrated on the calculated DOS of the Figure 8. The top of the VB is partially emptied leading to the formation of p charge carriers. These results can be correlated to the electrical response of the sensing CuO layer of the Figure 6, in which a significant decrease in the resistance is observed when the gas sensor is exposed to O 3 flux.

Figure 8 :

 8 Figure 8: Calculated density of states of the CuO (111) slab interacting with an O 3 molecule. GGA calculation using supercells with n = 48 CuO.

Table 1 :

 1 

		LDA+U GGA+U Expt [36-39] LDA+U [45]
	a ( Å)	4.65	4.76	4.65	4.55
	b ( Å)	3.40	3.48	3.41	3.34
	c ( Å)	5.09	5.21	5.11	4.99
	β	99.5	99.5	99.5	99.5
	E g (eV)	1.21	1.30	1.2 -1.9	1.0
	µ (µ B )	±0.63	±0.63	±0.65	±0.60
	E coh CuO (eV)	-2.52	-2.06		
	H f CuO (eV)	-1.97	-1.49	-1.67	
	d Cu•••O ( Å)	1.95	1.99	1.95	

Bulk properties of the C2/c monoclinic CuO: lattice parameters a,b,c and β = (a, c), band gap E g , local magnetic moment on Cu atoms, cohesive energy E CuO coh per Cu-O bond, formation enthalpyH CuO f per CuO unit formula, and average d Cu•••O bond length. Comparison between DFT+U results (LDA and GGA) and experiments.

Table 2 :

 2 Thermodynamics of the neutral point defects (O and Cu vacancies and adatoms) at the (111) surface of CuO. All values are given in eV under O 2 -rich and (into brackets)under O 2 -poor conditions. Comparison between LDA+U and GGA+U. The third column correspond to the corrected GGA+U values as suggested by Wang et al.[58] 

			LDA+U	GGA+U	GGA+U (corr.)
	H f CuO		-1.97	-1.49	-2.19
	Cu point defects H f V Cu	1.05 (3.04) 1.48 (2.97)	0.78 (2.27)
		H f Cu ad	2.44 (0.47) 1.91 (0.42)	2.61 (1.12)
	O point defects	H f V O	2.98 (1.01) 2.38 (0.89)	3.08 (1.59)
		H f O ad		

Table 3 :

 3 Adsorption energy and bond lengthes of the different conformations of O 3 on

	the CuO (111) surface: (a) physisorbed; (b) semi-dissociated; (c) dissociated. Energies
	are given eV and bond lengthes in Å. The atom labels corresponds to those of figure 7.
	GGA+U values are given in bold and LDA+U ones into brackets.
	conformation	(a) phys.	(b) semi-diss.	(c) diss.
	E ads	-1.03 (-1.82) -0.81 (-1.43) -1.27 (-1.68)
	d Cu1-O1	2.04 (1.91)	2.06 (1.98)	1.97 (1.91)
	d Cu1-O1		2.10 (2.03)	
	d Cu2-O3	2.04 (1.01)		2.34 (2.02)
	d O1-O2	1.36 (1.36)	1.28 (1.27)	
	d O2-O3	1.36 (1.36)	1.52 (1.50)	1.24 (1.
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