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On the deactivation of dopant and electronic structure in reactively sputtered transparent Al-doped ZnO thin films

We report on a possible origin of electrical heterogeneities in 4 at% Al doped ZnO (AZO) reactively sputtered films. It is found through Zn L 3 and Al K edge X-ray absorption near edge structure (XANES) that a fraction of the Al dopant is deactivated by its positioning in octahedral conformation with oxygen. This fraction as well as the conductivity, optical bandgap and c-axis parameter of ZnO wurtzite are all found to depend on the sample position during deposition. The present results suggest the formation of a metastable Al 2 O 3 (ZnO) m homologous phase that degrades the electrical conductivity.

Transparent conducting oxides (TCOs) characterized by both high transparency in the visible range and high electrical conductivity are key materials for devices such

as transparent thin film transistors [1], solar cells [2,3] and UV light emitting diodes [4]. Among materials with n-type conductivity, zinc oxide with a Wurtzite structure (w-ZnO, P6 3 mc space group) doped with trivalent metal ions [5] (Al 3+ , Ga 3+ , In 3+ ) represents a promising alternative to indium-doped tin oxide (ITO) and fluorine-doped tin oxide (SnO 2 :F). Interest in n-type ZnO has intensified for several reasons: the greater availability of zinc and aluminum compared to tin and indium; the high transparency of n-type ZnO; and the electronic conductivity of n-type ZnO, which is presently equivalent to ITO but has potential for further improvement [6]. A few studies on Al doped ZnO (AZO) deposition have considered the issue of lateral heterogeneity of material properties, which is of prime importance in practical device production. In various magnetron sputtering (MS) experimental configurations [7,8], the resistivity of AZO films was found to be highly sensitive to the position of the samples with respect to the sputtering target. Tominaga et al [8] showed a clear correlation between local drops in conductivity and the flux of energetic oxygen particles drifting from the magnetron plasma loop to the growing film. A subsequent deactivation of the metal dopant by aluminum oxide formation was suggested. Since oxygen sub-and overstoichiometry also strongly affects the conductivity of pure ZnO and AZO [9,10], it has been difficult to identify the true origin of the lateral heterogeneity of electrical conductivity.

To investigate the origin of the lateral electrical heterogeneity, AZO films were prepared on soda lime glass substrates using reactive magnetron sputtering (MS) of an Al (4 at%)-Zn target. The target-substrate distance was 50 mm and the 2 inches diameter target was positioned off-center relative to the rotating substrate holder to ensure good thickness homogeneity (close to 200 nm). The target was sputtered in D.C. mode in an Ar-16.7 vol% O 2 reactive mixture at 0.3 Pa by dissipating 37 W (0.1 A, 370 V). Samples were positioned at different distances from the target axis, as displayed in the lower inset of Figure 1. Rutherford backscattering spectrometry confirmed that the aluminum content was 4 at%, independent of the positioning of the sample in the reactor. The films were characterized using X-ray diffraction (XRD), UV-visible spectrophotometry, 4 point probe measurement and X-ray absorption near-edge structure (XANES) measurements at the Al K and Zn L 3 edges. XANES spectra were recorded at the SGM beamline at the Canadian Light Source. Both the surface-sensitive total electron yield (TEY) and the bulk-sensitive fluorescence yield (FLY) were measured simultaneously under quasi-normal excitation and takeoff at 45°from the surface.

Figure 1 shows the transmittance spectra of the AZO films. The optical transmittance exceeds 85% in the visible range. The optical band gap is observed to shift towards higher energies for samples deposited at larger distances from the target axis (position sequence 1-4). The upper inset of Figure 1 is a plot of the electronic conductivity versus the measured optical bandgap shift ∆E g . A linear fit to the data is given as

g E ∆ × = 156 σ (1)
where ∆E g is the bandgap shift from the value obtained in position 1. Such a shift may result from the Burstein Moss effect [11]. Thus, equation ( 1) is a strong clue of the dependency of the conductivity to the free carriers (electrons) concentration and possible deactivation of the dopants as the sample position approaches the circumference facing the target axis. From the magnitude of the shift, the carrier concentration in position 4 can be estimated to approach 10 19 cm -3 and the mobility to be very low and close to 1 cm 2 /(V.s). The slight decrease of the oxygen partial pressure during deposition, with all samples maintaining a high film transparency, did not significantly affect the conductivity at position 4 while it improved the conductivity in positions 1-3. This has already been observed for AZO films containing around 1.5 at % Al [7]. Nevertheless, the maximum conductivity was about 40 times higher in agreement with the existence of an optimum dopant concentration. When Al solutes substitute cation sites in ZnO, two kinds of defect equations are usually considered:

Al Zn + e' (2) 
Where e' is a free electron.

and

Al Zn +1/2 V Zn " (3) 
Substitution according to eq. 2 is predominant in dilute systems while the formation of doubly negatively charged Zn vacancies V Zn " as described in Eq. 3 [12] may impair the doping mechanism and reduce the mobility above a composition threshold.

Moreover, the formation of Zn vacancies may be facilitated by the bombardment by oxygen ions [13] which is larger on the magnetron axis [14]. However, a recent study showed that homologous Al 2 O 3 (ZnO) m structures similar to those found in ITO compounds could be formed in highly doped AZO films with formation energies lower than those required for Zn vacancies [15]. Such structures can schematically be Diffracted Intensity (Arb. Units)
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Normalized Absorption (Arb. Units) The inset displays the X-ray diffractograms for pure ZnO thin films deposited under the same conditions as AZO films. for MS-deposited transparent AZO films [17,18]. The variation in diffracted intensity across samples 1-4 can be attributed mainly to differences in crystal quality, asscans did not reveal significant c-axis tilting and the grain size estimated using the Scherrer formula [START_REF] Klug | X-Ray Diffraction Procedures for Polycrystalline and Amorphous Materials[END_REF] remained stable at 27 ± 3 nm. The trend in conductivity across the samples is the opposite to that of the diffracted intensity, which suggests the dopant efficiency is reduced while the crystal quality improves. That is in contradiction with the introduction of compensating defects such as VZn" or the segregation of Al in a secondary phase that degrades the crystallinity and hinders the crystal growth [START_REF] Sieber | [END_REF], respectively. To the contrary, undoped ZnO films deposited under supersaturated solid solutions (Al contents greater than 10 at.%) [15]. Such a phase introduces an expansion of the c-axis parameter when compared to bulk undoped ZnO. A progressive expansion of the c-axis parameter is observed in our AZO films, the value is 0.35% to 1.48% higher than that of pure bulk ZnO (c = 0.5205 nm) for sample 4 and 1, respectively. The same kind of evolution is observed in undoped films deposited under the same conditions but can be linked to the increase of inplane compressive stresses due to the bombardment by energetic oxygen ions [21].

P h o to n e n e r g y (e V )

In the AZO films presented in this study we believe that the incoming flux of energy and stress induced c-axis expansion trigger the formation of the metastable homologous phase. This hypothesis is fully consistent with an improvement of the crystal quality with c-axis expansion as well as with a degradation of the electrical conductivity.

Figure 3 shows FLY and TEY XANES spectra of samples 1 and 4 at the Al K edge. According to the dipole-transition selection rule, Al K edge XANES probes the unoccupied Al 3p derived states. 
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 1 FIG. 1. Optical transmittance spectra of c-axis oriented AZO films deposited on a
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 1 regarded as nanolaminates of poorly doped ZnO blocks alternating along the c-axis with Al 2 O 3 -like monolayers. In the present study the possible formation of homologous Al 2 O 3 (ZnO) m structures in reactively sputtered Al-doped ZnO films is investigated using X-ray absorption near edge structure (XANES).The Zn L 3 edge spectra of samples 1 and 4 are shown in Figure2(a).According to the dipole-transition selection rule, Zn L 3 edge XANES probes the unoccupied Zn s-and d-derived states. Since the Zn 3d orbital is fully occupied, absorption measurements over this edge probe Zn 4s and Zn 4d states. Feature A ~1016 eV) can be ascribed to the Zn 4s derived state, and features B 1 (~1020 eV), C 1 (~1023.5 eV) and D 1 (~1026 eV) to Zn 4d derived states[16]. The density of unoccupied states at the very bottom of the conduction band (feature A 1 ) is largely insensitive to the sample position. On the contrary, features B 1 -D 1 are increased for the sample with higher resistivity (sample 1). The overall density of unoccupied states near the bottom of the conduction band is higher for this sample which is consistent with the Burstein Moss shift of the optical band gap. Moreover, the sharper features in sample 1 indicate a stronger localization of states, in accordance with the increase in resistivity. It can also be stated that surface mechanisms are not dominating since FLY and TEY signals are very similar.
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 2 FIG. 2. (a) Bulk sensitive (FLY) and surface sensitive (TEY) Zn L 3 -edge

Figure 1 (

 1 Figure 1(b) plots the XRD diffractograms for the deposited AZO films. Only the

  the same sputtering conditions exhibit degradation of the crystal quality and a smaller average grain size as the sample is positioned closer to the magnetron axis. Such a difference highlights that the local environment of Al atoms triggers a structural reorganization in the AZO thin films. The formation of a metastable Al 2 O 3 (ZnO) m homologous phase for the local environment of Al, in analogy to In 2 O 3 (ZnO) m (m: integer ≥ 3) has recently been reported in pulsed laser deposited ZnO-Al 2 O 3
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