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In this work the effect of gas atmosphere on the surface termination reconstruction of single crystal NdGaO3 (110) (NGO) during thermal annealing was analyzed. Using Low Energy Ion Scattering (LEIS) it has been possible to study the chemical composition of the first atomic layer of treated NGO single crystal samples. NGO has been analyzed both as-received and after a specific thermal treatment at 1000°C under different gas fluxes (argon, nitrogen, static air, synthetic air, nitrogen plus 5% hydrogen and wet synthetic air respectively). Thermal annealing of perovskite single crystals, as already reported in the literature, is used to obtain a fully A-cation surface termination. Nevertheless the effect of the gas-atmosphere on this process has not been previously reported.  By the use of sequential low energy Ar+ sputtering combined with the primary ion LEIS analysis, the reconstruction of the outermost atomic layers has allowed the clarification of the mechanism of NGO neodymium surface enrichment. It is proposed that the gallium at the surface is submitted to a reduction/evaporation mechanism caused by low oxygen partial pressure and/or high water pressure in the vector gas. Below the first surface atomic layers of an as-received NGO single-crystal a gallium-rich phase has also been observed.
Introduction

The control of substrate surface terminations in heteroepitaxial thin film growth has been shown to play an important role in tailoring material growth and properties. In some cases it results in an enhancement of the film properties, as for example with YBa2Cu3O7 epitaxial thin films grown on SrO- terminated SrTiO3 (STO) single crystals.1 YBa2Cu3O7 in fact presents CuO precipitates when grown on TiO2- surface terminations. In other cases it leads to the appearance of new unexpected properties, for example, when a LaAlO3 (LAO) film is grown on top of a TiO2-fully terminated SrTiO3 single crystal surface, a 2D electron gas is generated at the interface between the insulating SrTiO3 and LaAlO3 perovskites.2 The electron gas at the interface between SrTiO3 and LaAlO3 perovskite has also revealed a two dimensional superconductor3 and magnetic4 behaviour; persistent photoconductivity has been observed as well.5,6 Very recently 2D electron gas7,8 and persistent photoconductivity9 was also observed at the NdGaO3/SrTiO3 heterostructure interface. A more detailed understanding of the interface chemical composition between single crystals and inorganic thin film oxides is a step towards a better comprehension of some of the mass and charge transport properties in functional epitaxial thin films. The low-index surfaces (100) (110) and (111) of a perovskite oxide material (ABO3) have two possible terminations: either AO (A-site) or BO2 (B-site). Typically perovskite surface terminations may be controlled by methods that combine chemical etching and thermal annealing. The process to obtain B-site terminated SrTiO3 (STO) and NdGaO3 is well established and has been described in detail by Kawasaki10-Koster11 and Leca12,13 respectively. Thermal processes to achieve A-site terminated surfaces are otherwise more controversial and have resulted in different experimental conclusions.14-19 Onishi et al. achieved a fully NdO- terminated surface after treating an NGO single crystal for 2h at 1000°C in air (coaxial impact-collision ion scattering spectroscopy CAISISS).14 Radovich et al. instead had to increase temperature up to 1200°C  for 20h in oxygen flux to obtain the same result (grazing X-ray Photoelectron Spectroscopy XPS).17 From XPS grazing angle analysis Gunnarsson et al. concluded that NGO (110) annealed for 2h at 950°C under oxygen flux leads to fully B-site terminated surfaces.16 It is evident that the fundamental mechanism that controls the A-site terminated surface reconstruction for the NGO perovskite single crystal remains unclear. This work intends to clarify this mechanism and in particular the role of the gas atmosphere during thermal treatment. Previous works to obtain NGO single crystals with a fully A-site terminated surface have based their conclusions on a comparison of Grazing-XPS,16,17,19 CAISISS14 and Auger Electron Spectroscopy AES18 studies with AFM topography analysis. Generally most of these surface analytical techniques probe an average of several atomic layers. LEIS (Low Energy Ion Scattering) that has been employed in this work instead gives very accurate atomic composition of the outermost atoms of the surface. The ions that overcome the first surface atomic layer in fact have near 100% probability of being neutralized and so are not detected by the LEIS analyzer. LEIS is a well known technique nevertheless it has been barely employed in the study of oxide materials due to its low sensitivity and surface charge accumulation problem with insulator samples. The instrument used here (ION-TOF) instead is equipped with a new generation of analyzer (Qtac) that increases the sensitivity of the instrument by a factor of 3000 with respect to traditional detectors and an electron flood gun (see experimental section) to compensate any possible charging effect. Depending on the element mass and the analysis conditions, it is therefore possible to obtain a detection limit that goes from ppm for the heaviest elements to a few percentage points for the lighter ones. This new and unique instrument is therefore ideal for this type of investigation as recently demonstrated in the study of the influence of STO homoepitaxy surface on the 2D electron gas generation at the LAO interface.20
Experimental section


NGO (110) oriented single crystals (5x5x0.5mm3), one side polished, have been supplied by Pi-Kem Ltd, UK. Before the thermal annealing treatment the as-received substrates were submitted to the following ultrasonic solvent cleaning process: 5 minutes in pure acetone, 5 min in ethanol and finally 5 min in ultra-pure Milli-Q® water. Thermal treatments of the single crystal substrates have been performed in a tubular furnace using a dense alumina tube and employing different gas conditions: static air or controlled gas flux of argon (99.998%), nitrogen (99.998%), synthetic air (99.998%), oxygen (99.998%) and nitrogen with +5% hydrogen (5% H2/N2)  respectively. Experimental temperatures have been varied in the range of 800°C-1200°C and the annealing time between 0-12 hours. After the thermal process and before being loaded into the LEIS chamber the samples were cleaned again with the ultrasonic solvent procedure explained above. The cleaning process was completed by an in-situ atomic-oxygen treatment of 20-60 minutes in the LEIS pre-chamber to clean the sample surfaces from the carbon residues coming from atmospheric contaminants. AFM topography analysis (tapping mode, diInnova, Bruker) was also performed on the as-treated samples in order to analyze the surface roughness and topography. X-ray diffraction analysis was carried out using a Panalytical X'Pert diffractometer with CuK radiation undertaking 2theta/omega scans. The same XRD instrument was also used to determine the NGO (110) single crystal miscut angle. To estimate the crater depth and thus the argon sputtering rate of the LEIS depth profile analysis, the SRIM 2008 package has been employed.21-23 No experimental measurement of the crater depth was possible with the instrumentation available in our laboratory (crater dimensions: few nm depth and covering an area of 2.25mm2). 

Low Energy Ion Scattering (LEIS)


To determine the surface composition, LEIS experiments have been carried out in the Qtac100 LEIS instrument (ION-TOF GmbH). This ultrahigh vacuum set-up has a base pressure in the low 10-10 mbar range. The pressure increases to 10-8 mbar during LEIS experiments due to noble gas flux from the ion source. The primary ions are mass selected, focused and are incident normal to the target surface. Ions scattered through 145° are accepted by the analyzer, a double toroidal electrostatic analyzer (DTA). The very large acceptance solid angle together with parallel energy detection provides 3000 times higher sensitivity than conventional ion scattering spectrometers. The ion beam was rastered over an area of 750x750 μm2 during the measurements. To prevent any charging effects for insulating samples, low-energy electrons (10 eV) were flooded over the sample during measurement. In addition, a secondary argon-ion sputtering gun (energy 500 eV), oriented at 59° with respect to the analyzed surface, can be used, alternating with the analysis beam, to obtain a complete depth profile analysis of the sample. The sputtered area was set to be double the size of the analyzed area. For this study the 4He and 20Ne primary ion source with energies of 3KeV and 5KeV respectively have been employed and the analyzer pass energy has been maintained at 3000eV for all the experiments.  Helium primary ions may suffer a phenomena of preferential neutralization when interacting with neodymium and gallium surface elements, as reviewed by Brongersma.24-25 For this reason in the quantification study of the NGO (110) single crystal termination neon has been used as the primary ion. Helium, otherwise, has been employed in the surface contamination study because of the greater sensitivity to lighter elements that are normally transported by the ambient atmosphere and cover the sample surfaces. A typical LEIS spectrum consists of peaks superimposed on a background. Each peak is caused by the binary collision between the primary ions and the atomic species at the sample surface. The energy of each peak position can be calculated according to the laws of conservation of energy and momentum.26 It is well documented that the experimental peak energy of the scattering ions could have an energy less than the theoretical elastic one (Eel) probably due to inelastic losses.27,28  For reasons of clarity any energy value reported in the text will be referred to as the theoretical elastic energy (Eel). The peak intensity is directly related to the amount of that particular atomic species in the first atomic layer of the analyzed sample surface. A Gaussian function is normally used to fit LEIS surface scattering peaks. When the peak-background intensity ratio decreases, the residual error correlated to the fitting process increases proportionally and should be taken into account in the total error quantification. It is worth stressing that even if the LEIS main chamber is at 10-8 mbar, a certain amount of carbon starts to partially cover the exposed sample surface very quickly. In the depth profile analysis conditions the carbon problem is minimized. The pause-time between analysis and sputtering has been maintained at 1 second for all the experiments. In the absence of any carbon affinity for one particular atomic species at the surface the relative amount of each species will not be affected.

Focus Ion Beam (FIB) lamella preparation

A cross section of an NGO sample as received from the supplier was prepared for the transmission electron microscopy analysis (TEM) using a focused ion beam (FIB) system (FEI Helios NanoLab).  The region of interest was first covered with a layer of Au (approximately 50 nm thick) using a sputter coater to protect the surface from ion damage and to prevent charging.  The sample was prepared and thinned at 30 kV and then subsequently at 5 kV and 2 kV to minimize amorphisation damage. The prepared lamella was examined using an aberration-corrected TEM (FEI Titan) operating at 300 kV.  
Results and discussion
Atomic oxygen cleaning and LEIS calibration


LEIS analysis of an NGO (110) single crystal as received from the supplier is presented in Figure 1 (black spectrum). The analysis has been performed using the 4He+ primary ion at 3keV with a total ion dose of 2.4x1014 ion/cm2. The single crystal surface is covered mainly with a carbon containing residue layer coming from the ambient atmosphere which masks the [image: image1.png]Ga,0; (s) + 2H, (g) = Gaz0 (g) + 2H,0



underlying NGO single crystal terminations. Other impurities such as sodium, potassium and calcium containing particles are normally removed by the solvent cleaning procedure. From the distance between the carbon in-depth signal (50 eV) and the theoretical neodymium-peak position of the LEIS spectrum, it is possible to approximate the thickness of the carbon residues, in this case near 0.5 nm using an estimation of 100eV/nm energy loss. After the cleaning procedure, described in the experimental section, the surface impurities are removed as shown by the LEIS analysis (Fig. 1 orange spectra): as expected, only oxygen, gallium and neodymium peaks are now visible. It is worth remembering that under these analysis conditions LEIS is only [image: image4.jpg]NGO 0, Synthetic N, Ar
As-received Air



sensitive to the lighter contaminant element coverage of 1-2%.
Fig.1 Energy spectra for 3 keV 4He+ scattered over 145° by an NdGaO3 (110) single crystal surface. Black and orange spectra have been recorded before and after the atomic oxygen cleaning of the substrate surface respectively. The primary beam is scanned over an area of 750 x 750 m2 of the sample surface (total ion-doses of 3.2x10+14 ions/cm2).

As explained in detail in the experimental section the He+ primary ion beam might suffer preferential neutralization processes when it is used to analyze neodymium and gallium species.24,25 This effect could compromise the possibility of using the data for the quantification of the cation-coverage of the NGO single crystal surface. Fortunately, neutralization is less important when the mass of the noble primary ion used for the LEIS analysis is increased. To verify that the 20Ne+ primary ion is suitable for the quantification, several LEIS measurements with different 20Ne+ energies have been performed on a NGO(110) single crystal as-received, Fig. 2.

When the energy of the primary ion was varied the velocity of the primary ions varied as well (the lower the energy the slower are the ions). In the absence of any preferential neutralization-effect the ratio of the integrated areas for the different surface species should change linearly with the primary energy used. The neutralization probability in fact depends on the velocity of the ion: a slow ion spends more time within the spatial region where Auger transitions can take place and therefore has a large neutralization probability. 



The experimental Ga/Nd peak area ratio of the corresponding integrated intensities is changing linearly with energy; nevertheless a change in the neutralization phenomena for both neodymium and gallium species in the analyzed energy range (2keV-6keV) has been observed.
Fig.2 LEIS signal as a function of the primary energy for 20Ne+ scattered from Ga and Nd of an NGO single crystal as received from supplier. A change in the neutralization mechanism has been observed for both Ga and Nd at 4keV and 3.5keV respectively.


The change in the neutralization mechanism occurs at 3.5 keV and 4 keV for the Nd and Ga respectively. The energy of 5keV for the Ne+ primary ion source is then to be considered a suitable condition for the quantification of the NGO single crystal terminations. Following the experimental procedure outlined by Ohnishi,14 a cleaned NGO (110) single crystal has been treated at 1000°C for 2 hours in static air. Contrary to the results reported by Ohnishi et al., our sample does not present a fully NdO terminated surface. Nevertheless a decrease of the Ga/Nd integrated peak intensity ratio of this sample compared with the Ga/Nd ratio calculated for an as-received NGO substrate has been observed (from approx. 0.6 to 0.4). The LEIS integrated peak intensity for each atomic species is directly proportional to the amount of that particular element at the analyzed surface. This means that a decrease of the Ga/Nd ratio is related to an increase of the neodymium concentration at the sample surface. 
Effect of thermal treatments in static air


As surface reconstruction is a thermally activated process increasing the annealing time would be expected to lead to an increase of the Nd-surface content, and that is our observation. Therefore to test this, three more NGO single crystals were thermally treated at the same temperature (1000°C) but incrementing the annealing time: 5h, 7.5h and 10h respectively. The samples have been analyzed by both 20Ne+ and 4He+ primary ion sources for the reasons reported above. Gallium and neodymium signal peaks obtained with the 5keV 20Ne+ analysis (6.2x1013 ions/cm2 dose) have been integrated and plotted in Fig. 3a. Surface neodymium coverage increases with the annealing time as predicted. The sample annealed for 10h in static air reveals the highest concentration of Nd at the surface.


The relative intensity of gallium with respect to that for neodymium follows a straight line for the four treated samples inclusive of the integrated values calculated for the NGO single crystal as-received. It is then possible, using a calibration factor, to obtain the precise cation-coverage for the Nd and Ga on the different sample surfaces.
[image: image5.png]Ga/Nd integrated peak area ratio
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Fig.3 Four NGO single crystals treated in static air at 1000°C for 2, 5, 7.5 and 10 hours respectively have been analyzed by 5keV 20Ne+ primary ion species. Figure 3a shows the integrated area-intensity of the neodymium peak with respect to the gallium peak for each sample analysis. An NGO substrate as-received has also been analyzed under the same conditions and plotted for comparison (blue squares). The integrated peak area intensity of the gallium has been corrected by a calibration factor (k=3) and used to calculate the cation coverage percentage of the samples surface figure 3b. The Nd coverage increases with the annealing time.


Different scattering cross sections of different elements with respect to the same primary ion species must be taken into account in the quantification process. However in this particular case the knowledge that the NGO bulk has a 1:1 cation stoichiometry allows the direct calculation of the calibration factor (k) from the Ga/Nd intensity ratio measured in the bulk.

Fig. 4 shows the LEIS depth profile of one NGO (110) single crystal as-received from the supplier.  It can be seen that  after a certain dose the Ga/Nd  ratio remains constant (NGO bulk composition). 

Fig.4 LEIS depth-profile analysis of an NGO (110) sc as-received from the supplier. Under the first atomic layer an anomalously high gallium concentration with respect to the bulk value appears.
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This calculated Ga/Nd factor corresponding to a 50% gallium and 50% neodymium terminated surface is then k=3 (gallium integrated peak intensity must then be multiplied by this factor). The gallium values for the samples in Fig. 3a have been corrected and the percentage coverage of Nd (orange points) and Ga (blue points) for each NGO sample are presented in Figure 3b. After 10h of annealing the Nd cation-coverage reaches 83% of the NGO surface while Ga-coverage decreases to a final value of 17%. In the calculation the oxygen content has not been taken into account. That can only be measured using the 4He+ primary ion source. It is worth mentioning that the NGO (110) single crystal as received, left side of Fig. 3b, shows a cation-coverage of 69% for the gallium and 31% for the neodymium respectively. 
These two values are not in agreement with those expected from the calculated atomic surface density of the NGO surface that predicts the same amount of gallium and neodymium atoms for a (110) NGO surface. The explanation is not within the scope of this study, nevertheless it can be discounted that a change in the gallium content of the very uppermost NGO surface is due to the epi-polishing process. Analysis of the reverse (unpolished) side of one NGO substrate, as-received, presents the same surface Ga/Nd value. Moreover the LEIS analysis of an NGO (110) single crystal provided by a different supplier has also displayed the same behaviour. Considering that the change in stoichiometry of the NGO single crystals is associated with the very first surface atomic layers, the reason could be connected to the cutting of the single crystal rather than a problem linked to the Czochralski crystal growth.   


The calculated neodymium surface enrichment of the NGO sample annealed at 1000°C for 2h in static air is five times lower compared with those found by Ohnishi. This difference might be related to one of the following reasons: first of all the NGO single crystal orientation which in these experiments was (110) with respect to the (100) utilized by Ohnishi. The two different orientations have different surface energies that could lead to different kinetics for the same surface reconstruction process. The second aspect to take into account is the static air composition that can vary and that in addition, as will be reported later on, has a strong effect on the NGO surface reconstruction.  A further factor is that the single crystal miscut angle of the substrates might be different (the miscut is the angle between the surface normal and crystallographic [110] direction). The single crystals used all belong to the same batch and have a miscut of ~0.1° measured by a simple XRD rocking curve method.29 As demonstrated by Leca et al.,12-13 the single crystal miscut has an effect on the evolution of the terrace width and shape and in particular on the kinetics of the surface reconstruction. Finally the Caissis technique used by the Ohnishi group is less sensitive than the Ion-Tof LEIS technique employed for this study. 

Role of gas atmosphere: synth. air, N2, O2 and Ar
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Further experiments on the role of the gas atmosphere during thermal treatment have been completed. Flowing atmospheres of synthetic air, pure nitrogen, pure argon and pure oxygen have been employed to prepare four NGO single crystals all with the same thermal annealing conditions: T=1000°C for 12h. In Fig. 5 the 20Ne+ 5keV LEIS analysis of the four samples is presented.
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Fig.5 The influence of the furnace atmosphere on the NGO surface cation coverage. Four samples have been treated at 1000°C for 12h under oxygen, synthetic air, nitrogen and argon flux respectively.  The energy spectra for 5 keV 20Ne+ scattered by the NGO sample surface show a clear increase of the Nd coverage for the sample prepared under argon and nitrogen. The higher Nd coverage leads on the increase of the probability of the neon double scattering (DS) phenomena.30 DS peak for the neodymium species appears at a higher energy position with a lower intensity for both argon and nitrogen atmosphere samples. 
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The samples prepared in nitrogen and argon atmospheres present a much higher content of Nd at the surface than those prepared in the pure oxygen and synthetic air. In the case of spectra for samples annealed in nitrogen and argon, an extra peak appears at an energy of Eel = 3358eV on the high energy side of the Nd peak. This peak, at an energy corresponding to tungsten, is actually due to a double scattering collision of the neon primary ion species. A double scattering collision takes place when the primary ion, after the first collision with one atomic species of the target surface is scattered with half the detection angle against another atom of the same kind and is then scattered back towards the LEIS detector. Relative probabilities of SS (single scattering), DS (double scattering) and MS (multi-scattering) depend on the scattering conditions.25 DS and MS are especially important for small scattering angles, low energies, low index directions (short distance nearest neighbours) and ions of higher atomic number.25 
In this particular case the high density of nearest neodymium neighbour-atoms (a nearly complete NdO terminated surface) increases the DS event probability. In agreement with this the DS peak intensity increases with the increase of the Nd concentration at the surface, higher in fact for the sample annealed in an argon flux. To be completely certain of the peak origin, a study changing the Ne+ primary energy has been made (between 2.5 keV to 6 keV). The DS and tungsten calculated energy positions compared to those observed experimentally confirm this peak is related to a neodymium double scattering. Furthermore if tungsten impurities are present on the NGO surface, during the depth profiling analysis we should expect that as the tungsten signal decreases, increasing the impurity-free total area, the Ga and Nd ones should increase at the same time, Fig. 6(a,b).  
Fig.6 LEIS 20Ne+ surface analysis of an NGO sc treated at 1000°C under argon atmosphere for 14h  with a fully neodymium-terminated surface (Fig. 6b). Fig. 6a shows a depth profile analysis of the same sample: after sputtering few layers the Nd and Ga reach the bulk composition.


However the gallium and neodymium intensities are independent of the Nd-DS signal decreasing during the depth profile LEIS analysis. This NGO sample has been prepared at T=1000°C for 14h under Ar flow.
    
The ratio of the integrated areas between the gallium and neodymium peaks for the four samples has then been plotted as a function of the nominal oxygen content of the different experimental atmospheres in Fig. 7. The data suggest that the oxygen concentration in the furnace gas has an effect on the kinetics of the Nd surface enrichment process, the lower the concentration the higher the amount of neodymium at the single crystal surface.
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Fig.7 Four NGO substrates have been treated at 1000°C for 12h under different gases (oxygen, synthetic air, nitrogen and argon). A direct relation between the oxygen nominal content in the annealing atmosphere and the Ga/Nd intensity ratio for the sample surfaces is observable.

Fig. 8 shows the AFM analyses of the top surface of the samples treated in different atmospheres compared to an as-received NGO (110) single crystal surface. From the surface of the sample treated in oxygen where the terraces are just faintly observable, gradually the NGO sample surface transforms with decreasing oxygen concentration to a more defined terraced morphology. 

The calculated terrace distance for the N2 treated sample is on average 4 nm which corresponds roughly to ten times the distance between NdO- or GaO2- planes. This indicates a reconstruction of the surface via a step-bunching mode that minimizes the surface energy.31 
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Role of gas atmosphere: H2 and H2O

Decreasing the oxygen content during annealing has an effect on the velocity of terrace surface reconstruction. In order to verify the effect of a more reactive atmosphere, an NGO (110) single crystal has also been treated at 1000°C for 2h under N2 +5% H2 flux. The LEIS depth profile, alternating a secondary argon sputtering gun with the neon primary one, has been recorded, Fig. 9. The LEIS 3D data-analysis reconstruction shows how the sample surface is only covered by neodymium cations. After a total argon secondary ion sputtering dose of 4x1016 ions/cm2 there is still no trace of gallium (by SRIM simulation21-23 this sputtering dose corresponds to 72 nm depth). The question arises, where is the gallium?
Fig.9 NGO(110) single crystal treated at 1000°C for 2h under N2+5%H2 flux. The LEIS 3D depth profile reconstruction here presented shows no evidence of gallium.
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Fig.8 Atomic force microscopy (AFM) images of the NGO single crystals treated at the same conditions under oxygen, synthetic air, nitrogen and argon flux.  Top images correspond to a 5 x 5m2 AFM scan analysis and bottom to a 2 x 2m2 one respectively. The surface analysis of a NGO substrate surface prior to the thermal treatment has been added as a reference (first on the right).
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Fig.10 XRD-analysis of the NGO (110)sc treated at 1000°C for 2h under N2+5%H2 flux (Fig. 10a). The characteristic (110), (220) and (330) planes of the single crystal are present but a series of reflections belonging mainly to the monoclinic Nd2O3 structure have appeared. AFM analysis on the right shows the substantial change in the single crystal surface morphology before (top) and after (bottom) the thermal treatment in hydrogen rich atmosphere, Fig. 10b. 


The XRD analysis of the same sample, Fig. 10, shows how the NGO at the single crystal surface has completely reacted, gallium has evaporated and polycrystalline Nd2O3 with a monoclinic structure remains at the surface. AFM confirms the gallium evaporation, the surface has transformed from being flat to rough with an RMS that has changed from 0.154 to 32 nm. The peak to valley distance is of the order of 200 nm. Butt et al.32 working on a simple process to eliminate gallium, a sensitive embrittling agent for the PuO2-x nuclear fuel, found that the gallium oxide (Ga2O3) at 1100°C under a flux of Ar +6% H2 reduces to Ga2O that is volatile. The equilibrium reactions involved in the reduction are described in Scheme 1.





Ga2O3 (s) + 2 H2 (g) ( Ga2O (g) + 2 H2O
(1)

Ga2O3 (s) ( Ga2O (g) + O2 (g)
(2)



2 H2 (g) + O2 (g) ( 2 H2O
(3)
Scheme 1. Equations related to the vaporization of the Ga2O3 in a reducing environment through the formation of Ga2O(g).  

These equilibria indicate that the higher the [H2]/[H2O] ratio the greater the reduction/evaporation reaction of the gallium as Ga2O.32  In the case of the NGO sample treated under N2 +5% H2 flux it is plausible to assume that a similar reduction/evaporation reaction for gallium from the NGO (110) single crystal surface occurs. Consistent with these results Talik has observed that during NGO single crystal wafer preparation there is evaporation of Ga2O in a hydrogen rich atmosphere, even at a lower temperature of 850°C.19 In the case of NGO samples prepared under inert atmospheres (pure Ar and pure N2) reaction 2, where the Ga2O evaporation is controlled by the O2 gas partial pressure, should be considered. Evidence for this reaction has already been reported for a different perovskite material by Stevenson et al.33 They observed that excessively high sintering temperatures led to the possibility of Ga2O volatilization from the perovskite La0.8Sr0.2Ga0.85Mg0.15O2.825 (LSGMO). Moreover the NGO single crystal preparation is normally carried out under a minimum amount of oxygen and/or a controlled excess of Ga2O3 to avoid cation non-stoichiometry in the final NGO single crystals34,35 respectively. These processes take place at a higher temperature with respect to the 1000°C used for most of our experiments. 
Unfortunately the real activity of the gallium oxide in the NdGaO3 structure has not been calculated and any thermodynamic comparison with the gallium oxide behaviour could only have a qualitative significance. 

The surface reduction/evaporation of gallium from the NGO (110) surface has been completed under argon gas flow over 14h see Fig. 6a,b. Comparing the different annealed samples an unexpected behaviour is evident. The sample annealed in synthetic air flux at 1000°C for 12 h (Fig. 7), shows a decrease of gallium content at the NGO (110) single crystal surface that is nearly six times lower when compared with the sample prepared in static air at the same temperature but for only 10 hours (83% of Nd terminated surface Fig. 3a,b). The main difference between synthetic and static air is the amount of water normally present in the atmosphere. To provide evidence of influence of the water in the gallium evaporation mechanism an NGO (110) single crystal has been treated at 1000°C for 10h under synthetic air enriched in water (bubbling into a saturated water  bath at a temperature of 45°C). The LEIS spectra indicates a fully neodymium oxide terminated surface. The water content undoubtedly is a key factor to take into account in the description of the gallium evaporation mechanism. According to reaction 1 and 3, high oxygen and water concentration in the vector-gas should inhibit gallium reduction favouring the reverse reaction. It is then reasonable to speculate on the existence of a more complex reduction/evaporation mechanism for the gallium oxide termination of the NGO single crystal with respect to the gallium of the Ga2O3 material. The NGO surface might have a catalytic effect on the water splitting reaction with localized reduction/evaporation of the gallium atoms on the surface. 

From a theoretical point of view the surface segregation in perovskites is not completely understood, nevertheless it seems that the surface segregation properties of ionic solids are strongly related to their defect structures and in particular to the presence of point defects. The accepted mechanism of perovskite surface reconstruction involves the segregation of one of the cations towards the surface via cation vacancies (in a packed structure such as the perovskite the interstitial diffusion mechanism is energetically less probable). Fig. 11 shows a LEIS depth profile analysis of five samples, an NGO single crystal as-received, two other single crystals annealed for 2h under an Ar flux at 1000°C and 1200°C respectively and two samples with a fully neodymium terminated surface where one was treated for 14h under an argon flux and one at 1000°C for 10h under a wet (T(H2O)=45°C) synthetic air flux. 

Fig.11 Study of the effect of temperature in the gallium evaporation during thermal annealing for 2h under argon-gas. The LEIS depth profile of an NGO single crystal as-received and two samples with fully NdO- terminated surface have been added as term of comparison.


The ratio between the gallium peak integrated area and the neodymium peak area with respect to the argon sputter dose has been plotted. No representative difference in the Ga/Nd behaviour with depth is observable for the NGO as-received compared to the sample treated at 1000°C and 1200°C for 2h under argon flux, the three samples in fact present a very similar depth-profile. The Ga/Nd ratio becomes constant after around 1x1016 ions/cm2 dose for the three samples. From SRIM sputtering rate calculations, taking into account an argon beam energy of 0.5keV with an incident angle of 59° and the NdGaO3 theoretical density of 7.21 g/cm3, this ion dose is equivalent to a depth of around 18-22 nm. 
For both samples with a fully Nd terminated surface it is interesting to notice that only after a couple of atomic layers depth the concentration of gallium and neodymium reaches the bulk value. The predominant mechanism during the thermal process is not neodymium segregation from the bulk to surface but more likely a reduction and evaporation of the surface gallium and reconstruction of the first NGO surface layers. In agreement with this, it should be considered that if the neodymium surface enrichment mechanism was a segregation-type from bulk to surface, increasing the treatment temperature should have increased the probability of Nd atoms jumping via cation-vacancies to the substrate surface. Comparing the samples treated at 1000°C and 1200°C for 2h under Ar, apart from a lower content of gallium at the sample, surface for the higher temperature treated sample no clear differences between the two depth profiles are then observable.

It is important to stress that underneath the first atomic layer, the NGO single crystal as-received from the supplier shows an increase of gallium concentration double that of the bulk-value. 
The excess of gallium evaporates during the thermal treatment and surface reconstruction takes place in low oxygen content and/or water-rich atmospheres. This gallium-rich phase in fact disappears in the fully NdO terminated surface samples. In Fig. 12 a single crystal of NGO (110), as-received from the supplier and not submitted to any extra thermal treatment, has been analyzed by HRTEM.
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Fig.12 TEM analysis of a lamella prepared by focus ion beam (FIB) from an NGO(110)sc as-received from the supplier. The first 20-23 nm contain Nd and Ga but in an amorphous state. The LEIS depth analysis has been superimposed for comparison.

A lamella of the uppermost surface has been prepared as described in the experimental section for the TEM observation. A homogeneous amorphous top layer of about 20-23nm is clearly observed (Nd and Ga presence has been confirmed by EDX analysis). The thickness of the amorphous NGO top-layer matches with the thickness of the gallium-enriched phase found by the LEIS depth profile (Fig. 11). It is impossible to be certain if this top layer was already amorphous before the FIB preparation nevertheless it is possible that a different composition of NGO might be more susceptible to amorphization during the FIB preparation. 
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Finally a bare NGO (110) single crystal has been heated at 900°C under vacuum in a PLD chamber (10-7mbar) as a simulation of a thin film deposition. After 1h at this temperature the substrate was cooled down and analyzed by LEIS. In Fig. 13a a 3D reconstruction of the LEIS depth profile is presented. Again the surface is fully NdO terminated and the depth-profile indicates that several nm of the surface has lost gallium (Fig. 13b). XRD analysis, Fig. 13c, indicates the presence of the Nd2O3 phase at the single crystal surface. The PLD vacuum chamber is a very reducing environment due to the hydrogen that has previously been adsorbed on its internal metal-walls and thus the resultant oxygen activity could be much lower than suggested by the total pressure. This surface instability should then be considered when using NGO single crystals for epitaxial thin film growth. 

Comparative notes regarding previous studies
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As mentioned in the introduction several papers regarding NGO single crystal terminations controlled by thermal treatment have been published. However none of them have systematically studied the role of the atmosphere during the surface reconstruction. To our knowledge only Dirsyte18 claimed that the atmosphere has no importance in the control of the NGO termination. Their NGO(110) samples were prepared between 850°C-1150°C for two hours in both oxygen and/or argon atmospheres and analyzed by AES. Independently of the gas atmospheres and annealing temperatures, NdO surface terminations have been always observed by the Dirsyte group. Gunnarsson claimed a fully Ga-terminated surface for NGO treated at 950°C in an oxygen flux when analyzed by XPS whereas Leca, comparing RHEED and AFM analyses, described that a (110) NdGaO3 wafer annealed in an O2 flow at 950oC for 1 h resulted in a surface with mixed termination. Radovic treated NGO at 1200°C for 20h under oxygen flux to obtain a fully NdO terminated surface as determined by XPS. It appears difficult to directly compare our results with many of the results in the literature, nevertheless some general considerations should be taken when preparing NGO single crystal surface reconstruction by thermal treatment. Apart from the annealing temperature and annealing time three other parameters should always be taken into account: single crystal miscut, oxygen partial pressure and water content of the annealing atmosphere. Concerning the AFM technique for surface analysis it is then important to recognize that even if it is an important tool to study the surface morphology, it will only provides information on a very reduced area with respect to the total sample surface. Any conclusions based on this analysis technique alone, measuring the single crystal surface terrace-height, is a major risk. LEIS has been demonstrated to be a unique and useful tool for studying the material surface chemical composition when compared to  traditional techniques such as XPS and AES that only give an average measure of composition over a significant number of the first few atomic layers. 
Fig.13 (a) LEIS depth profile reconstruction of an NGO (110) single crystal heated in a PLD chamber at 900°C for 1h and cooled down under high vacuum. (b) the ratio between the Ga integrated peak area intensity and the Nd one is here presented. After an estimate depth of 40nm the gallium-neodymium ratio has not reached the NGO-bulk value yet. (c) XRD analysis of the same sample shows the appearance of the Nd2O3 polycrystalline phase.
Manganite ”Dead layer” 


NGO single crystals have been widely employed in epitaxial thin film growth of piezo/ferroelectric, high-TC superconductors, colossal-magnetoresistance and non linear optical materials. Lattice strain in fact has a profound influence on the electrical, magnetic, and optical properties of transition metal oxide materials. Colossal magnetoresistance, the variation of material electrical resistance in the presence of magnetic field, has been largely studied in epitaxial thin films of doped La1−xAxMnO3 (A=Ba, Ca, Sr etc.). The interest in La-based manganites lies in the practical application of their magneto-resistive properties in ultra-thin ferroelectric capacitors for memories. Unfortunately, the degraded physical properties at interface film-substrate, known as dead-layer behaviour, present a main impediment for device applications. It has been shown that bulk-like magnetic and electronic properties of manganites only develop beyond the "dead layer" thickness (usually a few nm). For La0.67Sr0.33MnO3 (LSMO) epitaxial thin film grown on NGO and LAO single crystals an electrically dead layer of about 3 nm and 5nm respectively has been observed by Sun et al.36 Bibes et al.37 studying the La2/3Ca1/3MnO3 (LSMO) epitaxial thin film growth on SrTiO3 , LaAlO3, and NdGaO3 single crystals observe a dead layer behaviour of around 7, 15 and 7 nm. This behaviour has been reported in studies where the LSMO and LCMO epitaxial thin films were gradually relaxed with the thickness but also in other ones where the films were fully strained. For this reason strain cannot be the only factor responsible for the dead layer behaviour.37 Despite the many studies of the phenomena, the cause is not fully clear and different explanations are still acceptable: interface-induced doping or charge redistribution in the form of defects or oxygen vacancies.  The LEIS study of the NGO substrate treated at 900°C for 1 hour under vacuum clearly shows how reducing the PLD chamber environment can be Fig.13. In addition it has also been proven that the pulsed laser deposition process itself induces oxygen vacancies in STO and LAO single crystal substrates.38 Depending on the PLD thin film deposition conditions, it is reasonable to expect the vaporisation of  gallium from the NGO single crystal surface. The gallium evaporation mechanism, represented below in Kröger–Vink notation, goes through oxygen vacancy creation:
In a reducing atmosphere (PLD chamber):


OOx = VO(( + 2e( +1/2 O2 (g)
(3)


GaGa((( + 2e(  = GaGa ( 
(4)

Scheme 2. Oxygen vacancy formation on the NGO

Oxygen vacancies at the NGO/LSMO interface might then be responsible for the electron trapping in the first few atomic layers of the LSMO or LCMO films. Electron trapping at the LCMO/NGO interface is one of the hypothesis made by Bibes et al. driven by NMR analysis results.37 This is speculation, but undoubtedly more precise experiments can now be designed employing NGO (110) single crystals prepared with different A-termination surface coverage.  
Conclusions 

The influence of the gas atmosphere on the thermal annealing process needed to obtain a fully A-site NGO(110) terminated surface has been investigated. To study the uppermost NGO surface atomic composition LEIS which has unique sensitivity to the outermost atomic layers has been employed. Our results clearly demonstrate the role of the atmosphere in the control of the NGO single crystal surface termination during thermal annealing. A fully NdO terminated NGO surface has been obtained after thermal annealing of 14h under flowing argon at 1000 °C (low pO2 atmosphere). The same result has also been achieved using flowing synthetic air with high p(H2O) partial pressure. In the case of low pO2 atmosphere the reconstruction mechanism proposed involves a reduction/evaporation of the gallium from the NGO surface probably through the formation of Ga2O volatile species. The role of water in the wet thermal treatment is not completely understood but we suggest a mechanism of localized surface water splitting catalyzed by the NGO surface followed by a reduction/evaporation of the gallium oxide termination. LEIS depth profile analysis of an as-received NGO single crystal highlighted in the first 18-20 nm of the single crystal surface a gallium enriched phase which was also suggested by the presence of ~20 nm thick amorphous layer detected by HRTEM. In this layer the Ga/Nd ratio reaches a value double that of the bulk value. The gallium excess disappears completely when a fully neodymium terminated surface is achieved by gallium evaporation. Finally, conditions corresponding to a high vacuum PLD chamber have been demonstrated to be a very reducing environment for the NGO single crystal, and special care should be taken when using this single crystal for epitaxial thin film growth. Further investigations on the increase of oxygen surface vacancies correlated with the gallium evaporation are underway. 
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