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Introduction:

The use of both charge and spin degrees of freedom in semiconductors is expected to enable a revolutionary class of electronics whose functionality will surpass existing semiconductor technology. Spin electronics combines semiconductor microelectronics with spin-dependent effect that arises from the interaction between electrons and magnetic field. ZnO based materials have shown a big potential for spintronic applications [1][2][3]. ZnO thin films are attracting considerable attention due to its typical properties such as excellent substrate adherence, piezoelectric properties, and high transparency in visible and near infrared region [4]. ZnO with Wurtzite structure is an n-type semiconductor material with both electrical and optical properties due to the deviation from the stoichiometry produced by the existence of intrinsic defects such as oxygen vacancies and Zn vacancies. The current study is motivated the desire to investigate the influence of oxygen on the structural, electrical and magnetic properties of thin doped ZnO, and to identify a mean of better controlling the introduction of defects.

In this work, Zn 0.98 Mn 0.02 O thin layers were grown by pulsed laser deposition (PLD) technique. The structural properties of the grown samples were characterized by X-ray diffraction (XRD) and Raman techniques. Carrier's concentration and conductivity were estimated by Hall effect technique. The magnetic moment was measured as a function of temperature. The O 2 pressure during the growth is shown to govern the structural and the electrical properties of the grown samples. Electronic and magnetic structures were calculated using the Korringa-Kohn-Rostoker coherent-potential-approximation (KKR-CPA) method [5].

Experimental conditions

The Zn 0.98 Mn 0.02 O thin films with thicknesses around 200-300 nm were deposited on glass substrate by PLD technique. The deposition was performed with the help of KrF laser (248 nm) in an oxygen atmosphere at room temperature. The used targets were 2% Mn-doped ZnO, prepared by standard ceramic procedures from ZnO and MnO2 powders [6]. The deposition of Zn 0.98 Mn 0.02 O was performed with energy density of about 5 J/cm 2 at frequency of 1 Hz. Different oxygen pressures were applied during the growth. The details of the studied samples are summarized in table 1.

The structural properties of the films were determined by X-ray diffraction using Cu Kα X-rays. The Raman spectra were obtained at room temperature in backscattering configuration with a Jobin-Yvon LabRaman HR equipped with a Multichannel air cooled (-70 ºC) CCD detector with the 325 nm He-Cd laser line, and the Jobin-Yvon T64000 spectrometer equipped with a cooled CCD detector with the 514 nm laser line. An objective was used to focus the exciting light to 1µm on the surface of the sample. The electrical measurements were made with the standard four probes van der Pauw geometry. Low intensity currents (1 µA -1 mA) were used to avoid the heating of the samples. Hall carriers and Hall mobility were measured at room temperature using a magnetic field of 1 T. The magnetic properties were experimentally investigated by measurements versus temperature under magnetic field fixed at 0.07 T.

Measurements were performed in BS2 magnometer, developped in Luis Néel laboratory of Grenoble (France).

Electronic structure calculation details

Electronic structure calculations were performed within the fully relativistic (KKR) method [5]. To simulate the chemical disorder, coherent potential approximation (CPA) was considered for, and the exchange-correlation energy was used within the framework of the Local Spin Density Approximation. Muffin-tin form for the electron charge density and the crystal potential was assumed. Calculation were performed for Zn 0.98 Mn 0.02 O considered fully disordered systems where the 2b site (1/3, 2/3, 0) is randomly shared by both Zn and Mn atoms with occupation probabilities 0.98 and 0.02 for Zn and Mn atoms, respectively, while 2b site (1/3, 2/3, 0.345) is perfectly ordered and occupied by oxygen. Calculation were also performed on Zn 0.98 Mn 0.02 O 0.8 Vc 0.2 (Vc = vacancy) where 2b sites are shared by oxygen and Vc vacancies with occupation probabilities 0.8 and 0.2, respectively.

Results and discussion

The XRD patterns of the studied samples show dominant peak for the ZnO (002) plane.

The results confirmed that the films are well oriented along the c-axis. Within the XRD detection limit no extra diffraction peaks from any Mn x O y related to secondary phases or impurities can be detected in the XRD pattern. This indicates that these Zn 0.98 Mn 0.02 O thin films show a good cristallinity with a wurtzite structure and a c-axis preferred orientation. The full width at half maximum (FWHM) value of the XRD peak is influenced by many factors such as grain size, stress distribution, and crystal imperfection. Regardless of the influencing factor, the FWHM value is widely used as a negative indicator of film quality. In general, the grain becomes small with the addition of impurities to the matrix material due to the induced defects and imperfections that behave as the source for forming grain boundaries. The mean grain size (D) perpendicular to the reflecting plane in the film estimated by Scherer's formula. Fig. 1 shows the evolution of the grain size as a function of the oxygen pressure for the different studied samples. It is clearly seen that the size increases by increasing the pressure. These results indicate that O 2 pressure during the PLD growth promotes the formation of big grains. At low O 2 pressure, it seems that the lack of O 2 generates dangling bond defects and promotes the formation of small cristallites grains.

In order to investigate the role of defects in the electrical properties of Zn 0.98 Mn 0.02 O thin layers, four probes resistivity and Hall measurements were performed. Fig. 2 shows the evolution of electron concentration (n) and room temperature resistivity as a function of the growth oxygen pressure. For sample A (highest O2 pressure) it was not possible to estimate the carrier's concentration due to the high resistivity of the thin film (see inset Fig. 2).

It is clear that n decreases by increasing O 2 pressure and then lowering defect's concentration. This could be explained by the fact that the thin ZnO films present oxygen vacancies excess which are passivated by increasing the O 2 pressure during the growth. Another feature observed in this graph is the reverse tendency of carrier's mobility (µ) which decreases at low O2 pressure. Indeed, the increase in the n value is generally associated with the decrease in the µ value because of the increased probability of carrier scattering due defects. In fact, high n values were obtained for low O2 pressure and then small Zn 0.98 Mn 0.02 O grain's size. An excess of Zn 2+ donors could be responsible for the observed high n at low O 2 pressure. By increasing the pressure more oxygen vacancy are passivated and less free carriers are available.

Our results are in good agreement with earlier finding which report that O vacancies and Zn interstitial are an important source of n-type conductivity in ZnO [7]. In fact, the oxygen depletion in the doped ZnO indicates the creation of oxygen vacancies. These oxygen vacancies are known to create shallow donor states and thus would add electrons to the system, doping the n-type carriers. We suggest that oxygen depletion owns the sole responsibility of charge neutrality factor in the lattice.

ZnO with wurtzite structure belongs to the space group C 4 6v with A 1 (z)+2B 1 +E 1 (x,y)+2E 2 optical modes at the Γ point of the Brillouin zone. The two E 2 modes are Raman active, the A 1 and E 1 modes are both Raman and infrared active, and the two B 1 modes are silent. Since the A 1 and E 1 modes are polar, they split into LO and transverse optical TO components. According to the selection rules in Raman spectra, only E 2 (E 2 (low) and E 2 (high)) and A 1 (LO) phonon modes can be observed in the unpolarized Raman spectra of the caxis oriented ZnO thin film in the back scattering geometry, and their respective frequencies reported for bulk ZnO are 101, 437, and 574 cm -1 [8,9]. Fig. 3a shows Raman spectra of the studied samples. Two major peaks are clearly seen centered at 527 cm -1 and 571 cm -1 , with large bandwidth which could be explained [10] by Fröhlich electron-phonon scattering. The peak observed at 571 cm -1 in our spectra could be attributed to A 1 (LO). The small observed shift (3 cm -1 ) comparatively to the bulk A 1 (LO) was already reported and explained by electron-phonon interaction [11,12]. The A 1 (LO) mode is known to be related to the defects such as oxygen vacancies, interstitial Zn in ZnO. As a result, we think the appearance of A 1 (LO) mode at 571 cm -1 can be attributed to defects introduced by Mn doping. Additional mode (AMs) in the Raman spectra of Mn doped ZnO samples at 523 cm -1 was reported by Zhong et al. [13] and it was attributed to the Zn related vibration due to Mn incorporation in ZnO. These peaks were considered to have an origin related to the vibration of Mn atoms. The occurrence of AMs is generally assigned to the activation of density of states due to the introduction of Mn on the network [14,15]. These experimental facts strongly support our argument that this mode should be attributed to Mn at substitutional sites. The inset of Fig. 3 shows the evolution of the ratio between the A 1 (LO) mode peak and the AM peak as a function of the grain size. It is well seen that this ratio increases with defects like dangling bonds and vacancies. This confirms that the increase on the intensity of A 1 (LO) mode observed in our samples is related to defects induced in thin ZnO films by the incorporation of Mn ions. These results are in agreement with earlier finding by Exarhos et al. [16] who reported similar results concerning A 1 (LO) mode that they explained by the presence of O 2 vacancies or Zn excess in the deposited films. Another interesting feature was observed in Raman spectra at low frequencies is the appearance of a broad peak centered around 183 cm -1 for samples grown at low O 2 pressure and then high carriers concentration, as it is illustrated in Fig. 3b. In fact, this peak disappears for high resistive samples.

Oxygen depletion is a direct indicator of oxygen vacancies in the samples. However, upon heating in air the oxygen content is recovered. Annealing the samples in air at 600 ºC seems to improve the crystalline quality of the samples by rearrangement of dense crystalline size. Fig. 4 shows the evolution of the Raman spectrum after annealing. It is well seen that the AM mode become more preponderant than the A 1 (LO) mode due to a better incorporation of Mn in ZnO structure. Moreover, the E1 (LO) peak becomes visible. This is demonstrates the improvement of the crystalline quality of the ZnO thin film by the incorporation of oxygen.

Another low intensity Raman band at 380 cm -1 that matches the A 1 (TO) of ZnO which would be forbidden in this geometry. The existence of forbidden modes also could arise from ZnO grains no perfectly aligned along the c-axis after annealing.

Resonant Raman Scattering (RSS) has been proven to be an important tool for the study of basic physical properties of thin films and nanocrystal materials. It provides information about the electronic structure, electron-phonon coupling, and radiation coupling damage. The electron-phonon interaction could be straightly probed by the RRS when the exciting photon energy (E i ) or the scattering photon energy (E s ) is resonant with the electronic interband transition energy of the wurtzite ZnO (E g ~ 3.3 eV < E i ). Fig. 5 shows RSS spectra obtained under resonant excitation by the 325 nm (E i = 3.8 eV) laser line. Up to 6 LO replica are observed for the samples grown at high O 2 pressure, while a higher background PL emission is observed for samples with high defect concentration. Normally, the increase of the density of structural defects leads to the redistribution of the recombination channels from radiative to non-radiative. However, we see that the PL band increases with defect concentrations (small grain size). The increase in UV emission suggests that more electron-hole pairs recombine through radiative recombination than non-radiative, which is in agreement with the decrease in resistivity.

As we have seen with Hall Effect measurements, these samples present high carrier's concentration. One of the reasons could be deep defect levels in the ZnO band gap when excited participate to the PL band. The electron-phonon coupling effect is enhanced when the exciting photon energy is resonant with the electronic states of the material. There are two mechanisms of electron-phonon coupling: (1) deformation potential (2) Fröhlich coupling. The deformation potential is effective when the short range interaction arises between the lattice displacement and the electrons, whereas, the Fröhlich coupling involves the long-range interaction generated by the macroscopic electric field associated with LO phonons. The presence of high carrier's concentration in samples grown at low O2 pressure confirms our arguments to explain the different behaviors observed in Raman spectra and we attributed it to electron-phonons interactions.

Fig. 6 show the magnetic moment against temperature for samples B and D. Sample B (grain size ~ 51nm) shows a beginning of transition at 100K while sample D (grain size ~ 39 nm)

shows such transition at 30K. We were expecting magnetic transition at higher temperature for high defect samples. In fact, oxygen vacancies were suggested to play a major role in the inducement of ferromagnetism [17 -19]. Recents reports also indicate that grain boundaries and intrinsic defects, especially the oxygen vacancies are important factor to enhance the ferromagnetism [20,21]. The absence of any clear effect of defects on the magnetic behavior for the studied samples could be related to low Mn doping.

We have been interested in electronic structure calculations in order to compute both magnetic moment in the cell and magnetic moment localized on Mn atom in disordered ferromagnetic Zn 0.98 Mn 0.02 O system. Density of state of both ZnO and Zn 0.98 Mn 0.02 O systems are reported in Fig. 7. As seen in Fig. 7(b), partial substitution of Zn by Mn introduces a polarization of DOS pointing out to ferromagnetic state of Zn 0.98 Mn 0.02 O. DOS close to Fermi level is originating mainly from like-states Mn(3d) which contribute only to major spins. The computed magnetic moment in the cell is found equal to 0.17  B with substantial value of 3.04  B for magnetic moment localized on Mn atom. The observed lack of magnetism when oxygen pressure was applied during the growth could be explained by the expected vacancies presence on oxygen sites. These vacancies could enhance the films magnetism and their elimination induces a magnetism increase. Mounkachi et al. [22] performed similar calculations on Zn 0.98 Mn 0.02 O 1-y N y and reported that the magnetism is sensitive the hole concentrations on site oxygen. To shed light on this magnetism absence in Zn 0.98 Mn 0.02 O, we performed calculations with Vc (vacancies) on oxygen sites; so that the system is Zn 0.98 Mn 0.02 O 1-y V cy with y=0.1. As expected result, magnetism increases, which means magnetic moment in the cell changes from 0.17 to 0.18  B while Mn magnetic moment increases from 3.04 to 3.15 B .

Conclusion

Thin Zn 0.98 Mn 0.02 O films were grown by PLD technique under O2 pressure. The grown samples were characterized by XRD, Raman spectroscopy and Hall effect. The structural and electrical properties of the grown films were shown to be dramatically influenced by the growth O2 pressure. This influences the Zn 0.98 Mn 0.02 O grain's size and the carrier's concentration in the films. No effect was observed for the magnetic properties and this conclusion is confirmed by electronic structure calculations. Indeed, these calculations point out that the vacancies presence on oxygen sites enhances magnetism in the Zn 0.98 Mn 0.02 O system.
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Table 1 :

 1 Details of the studied samples.

	Sample Oxygen pressure	FWHM Grain sizes	Resistivity	Carriers
		P ( 10 -3 mbar)	(degree)	D(nm)	ρ (Ohm.cm)	n (10 20 cm -3 )
	A	0.05	0.203	71.3	5.2 10 3	concentrations very high resistance
	B	0.025	0.282	51.4	1.6 10 -2	0.73
	C	0.01	0.319	45.3	4.7 10 -3	0.69
	D	0.005	0.366	39.6	4.3 10 -3	1
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