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New p-type Al-substituted SrSnO 3 perovskite for TCO applications?

Novel p-type SrSn 1-x Al x O 3 (x=0, 0.2, 0.5) perovskites are presented as potential candidates for electro-optical applications. A combined experimental and theoretical study reveals that chemical substitutions can be used as a lever to stabilize oxygen holes in the valence band.

Transparent conductive oxides (TCO) are an original class of materials combining two contrasting properties in one single compound that is, electrical conductivity and optical transparency in visible spectrum. TCOs are widely used in electro-optical devices such as flat-panels, organic light emitting diodes, photovoltaic devices, and plasma displays.

1-6 However, standard commercial TCOs are limited to post-transition metal oxides, e.g. ZnO, In 2 O 3 and SnO and derivatives.

 due to the strongly localized states of the acceptor, i.e. oxygen, which are at the origin of large hole effective mass (poor electronic conductivity). As a consequence, the probability is high that the newly created shallow acceptors are counterbalanced by the formation of native defects such as anion vacancies or cation interstice.

12 Up to now, n-type tindoped indium oxide (ITO) shows the best performance.

1,13

Nevertheless and despite the remarkable properties of ITO, the relative high cost of In and its increasing scarcity appeals for alternative elements or materials. 14 ABO 3 perovskites are of great interest thanks to the use of mixed A and B cations capable of generating versatile structures and properties with high chemical stability. SrSnO 3 (SSO) is one of the most promising candidate due to its high visible light transmittance, high thermal stability and reasonable cost. 15 Pure SSO is a charge transfer insulator crystallizing in the orthorhombic GdFeO 3 -type structure with lattice parameters a = 5.7113 Å, b = 8.0647 Å and c = 5.7042 Å. In this tri-dimensional structure, SnO 6 octahedra are corner-shared and Sr lies in the available vacant interstices. 16,17 To meet the industrial specifications of efficient TCOs, SSO must display high carrier concentration and mobility [18][19][20][START_REF] Woodward | The Electronic Structure of Metal Oxides[END_REF] which requires its doping. Attempts to develop n-type SSO candidates that could rival the electro-optical properties of ITO were intensively described and interesting performance were reported. [22][23][24][25][26] In contrast, p-type doping is still lacking for this class of materials. 27-29 Recently, Hautier et al. showed that the large difference in mobility between n-type and p-type materials is not inevitable and could be overcome by the investigation of alternative chemistries. Based on this statement and considering the high industrial stakes associated with the discovery of new p-type TCOs, we used chemical substitution to check the ability of SSO to behave as a performant p-type TCO. This concept was introduced for the first time by Hosono and coworkers [START_REF] Hosono | Proc. Sympodium O Thin Film Chalcogenide Photovolt. Mater. EMRS 2006 Conf[END_REF] and is known as the "chemical modulation of the valence band" (CMVB). Based on the hypothesis that partial substitution of Sn(IV) for the smaller trivalent cation Al(III) can enhance electron delocalization (through a significant volume contraction of the perovskite structure) while concomitantly generate stable holes in the valence band, various Sn/Al-substituted SSO phases were synthesized. Using X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) equipped with Energy Dispersive X-ray Spectroscopy (EDX), we here demonstrate the solubility of the Al element in the SSO perovskite structure for SrSn 1-x Al x O 3 (SSAO) compositions x = 0 to 0.5. UV-Vis-NIR spectroscopy is then used to show that the absorption profile of SSO is not altered by the chemical Sn/Al substitution while the lowenergy absorption band (intra-band transitions) is enhanced. A thermodynamic study based on first-principles DFT (Density Functional Theory) calculations is then performed to determine the type of charge carriers in SSO and SSAOs (p-type) and combined with chemical bond analyses to rationalize the impact of Sn/Al substitution on the p-type performance of SSAOs. SrSn 1-x Al x O 3 (x= 0, 0.2, 0.5) perovskites were successfully obtained through solid state reaction. Details of the synthesis steps are given in ESI part. The impact of the Sn(IV)/Al(III) substitution ratio on the macroscopic properties of SrSn 1-x Al x O 3 was investigated through complementary XRD and SEM-EDX. The structural and morphological analyses of the synthesized samples are presented in Fig. 1 andS1. From the XRD patterns of SSO and SrSn 1-x Al x O 3 (SSAO) the orthorhombic Pnma structure (JCPDS 10-6354) is confirmed. A slight shift towards higher angles is observed in agreement with the smaller Shannon ionic radius of Al 3+ (0.54 Å) compared to Sn 4+ (0.69 Å). For all compositions, the Goldschmidt tolerance (t) and distortion octahedral () factors remain in the range [0.8-1.1]

30 and [0.41-0.73], respectively. [START_REF] Wang | Functional and Smart Materials[END_REF][START_REF] Zhu | [END_REF] which confirms the phase stability. Note that a small amount of SrCO 3 impurity was detected and attributed to the potential reaction of Sr defects with atmospheric oxygen and carbon dioxyde. 33 This is confirmed by DFT calculations showing that the formation of SrCO 3 from SSO is favoured for all compositions (see Table S1). Interestingly, the content of SrCO 3 impurities slightly decreases with the increase of Sn/Al ratio (xAl Sn ). This suggests that Sr vacancies are less favoured in SSAO as xAl Sn increases, as confirmed by DFT calculations (see Table S1). For xAl Sn = 0.5, extra reflections appear in the XRD patterns that could be assigned to either a superstructure, or the formation of a cubic-type structure as previously reported by Waerenborgh and coworkers for xAl Fe =0.5 substitution in SrFe x Al 1-x O 3 . 34 Structural predictions carried out by means of a basing-hopping procedure clearly identify cubic SSAOs as thermodynamically favoured over orthorhombic polymorph when xAl Sn reaches x=0.5. This could arise from an Al ordering occurring in the structure (see Fig. S2). The magnified scanning electron microscopy (SEM) images and energy dispersive x-ray (EDX) cartographies given in supplementary information (Fig. S1) show the formation of micron-sized agglomerates of raw elements Sr, Sn, Al and O. An additional carbon peak is also observed which originates from the sampling method that uses graphite film deposit. Interestingly, when measurements are performed on pellet, the carbon signature drastically decreases and SrCO 3 impurities remain as trace (see Fig. S1d). UV-Vis-NIR Optical reflectance was further measured for each sample up to 2700 nm (Fig. 2a). All spectra are similar and show two distinct zones: one strong optical absorption zone in the range 270-400 nm, which is attributed to the transition from the VBM (predominant O(2p) states) to the CBM (predominant Sn(5s,p)). Wide and less intense bands are then observed around 500 nm that can be assigned to carbonate-type impurities (known to absorb in that region 35 ). The amplitude of these bands decreases with the increase of xAl Sn , consistently with the progressive decrease of the amount of SrCO 3 impurity. Interestingly, additional peaks are observed in the 1400-2700 nm NIR region which were not reported in the literature, even for the un-doped SSO material. The shape of these peaks is very similar for SSO and SSAO suggesting equivalent intra-band electronic transitions and equivalent type of charge carriers for all compositions. Noteworthy, the width and intensity of these transitions is directly correlated to the Sn/Al substitution ratio. This absorption continuum indicates interesting conducting properties, possibly associated with shallow acceptor states (i.e. stable oxygen-holes) in the valence band, both for unsubstituted SSO and substituted SSAOs. To determine which charge carriers occur in SSAOs (n-or p-type), electronic conductivity and Seebeck (or Hall-effect) measurements are necessary. However, such measurements require high-temperature sintering techniques to get high-density samples. This procedure is known to induce undesired O 2 release that can switch transport properties from p-to n-type, therefore leading to unreliable results. 36 Indeed, the main impediment to p-doping in oxides has been identified as the formation of compensating intrinsic defects (hole killers) such as oxygen vacancies. 12,37,38 The occurrence of stable oxygen vacancies (V O ) is then not desired as they may kill the shallow acceptor states created by Sr-defects or Al Sn substitution. In contrast, native defects of cations such as Sr (V Sr ) and Sn (V Sn ) are beneficial for p-type behavior. It is therefore crucial to determine the nature of the defects in the SSO and SSAO structures in order to properly assign the low-energy transitions observed in their absorption spectra. For this propose, a thermodynamic DFT study was conducted for the substituted SSAO phases to assess the stability of the oxygen network towards O 2 gas release, with and without the presence of Sr vacancies.

𝑆𝑟 1-𝑦 𝑆𝑛 1-𝑥 𝐴𝑙 𝑥 𝑂 3 → 𝑆𝑟 1-𝑦 𝑆𝑛 1-𝑥 𝐴𝑙 𝑥 𝑂 3-𝛿 + ( 𝛿 2 ) 𝑂 2 (1) 
According to reaction (1), a direct relation can be established between 𝑦, 𝑥 and  to identify the doping-type of the material. A ptype behavior (resp. n-type) is expected for 𝑦 + 𝑥 2 > 𝛿 (resp. < 𝛿) i.e. when the charge compensation due to Sr vacancies and Sn/Al substitutions remains greater (resp. lower) than the content of released O 2 . The frontier between both regimes is illustrated by a dashed line in Fig. 3 and corresponds to a number of holes per O of 0.087. Remarkably, the reaction enthalpy remains positive up to 0.13 holes per oxygen, which suggests that p-type SSAOs could be stable in a narrow domain of O-holes from 0.087 to 0.13, with no oxygen release. Above this critical value, O 2 is released but the system remains p-type (𝛿 < 𝑦 + U(1/2,0,1/2) and (0,0,0) consistent with previous reports. 41,42 Interestingly, SSAO displays a direct band gap around  showing that the symmetry lowering due to Sn/Al substitution does affect the general shape of the band structure. The computed band gaps are found to be 4.3 and 4.6 eV, for SSO and SSAO with xAl Sn = 0.25, respectively, in good agreement with recent calculations using the hybrid HSE (Heyd-Scuseria-Ernzerhof) functional, 43 and in fairly good accordance with the experimental blue-shift observed in Fig. 2b. The shallow states observed at the VBM of SSAO increase with the Sn(IV)/Al(III) substitution ratio. According to the projected Density of States (DOS) these states are assigned to the oxygen atoms that are directly connected to Al (Fig. S4). This is fully consistent with the less efficient electrostatic stabilization of O . 44 The comparison of the electronic band structures of Figs. 4a andb highlights a perturbation of the electronic states of SSAO compared to SSO and a substantial increase of the valence bandwidth. To quantify the VBM dispersion and transport properties, anisotropic hole effective masses were evaluated for SSAO by measuring the band curvature around , Y and Z , as well as along the most interesting -X (½, 0, 0), Y(0, ½, 0)-M(½,½,0) and Z(0, 0, ½ ) -R(0, ½, ½) directions of the Brillouin zone (See Fig. S5). Results give 0.62m e , 0.43m e and 0.67m e for SSAO and 0.80m e , 0.50m e and 1.76m e for SSO, respectively, showing that SSAO (xAl Sn =0.25) displays lower effective masses than SSO for a given direction. Heavier effective mass is obtained on U and along U- direction (1.34m e for SSAO and 4.77me for SSO). This can be fully rationalized via chemical bond analyses through the computation of Fukui functions (f -) and electron localization functions (ELF). As detailed in SI, these topological tools of the electron density provide direct proves of the VBM states (Fukui) and real-space Lewis-like structures (ELF). The Fukui functions of SSO and SSAO reveal that the VBM states have an oxygen character with, however, very different spatial distributions for both systems. While SSO shows O(2p) orbitals perpendicular to the (a,c) plane, a more spherical density is clearly visible around the oxygens for SSAO, indicative of an enhanced Sn-O bond covalency (Figs. 4c-d).

The ELF plots of Fig. 4g-h show that two oxygen lone-pairs pointing towards the Sr 2+ cations (two yellow volumes) for both SSO and SSAO. They correspond to the O(2s) and O(2p) lone-pairs of oxygens that are not involved in covalent bonds with Sn or Al and are consistent with the oxygen Lewis structure that is expected in such local environment (see Fig. 4g). Interestingly, another lobe is visible along the Al-O bonds but close to O, which illustrates a loss of Al-O interactions in the lattice, fully consistent with the less electronegative character of Al with respect the Sn (Fig. 4h). Owing to the smaller radius of Al compared to Sn, the Al/Sn substitution induces a significant contraction of the Sn-O bonds, from 2.08 to 2.04 Å and a substantial O-Sn-O angle increase from 155° to 175° which both contribute to the increase of the valence band width (Fig. 4d). These local distortions impact the cell parameters of SSAO which notably contract in the (a,c) plane, a=5.635 Å, b=8.114 Å and c=5.614 Å (c/b=0.69) for xAl Sn =0.25. The decrease of the c/b ratio is in line with the increase of the Goldschmidt tolerance factor t (t = 0.96 for SSO and 0.98 for xAl Sn =0.25) and the progressive orthorhombic to cubic phase transition predicted for large xAl Sn contents. Overall, this study shows that the increase of the valence band width with xAl Sn , which is a desired outcome for p-type TCO materials, results from the substantial increase in Sn-O covalency associated with a negative Moss-Burstein shift (creation of O hole) in the VBM. In summary, new p-type SrSn 1-x Al x O 3 (x = 0, 0.2 and 0.5) perovskites have been successfully synthesized using solid state reaction. The comparison of UV-visible-NIR absorption spectra of SSO and SSAO reveals two important features: 1) an increase in the optical band gap (>3.9 eV) together with the persistence of transparency and 2) the onset of NIR electronic transitions (1400-2700 nm) that increases with xAl Sn . DFT calculations predict a thermodynamic stability domain for p-type charge carriers in SSAOs, which increases with the Sn/Al substitution ratio. The Sn/Al substitution leads to an increase in the Sn-O bond covalency in conjunction with the creation of stable O-holes in the top portion of the valence band. Despite our unsuccessful attempts to carry out electrical conductivity measurements, we believe the structure/property correlation established in this work gives a body of evidence that SSAO materials do behave as p-type transparent conductive oxides. Work is in progress to conclude on that point with thin-film formulation being sought as an alternative to powder synthesis to assess transport properties of SSAO materials. To conclude, chemical substitutions rather than doping give hopes that environmental friendly p-type materials could compete with current n-type materials for TCO applications. The richness of the metal oxide family of compounds provides solid state chemists for an amazing playground to search for the winning combination of elements.

𝑥 2 )

 2 up to 0.22 holes per oxygen.Optical band gaps (𝐸 𝑔 𝑜𝑝𝑡 ) were extracted from the absorption spectra using Tauc's theory39 (see section Methods in ESI) and are displayed in Fig.2b. The extrapolation of the straight line portion of the (αhν)2 plots to α= 0 gives a good estimates of E g opt values. They correspond to 3.9, 4.0 and 4.1 eV for xAl Sn =0, 0.2 and 0.5, respectively, in good agreement with the literature for SSO.40,41 
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 1 Figure 1 X-ray diffraction patterns and enlargement at 2  31° and of SrSn 1-x Al x O 3 (x=0, 0.20 and 0.50) Figure 2 (a) UV-Vis-NIR absorption spectra and (b) optical band gap estimation using Tauc's formula (αh) 2 =f (h) of SrSn0 1-

Figure 3 :

 3 Figure 3: Stability of the oxygen network towards oxygen vacancies V O (V O =  = 0.125) with and without the presence of Sr vacancies V sr (V sr = y = 0.0625). The xAl Sn composition scale is given for the black curve. The Al ratio for the red curve is equal to xAl Sn -2y. The charge carrier type is defined by the sign of the relation (2y+x)-2. Dashed line delimits the n/p-type charge carriers.

Figure 4 :

 4 Figure 4: Band structures computed for (a) SrSnO 3 and (b) SrSn 0.75 Al 0.25 O 3 and their magnification (insets) in the range of 1 eV around the Fermi level (red horizontal line). Fukui functions of (c) SrSnO 3 and (d) SrSn 0.75 Al 0.25 O 3 projected in the ab plane where Sn, Al and O are represented in blue, grey and red, respectively. (e) Fukui function of SrSn 0.75 Al 0.25 O 3 in the mixed Sn/Al and pure Sn planes (ac plane). ELF functions and the corresponding Lewis representations of Sn-O-M (M=Sn or Al) bridge of (g) SrSnO 3 and (h) SrSn 0.75 Al 0.25 O 3 .
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