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ABSTRACT 

  

In this work, 40 nm-thick films of SrVO3 (SVO) grown by Pulsed Laser Deposition 

(PLD) on SrTiO3 substrates are studied by X-Ray Photoelectron Spectroscopy (XPS). We 

develop here a systematic fitting procedure for both Sr3d, V2p3/2 and O1s spectral regions 

of interest associated to the different chemical environments. Joint angle resolved XPS 

and Ar ion depth profiling reveal that as-grown SVO thin films exhibits Sr-rich phases at 

the extreme surface and a near-stoichiometric SVO in the bulk. The removal of segregated 

Sr is proposed by a treatment in deionized ultrapure water. This step will become an 

essential technological step in order to obtain reproducible surfaces achieving a 

stoichiometric SVO oxide phase. Besides, these hydrolyzed SVO surfaces appears VO2 

terminated and then more electrically active. Furthermore, an air-ageing comparative 

study between as-grown and H2O-treated samples reveals that hydrolyzed surfaces are 

more surface sensitive to air oxidation. Such observations will be crucial and must be 

carefully considered before performing any passivation process for the integration of SVO 

thin film into next generation electronics heterostructures. 
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INTRODUCTION 

Metal oxide surfaces and interfaces analyses using X-ray photoelectron spectroscopy 

(XPS) have always been a matter of great interest [1,2] with many applications of high-

technology materials in microelectronic devices, power generating cells and sensors [3,4]. 

Therefore, analyses of surfaces and especially photoemission techniques will be even more 

crucial in the coming development, where the film thicknesses become nanometric and are no 

longer governed by their bulk properties. Furthermore, perovskite oxides have focused lot of 

attention over last decades because of their various functionalities not available in classical 

semiconductor properties (such as superconductivity, ferrimagnetism, ferroelectricity, and 

metal-to-insulator transition) whether in bulk [5] or thin film materials [6], opening a new 

electronics field associated to the so-called “oxitronics”, with several demonstrators [7]. The 

device’s integration of metal oxide thin and ultrathin films as well as the existence of new 

properties generated at oxides interfaces such as 2D electron system at LaAlO3/SrTiO3 interface 

[8,9] require a fine surface/interface chemical spectroscopic analysis [10,11] to access a full 

understanding. 

In this context, this study focuses on SrVO3 (SVO) which is a strongly correlated 

transition metal oxide [12], presenting an excellent electronic conductivity [13], and a very low 

work function [14]. Since this perovskite oxide has a simple cubic structure with only one 

electron on the d orbitals, it is a reference system to apply theoretical calculations related to 

photoemission studies in the domain of correlations [15–17]. Furthermore, due to its electronic 

correlations, this material has recently been considered as a new transparent conductive oxide 

which can have strong impact in microelectronic and particularly in the domain of 

optoelectronic [18]. SVO thin film optimization can also be pursued with respect to their 

metallic resistivity behaviour according to the resistivity ratio (RRR=ρ(300K)/ρ(5K)) as a 

criterion of the density of low scattering centers at low temperature [19,20]. This material can 
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also be particularly interesting for free standing membrane perovskite, since it has been used as 

a sacrificial layer, because of its entire solubilization in water for several hours [21].  

As the electrical conductivity is related to the fine adjustment of the stoichiometry of 

the oxide, mastering the growth and optimization of these properties are quite challenging 

because of the strong influence of non-stoichiometry on electrical conductivity. The oxygen 

stoichiometry is usually not achieved due to instable oxidation degree of vanadium. Ideally, 

vanadium in SVO should be V4+. However, the growth is done under a low oxygen partial 

pressure or in presence of a reducing agent. Consequently, this process is difficult to handle and 

V3+ can also be formed in the films. Furthermore, in contact with air, vanadium tends to oxidize 

and a small layer with a higher oxidation state V5+ on top of vanadate material can be observed. 

Interestingly, in some specific growth conditions, nanostructures can even appear at the surface 

with a new phase (Sr3V2O8) which is epitaxially grown on the SVO matrix [22,23]. These Sr-

rich nanostructures presenting a high oxidation state of vanadium (V5+) evidence 

thermodynamic instabilities near the surface which will result in a stoichiometry modification 

of the material. The cationic stoichiometry is also an important factor since the transport 

properties are strongly related to this Sr/V ratio [24]. Particularly, SVO presents a robust 

metallic behaviour, even when the material presents some deviation of the oxygen 

stoichiometry or variations in the cationic ratios. Nevertheless, its stoichiometry should be 

optimized in order to obtain high conductivity and important mobility especially if considered 

as an electrode material. 

Therefore, photoemission experiments were performed to probe the bulk and the surface 

of a freshly prepared SVO thin film grown by PLD, using XPS depth profiling and angle 

resolved XPS, respectively. In a second part, the use of a dissolution process with a treatment 

in deionized water in order to clean the surface from Sr-rich phases is investigated. The 

consequences on the different chemical environments detected will be explained. In the last 
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part, air-ageing effects on SVO thin films are monitored to get a better understanding of the 

reactivity of these surfaces. 

 

MATERIAL AND METHODS 

Synthesis of SrVO3 thin films 

The different 40 nm-thick SVO films have been elaborated by pulsed laser deposition 

(PLD) using a KrF excimer laser with a wavelength of 248 nm, a repetition rate of 2 Hz and an 

energy density on the target of 1.85 J.cm2. The base pressure of the chamber was 5×10-9 mbar 

and the distance between the target and the substrate was fixed at 5 cm. The deposition 

temperature was kept constant at 770°C in an oxygen pressure of 1.2×10-6 mbar. After 

deposition, the films were cooled down to room temperature under vacuum in order to obtain 

smooth films. The films were deposited onto single-crystal SrTiO3 (100) substrates (SurfaceNet 

GmbH). The SVO target was synthesized in the GEMaC using a stoichiometric mixture of SrO 

and VO2 oxide powders. Its stoichiometry was controlled by SEM (Scanning Electron 

Microscopy) - EDX (Energy-Dispersive X-ray spectroscopy) and a cationic ratio of 1.00 ± 0.03 

was estimated.  

 

XPS characterization  

As-grown SVO samples are transferred from the PLD chamber to a glove box in order 

to be mounted on an adapted sample holder for X-ray Photoelectron Spectroscopy (XPS) 

analyses. Using this procedure, the samples have been exposed to air less than 2 minutes. 

Regular and Angle-Resolved XPS (ARXPS) analyses were conducted on a 

Thermofisher Scientific Escalab 250 xi equipped with a monochromated Al-Kα anode 

(1486.6 eV) and a dual flood gun (low energy electron and ion). High energy resolution spectral 

windows of interest were recorded with a 650 µm spot size. The photoelectron detection was 
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performed using a constant analyzer energy (CAE) mode (10 eV pass energy) and a 0.1 eV 

energy step. All the associated binding energies were corrected with respect to the Fermi level 

energy within the valence band spectral region assuming that SVO is a conductive oxide. The 

ARXPS spectra were collected by tilting the sample holder with a photoelectron take-off angle, 

θ, with respect to the normal of the surface, ranging from 0° to 70° with a 10° step. 

XPS depth profiling required the use of the Thermofisher Scientific MAGCIS dual-

beam ion gun. Monoatomic Argon (Ar+) ions were accelerated to reach the sample with a kinetic 

energy of 4000 eV and an angle of 30° from the surface normal. The SVO thin films were 

irradiated on a square area of 2×2 mm2. In these sputtering conditions, an average etching rate 

of 0.03 nm.s-1 is observed on our SVO samples. 

Quantification was performed based on the O1s, C1s, Sr3d5/2 and V2p3/2 photopeak areas 

after a Shirley type background subtraction using the Thermofisher Scientific Avantage© 

software and its “ALTHERMO1” library as sensitivity factor collection. A Voigt function with 

L/G =20% was used during our SVO generic fitting procedure developed for this work. 

 

Other characterizations 

Some experiments have been performed afterwards, onto a dedicated sample elaborated 

in the same conditions. Film thicknesses have been determined by conventional stepmeter 

measurements (Bruker Dektak 8). The topography and the roughness of the films have been 

investigated by AFM (Bruker ICON) in PeakForce Tapping mode using commercial tips 

(Bruker, ScanAsyst-Air). 

X-ray diffraction (XRD) analysis on thin films was carried out using a q-2q instrument 

(Bruker D8 Discover diffractometer, Cu Kα1 radiation, λ = 1.5406 Å).)  
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RESULTS AND DISCUSSION 

This work relies on 40 nm-thick SrVO3 (SVO) thin-films grown on a SrTiO3 (001) 

substrate by Pulsed Laser Deposition (PLD) technique. All analyzed samples exhibit a smooth 

surface with a RMS (Root Mean Square average roughness) inferior to 1 nm, measured by AFM 

(Atomic Force Microscope) (see figure S1 in supporting information). These SVO samples 

were transferred with special care (limited air exposure) from the PLD chamber to the XPS 

load-lock. XPS quantitative analyses indicate that these transfer conditions allow us to 

minimize the amount of adventitious carbon on SVO surface, from 6 at.% to 25 at.%. A global 

Sr/V atomic ratio between 1.4 and 1.6 at the sample surface is also revealed. 

 

1. XPS study of as-grown SrVO3 thin-film by pulsed laser deposition 

The “as-grown SVO” thin-film presented below will be taken as a reference material for 

the rest of the paper. The significant Sr enrichment detected on top surface motivated an in-

depth analysis. Using a monoatomic argon ion (Ar+) source gun inside the XPS analysis 

chamber, the SVO thin film has been entirely etched in order to evaluate the chemical 

composition of the whole layer. Figure 1 presents a typical in-depth profile showing the overall 

atomic percentage evolutions, deduced from the spectral windows of interest Sr3d, V2p3/2, C1s, 

O1s, and Ti2p as a function of the sputtered thickness.  

The XPS acquisition of the pristine SVO surface, before sputtering, exhibits for this 

sample a Sr-rich surface with a global Sr/V ratio of around 1.55 ± 0.10. The carbon content 

rapidly decreases from an initial amount of 18.0 ± 0.5 at.% to 0.0 at.% after the very first etching 

steps. Such behavior is consistent with small organic molecules only related to physisorbed 

species. No carbon is detected by XPS inside the grown oxide layer. Between 100 and 700 sec, 

an averaged amount of 19.4 ± 0.5 at.% of strontium and 18.7 ± 0.5 at.% of vanadium are 
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observed. Starting from 800 sec, the increase of the titanium amount is associated with the 

decrease of vanadium, which is related to the crossing of the SVO/STO interface. 

The bulk region of SVO, between 100 and 700 sec, allow us to estimate an averaged 

Sr/V ratio of 1.04 ± 0.05 which is consistent with a crystallized phase of perovskite SrVO3 

revealed by XRD analysis (see figure S2 from supporting information). Thus, the in-depth XPS 

composition of the as-grown SVO thin-film tends to evidence a stoichiometric SrVO3 oxide 

through the bulk and confirms that the Sr-enrichment is only detected at the extreme surface of 

the film within no more than three nanometers. It seems that such Sr surface enrichment is more 

likely inherent to the necessary cooling time inside the chamber at the end of the PLD growth 

process [22] than air-ageing (very short time air exposure here). 

The XPS depth profiling provides a good estimation of the Sr/V ratio through the bulk 

SVO thin film, but the information about the different chemical environments involved is no 

longer accessible. Indeed, sputtering sources are known to induce disorder (atomic implantation 

inside the matrix, amorphization, elemental dissociation, and/or chemical reduction) [25,26]. In 

this work, a clear modification of the Sr3d, and O1s-V2p spectral regions induced by Ar+ ion 

bombardment is observed, making the data not suitable to determine with accuracy the nature 

of chemical bindings during the depth profiling (see figure S3 in supporting information). 

Consequently, in order to investigate the chemical environments on the as-grown SVO 

reference, we focused our study on the high-resolution XPS spectra recorded on a pristine 

surface without any treatment or sputtering. Figures 2a. and 2b., present the O1s-V2p and Sr3d 

regions of interest, respectively, and the reconstructed spectra obtained using our systematic 

fitting procedure. As mentioned within the literature [27,28], we use a single Shirley to perform 

a global fit of the entire O1s-V2p region. At this point, we would like to mention that the choice 

of the most adapted Shirley background for wide spectral regions remains a hot topic in the 

community. The strategy, applied for instance for Ni2p [29,30] or Au4f [31], of successive 
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Shirley backgrounds to separately fit O1s (from 536 eV to 527 eV) and V2p3/2 regions (from 

521eV to 512 eV) appears well-adapted here to better adjust the experimental line but tend to 

underestimate the XPS vanadium content.  

General fitted parameters: Binding Energy (BE) and Full Width at Half Maximum 

(FWHM), with their associated peak attributions are gathered in table 1. All the associated 

binding energies are corrected with respect to the Fermi level energy within the valence band 

spectral region knowing that SVO is a conductive oxide. 

 Figure 2a. highlights the fitting procedure for the O1s-V2p region of the as-grown SVO. 

Even if oxygen is a matter of great interest for perovskite oxides, the attribution of the different 

O1s components in XPS spectra is rarely reported in the literature. In this study, we propose a 

possible way to discriminate and quantify the different sources of detected oxygen atoms. Thus; 

four contributions can be extracted from the O1s spectral window. As a consequence of the 

energy correction described above, the first one, is settled at a BE of 529.2 ± 0.05 eV for all 

samples. This component appears sharp, with a FWHM of 0.85 eV. The second one is positioned 

around 530.0 eV, with a similar FWHM. These two first components, at lower BEs can be 

related to the SVO matrix, more specifically to a SVO perovskite lattice “O1s (lattice SVO)”, 

and to a more surface sensitive SVO phase “O1s (surface SVO)” which could be associated to 

a more oxygen-rich surface layer. This differentiation between the so-called lattice and the 

surface perovskite oxide has been described in other works dealing with strontium-based 

perovskite oxides such as SrRuO3 [32], Sr2Co2O5 [33], and (La,Sr)(Co,Fe)O3 family 

compounds [34–38]. This behavior in SVO is explained by the multiple valence states of 

vanadium which would lead to a distribution within the O1s spectra [39]. The third contribution 

in O1s region is detected at around 530.6 eV with a slightly greater FWHM of 1.05 eV. This 

position can be related to oxygen atoms linked to single metal or metal hydroxide present at the 

extreme surface, therefore named “O1s (O-M)”. Such component is associated here to Sr-O 
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and/or Sr-OH phases, resulting from the Sr-rich surface of the as-grown SVO thin film 

[34,40,41]. The last contribution of the O1s spectra, around 531.7 eV, named “O1s (O-C, O-

H)”, appears broader, with a FWHM of 1.85 eV. This component is related to oxygen coming 

from organic surface contamination and physisorbed species. 

 Concerning the V2p3/2 region, three different components can be separated from 512 eV 

to 520 eV. V2p3/2 signal can be reconstructed as followed: a first component at the highest BE 

of 517.7 eV; a second one at a BE around 516.7 eV; and finally, a third one at a BE around 

515.0 eV. The FWHM is progressively increasing from 1.7 to 1.9 eV. As a first approximation, 

in a perfect SVO crystal, we should expect the oxidation degree of vanadium atoms to be V4+ 

to achieve electronic neutrality. However, the multiple valence of V is a well-known referenced 

behavior. This transition metal in its V4+ oxidation state appears unstable and tends to a partial 

dismutation into V5+ and V3+ [23,42]. The vanadium electronic states mobility was already 

described by C. Lin et al. as a possible explanation of the SVO conducting behavior [39]. 

Consequently, the three components described above are attributed to “V2p3/2 (5+)”, “V2p3/2 

(4+)”, and “V2p3/2 (3+)” referring to their respective vanadium oxidation states V5+, V4+ and 

V3+ (starting from the highest to the lowest BE). The BEs have been set with fixed negative 

shifts from V5+ (table 1) and are consistent with other XPS related works in vanadium oxides 

[28,43,44]. The slight gradient of FWHM from V5+ to V4+ and V3+ is in agreement with literature 

values and could be explained by the fact that V5+ species do not have unpaired valence 

electrons compared to V4+ and V3+ species [27]. As V3+ component is slightly broader, an 

eventual V2p3/2 (2+) component, not considered here, cannot be totally excluded. However, 

such reduce state have not been reported yet within the literature of SrVO3. The V2p1/2 region 

has been reconstructed following the constraints of the spin-orbit splitting (ΔE = 7.5 ± 0.2 eV) 

with an area ratio of 1:2) and the broadening of FWHMs (from 3.2 to 3.4 eV) due to Costner-

Kronig effect. 
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Figure 2b. presents the XPS spectrum of the Sr3d region and its reconstruction using 

our systematic fitting procedure. In this case, two different doublets and therefore chemical 

environments can clearly be extracted. Indeed, a first sharp Sr3d5/2 peak, at a BE of 132.7 eV, 

with a FWHM of 0.75 eV, can be distinguished from a broader one, at a fixed BE positive shift 

of 1.05 eV, with a FWHM of 1.30 eV. Associated Sr3d3/2 peaks have been fitted with a fixed 

spin orbit splitting of 1.75 ± 0.02 eV [41,45], an equal FWHM, and an area ratio of 0.67 to their 

respective Sr3d5/2 peaks. The sharp signature is consistent with a well-ordered crystalized 

structure, attributed to Sr atoms implied in the SVO perovskite matrix and has been named 

“Sr3d5/2 (SVO)”. These values are consistent with the ones reported in the literature for SVO 

[46], and other conductive oxides, SrRuO3 [32] and (La,Sr)(Co,Fe)O3 family compounds 

[35,36,38]. The wider Sr3d5/2 contribution can be attributed to isolated strontium oxide or 

hydroxide phases (mixing of poorly crystalized and/or amorphous phases) and named “Sr3d5/2 

(Sr-O)”. 

The detailed fitting procedure described previously is then applied to AR-XPS data 

recorded on as-grown SVO in order to identify the chemical environments along the “Z” axis, 

from buried species to the most surface sensitive ones. Figures 3a., 3b., and 3c. represent the 

resulting high energy resolution spectra of Sr3d, V2p3/2, and O1s regions, respectively. XPS 

spectra are recorded from a normal incidence “θ = 0°” until a grazing angle “θ = 70°”, where 

“θ” is the angle between the normal of the sample and the photoelectron detector. AR-XPS 

spectra have been normalized with respect to the peak area after background subtraction. A 

strong angle dependency is observed for the spectral regions of interest. Regarding the Sr3d5/2 

(SVO) component at 132.7 eV, a high decrease of peak intensity with θ is clearly observed. 

This phenomenon is concomitant with another decreased intensity at higher angles of the O1s 

(lattice SVO) component at 529.2 eV. The large spectral signature of V2p3/2 region, is also 

affected with a decreasing intensity between 514 eV and 516.5 eV with θ which are associated 
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to V3+ and V4+. A decreasing intensity for these components justifies that there are related to the 

most buried chemical species. Conversely, an increase of “Sr3d (Sr-O)”, “V2p3/2 (5+)”, and the 

other O1s components is observed with increasing θ which confirms their location close to the 

surface.  

Furthermore, a slightly grading shift of the “Sr3d5/2 (SVO)” peak positions can be 

observed with a ΔBE = + 0.1 eV between 0° and 70°, which could be assessed to a slight band 

bending of the as-grown SVO surface This is consistent with a Sr terminated surface that would 

have a more insulating behaviour [47,48]. 

Global “Sr/V” and “(Sr+V))/Oox” atomic percentage ratios with respect to the tilt angle 

θ are presented in figure 4. “Oox” is the oxygen content related to SrO and SVO, exempt from 

physisorbed species (see the “O1s (O-C, O-H)” component introduced in figure 2a.). “Sr/V” 

global ratio is relatively constant with an averaged value of 1.28 ± 0.05 from 0° to 40°, and 

increases at higher angles until 1.55 ± 0.05 for θ = 70°. “(Sr+V))/Oox” ratio is also increasing 

from 0.80 ± 0.02 at 0° to 0.95 ± 0.02 at 70°. Such high values highlight the fact that as-grown 

SVO is strongly governed by Sr-rich phases which can be assimilated to SrO in excess. This 

phenomenon is commonly explained by a Sr segregation in the first nanometers [47,49], and 

seems to be inherent to all physical growth process.  

 In the light of our systematic SVO fitting procedure described for as-grown SVO at 

normal incidence (figures 2 and table 1) and the associated AR-XPS analysis (figures 3), the 

quantitative evolution of all the components from 0° to 70° are looked in details. Figures 5a., 

5b., and 5c. represent the relative proportions of the different chemical environments with 

respect to the global amount of Sr3d, V2p3/2, and O1s. The “Sr3d5/2 (Sr-O)” contribution (figure 

5a.) represents 42% of the signal at 0° and increases to 60% at 70°, proving that the upper 

surface is mainly made of SrO species. Conversely, the “Sr3d5/2 (SVO)” signal decreases at 
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grazing angles which confirms that the SVO perovskite is covered by this Sr-rich layer. 

Concerning the evolution of the V2p3/2 contributions (figure 5b.), the three components are in 

equal proportion (33%) at 0°. “V2p3/2 (5+)” exhibits an increase up to 60% at 70°, conversely 

to the decrease of “V2p3/2 (4+)” and “V2p3/2 (3+)” down to 20% at 70°. It indicates that the Sr-

rich surface is also accompanied by a proportion of V5+, probably related to V2O5 surface oxide 

or Sr3V2O8-δ nuclei [49], two phases which are impossible to distinguish at this step. Finally, we 

observe in figure 5c. the evolution of the O1s contributions with the tilt angle. “O1s (lattice 

SVO)” is found to decrease from 40% at 0° to 25% at 70°, while all other components are 

slightly increasing (from 0° to 70°): “O1s (surface SVO)” from 12% to 16%, “O1s (O-M)” 

from 18% to 21%, and “O1s (O-C, O-H)” from 30% to 38%. 

In summary, these analyses indicate that the as-grown SVO exhibits from the extreme 

surface to the buried phases: (1) physisorbed species including organic contamination, (2) a 

phase with Sr/V ratio around 1.5 and an overoxidized vanadium which can be attributed to 

single oxide phases poorly crystallized mainly SrO with a small amount of V2O5 and (3) the 

SVO perovskite oxide stoichiometric phase (with a Sr/V = 1 as highlighted during the depth 

profiling in figure 1). All the quantitative data for the resulting XPS chemical composition are 

finally gathered in table 2. These values could be explained by a surface demixing or phase 

segregation characterized by 6.5 ± 0.1 at.% of SrO and by 2.7 ± 0.3 at.% of V2O5 oxide 

estimated from AR-XPS results. 

This model provides a good overview of the as-grown SVO system in the first 

nanometers. The surface exhibits a Sr-rich surface region on top, mainly SrO with a little 

fraction of V2O5 due to surface demixing, and a stoichiometric crystallized SVO underlayer. 

Indeed, with a Sr content of 9.0 ± 0.1 at.%, an overall V content of 9.3 ± 0.3 at.%, and a global 

amount of oxygen coming from lattice and surface SVO of 25.9 ± 0.2 at.%, the buried SVO 

phase appears very close to the expected stoichiometry. 
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2. SrVO3 surface study after preferential etching with treatment in water 

Several Sr-based perovskites are likely to exhibit oxide compounds with Sr-rich 

surfaces. The possibility to selectively etch SrO from the surface has been referenced for SrTiO3 

in order to obtain clean TiO2 terminated surface [50–52]. In a previous work, we demonstrated 

that Sr-rich phases segregated on top of SVO could be readily removed using only a treatment 

in deionized water for three minutes. A global “Sr/V” ratio of 1.0 is then measured by XPS 

[49], leading to a surface close to the bulk which is interesting for electrode applications. 

 Consequently, this part is dedicated to a 3 min-long treatment in deionized ultrapure 

water (18.2 MΩ.cm) on as-grown SVO smooth thin film in order to study the evolution of the 

different chemical environments that are involved on the SVO surface. Figures 6a. and 6b., 

present the XPS spectra of the regions of interest O1s-V2p and Sr3d and their reconstruction 

using our systematic fitting procedure for as-grown SVO sample treated in water. In figure 6a., 

four contributions can be extracted from the O1s spectral window, similarly to the one presented 

in figure 2a. with identical fitting constraints.  

On an other hand, the general V2p3/2 signature after rinsing is different from the as-

grown one presented in figure 2a.. By importing the V2p3/2 fitting parameters obtained for the 

as-grown SVO, taken as a reference, the envelope of the rinsed sample is not fully 

reconstructed. A new component which can be naturally associated to hydroxide vanadium 

species must be added to perform a correct fitting. This additional chemical environment named 

“V2p3/2 (V-OH)” is centred at the same binding energy as the “V2p3/2 (4+)” component and 

appears slightly broader, with a FWHM of 2.0 eV. Such hydroxide species can be explained by 

the hydrolysis of SVO following the full chemical reaction: “SrVO3 + 3H2O à Sr(OH)2 + 

V(OH)4”. Then, hydrated species can be easily assessed to V4+ species in majority. 
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The Sr3d spectral region of the H2O-treated SVO, presented in figure 6c., shows a 

similar shape compared to the one before rinsing (figure 2c.). Nevertheless, a substantial 

decrease of the wide surface component “Sr3d (Sr-O)” can be observed after treatment in water. 

As Sr-O and Sr-OH chemical bounds have similar BE, the fitting parameters appears too close 

to be separated and are considered identical. Moreover, additional three minutes-time treatment 

in water (or even longer-time) do not further reduce the “Sr3d (Sr-O)” relative proportion. As 

SrO species are easily solubilized in water, we can assume that most of SrO surface oxide has 

been removed after such treatment. So, we deduced that “Sr3d (Sr-O)” component will be 

mainly associated to Sr-OH bounds at this step, by analogy to other chemical treatments 

performed on well-referenced surface such as surface hydroxylation of SrTiO3 [52–54] and Si 

wafer [55–58]. 

Figures 7a., 7b., and 7c., represent the high energy resolution spectra of O1s, V2p3/2, 

and Sr3d in angle resolved mode for the H2O-treated SVO, respectively. As for as-grown SVO 

(figures 3), we first observed the decrease of the “Sr3d5/2 (SVO)” peak intensity, which occurs 

simultaneously with the decrease of “O1s lattice (SVO)” peak from “θ = 0°” until “θ = 70°”. 

The other components of O1s, defined in figure 2a., and also the “Sr3d (Sr-O)” component, 

associated to Sr-OH, increase with θ which shows their location at the upper surface. However, 

V2p3/2 general shape appears quite unchanged with θ (figure 7b.). Only a slight increase of the 

global intensity is discernible at the most grazing angle (θ = 70°). This could be explained by 

an overall decrease of the three vanadium components assigned to SVO (V5+, V4+, and V3+), 

coupled to an increase of the vanadium hydroxide species (“V2p3/2 (V-OH)”) which will result 

to an identical shape of the V2p3/2 region at the different angles.  

Another interesting point can be observed from AR-XPS analysis and has to be stressed 

out. A grading negative shift of the “Sr3d5/2 (SVO)” peak positions can be observed (figure 7a.) 

with a ΔBE = -0.2 eV between 0° and 70°. This observation may be attributed to a band bending 
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which is consistent with a better surface conductivity at grazing angles. It could be linked to the 

more metallic behaviour of the SVO surface due to VO2-terminations in the case of rinsed 

sample compared to a more insulating SrO-terminations for as-grown samples (figure 3a.) as 

reported in in a recent SVO surface study [59].  

Global “Sr/V” and “(Sr+V))/Oox” ratios related to the tilt angle θ for an H2O-treated 

SVO thin film are presented in figure 8. “Sr/V” global ratio is decreasing from 0.95 ± 0.03 at 

0° to 0.70 ± 0.03 at 70°. “(Sr+V))/Oox” ratio is found constant from 0° to 40° with an averaged 

ratio of 0.67 ± 0.02, with a slight increasing for higher angles until 0.75 ± 0.02 at 70°. The 

global ratios are then perfectly consistent with a dominating stoichiometric SVO at 0°. For 

grazing angles, the relevant values of the “(Sr+V))/Oox” ratio associated to the excess of 

vanadium indicates that the surface is cleaned from all Sr-rich phases stated before. It also 

justifies that the treatment in water implies hydrated vanadium species, “V-OH” on a VO2-

terminated surface. 

In order to emphasize the last results discussed, the quantitative evolution of the 

different components with θ is discussed. Figures 9a., 9b., and 9c., show the relative 

proportions of the chemical environments present in Sr3d, V2p3/2, and O1s, respectively. Firstly, 

a decrease of the “Sr3d5/2 (SVO)” component can be observed (figure 9a.) from 68% at 0° to 

56% at 70°, which is related to the increase of the “Sr3d5/2 (Sr-O)” contribution. The proportion 

of this latter appears well below the one represented for as-grown SVO before treatment in 

water (figure 5a.). “Sr3d5/2 (Sr-O)” is still detected at the surface since it is mainly due to SrOH 

species at this step. Evolution of the V2p3/2 contributions can then be observed in figure 9b.. It 

shows the general decrease of the “V2p3/2 (5+), (4+), and (3+)” associated to SVO, conversely 

to the increase of the “V2p3/2 (V-OH)” component from 33% at 0° to 43% at 70°. V-OH 

hydroxide species are evidenced on top surface. Finally, we observed the evolution of the O1s 

contributions in figure 9c.. A slight decrease of “O1s (lattice SVO)” from 34% at 0° to 24% at 
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70° is found while the “O1s (O-C, O-H)” increases from 20% at 0° to 32% at 70°. The other 

two components, “O1s (surface SVO)” and “O1s (O-M)” are both readily constant with an 

average of 21% and 25% ± 2%, respectively. Such results indicate that the surface of SVO after 

treatment in water is now governed by a very thin layer of hydroxide species Sr-OH and V-OH, 

since SVO matrix signal is much more intense. Once more, SVO is still “buried” but the 

screening effect of the effective XPS signature of the perovskite oxide by the upper layers is 

weaker after the treatment in water. 

Quantitative data for the XPS chemical composition at normal incidence are gathered in 

table 3. Quantities of Sr-OH and V-OH are close: 4.2 vs. 4.5 at.% The perovskite oxide 

chemical composition is also confirmed with an atomic proportion of Sr3d in SVO of 8.8 ± 0.1 

at.%, the one of vanadium attributed to SVO of 9.2 ± 0.1 at.%. Oxygen quantity (27.8 % for 

lattice and surface SVO) is also consistent with stoichiometric SVO. 

Thus, our model evidences the efficiency of the treatment in water by revealing: (1) a 

solubilisation of the Sr-rich phases associated to SrO species previously in excess at the surface, 

(2) a surface governed by hydroxides species Sr-OH and V-OH with a dominant V-OH 

termination, which represents an electronical asset, and (3) an apparent stoichiometry not only 

evidenced by global ratios of Sr/V=1.0 and (Sr+V)/Oox=0.67, but also by the fitting procedure 

with an equal proportion of Sr-OH and V-OH species (for θ = 0°) which is in agreement with 

the hydrolysis reaction of SVO stated below. 

 

3. Surface reactivity of SrVO3 through air ageing 

Considering the strong reactivity of strontium oxide with carbon and humidity coming 

from air, we present in this last section of the paper a focus on SVO thin film evolution through 

different aging time in ambient air. It appears crucial to be aware of the chemical reactions that 

could disturb or screen the effective spectral response of such thin films. 
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Figures 10a and 10b., show the evolution in time of Sr3d, V2p and O1s high energy 

resolution spectra, respectively, and their reconstruction using our systematic fitting procedure. 

The XPS signature of (1) as-grown SVO, (2) SVO after 3 months-ageing, (3) SVO after 6 

months-ageing, and (4) SVO treated with water after ageing, can thus be compared.  

As previously described in part I, as-grown SVO presents two components in the Sr3d 

region (“Sr (SVO)” and “Sr (Sr-O)”), a multi-valence in the V2p3/2 region (V5+, V4+, and V3+), 

and different components in the O1s region (“O (SVO)” from lattice and surface SVO, “O (O-

M)” from single oxide and hydroxide, and “O (O-C, O-H)” from physisorbed carbon species). 

After air-ageing for 3 months, a new doublet must be added to the as-grown SVO 

reconstruction in the Sr3d region to fit the measured spectrum (figure 10a. second spectrum 

from the bottom). This component is settled at a BE of 134.2 eV for Sr3d5/2 with a FWHM of 

1.45 eV. Its fitting parameters can be seen as a positive BE shift of 1.55 ± 0.05 eV from the 

Sr3d5/2 (SVO) component. Such new component can be related to the one around 533.0 eV in 

the O1s region (figure 10b.). These two components can be assessed to strontium carbonates 

“Sr-O(-CO2)”, in relation with the associated C1s spectral signature (see figure S4 in 

supplementary information). The physisorbed species in O1s region (“O (O-C, O-H)” 

component) also increase after 3 months under ambient atmosphere. This is consistent with a 

carbonation of the Sr-rich phases surface since SrO single oxide is known for its strong affinity 

with carbon dioxide [40,60,61]. 

Another effect of the air-ageing is the increase of the various surface components “Sr 

(Sr-O)”, “V5+”, and “O (O-M)” in opposition to the bulk SVO oxide. This general observation 

is even more noticeable in the 6 months air-aged SVO sample spectral responses. In this case, 

“Sr (SVO)” as well as the O1s component related to SVO phase (“O (SVO)”) and the “V3+” 

components are below the detection limit of XPS. Only a very weak “V4+” signature is still 

observed. Conversely, the “Sr (Sr-O)” and the “V5+” components are predominant. A possible 
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explanation of this trend is a screening effect due to a consequent amount of Sr-rich compounds 

deposited on top of SVO because of its reactivity/affinity with carbon species coming from of 

organic contamination. Then, the ageing certainly implies a significant surface reactivity due to 

air oxidation which tend to extend inside the layer with the time, following the general oxidation 

reaction: 2SrVO3 + ½O2 à 2SrO + V2O5. 

The last spectra on top of the figures 10a. and 10b. correspond to the surface obtained 

after rinsing the aged SVO with water. The spectral signature of such H2O-treated SVO shows 

similar results to the one obtained on as-grown SVO rinsed in water and presented in section 

II. The detailed high energy resolution spectra of the regions of interest, AR-XPS data, 

evolutions of global ratios, relative proportions of the different chemical environments, and also 

estimation of the chemical composition of this case are presented in supplementary information 

in figures S5 to S8, and in table S1, respectively. As figures 6 to 9 can be directly transposed 

to figures S5 to S8, these results are a matter of importance by proving the efficiency of the 

treatment in water independently of the ageing time. Indeed, we demonstrate here the ability to 

recover SVO surface and its specific XPS spectral signature using only dissolution of surface 

layers in water.  

Such achievement is crucial as the rinsing represent a necessary step to obtain a 

reproducible starting point for upcoming deposition on the surface. In order to go further and 

estimate the lifetime of the reproducible steady-state, the influence of air-ageing on a H2O-

treated SVO has been studied. Thus, different air-ageing duration after rinsing are considered: 

12 hours, 3 days, 6 days, and 3 months, where the respective spectral line evolutions of the 

Sr3d, V2p3/2, and O1s regions are presented in figures 11a., 11b., and 11c.. The general signal 

evolution through this air-ageing is similar to the one described in figures 10. The components 

assessed to SVO oxide: “Sr (SVO)”, “O (SVO)” with the usual multi-valence of V (V5+, V4+, 

and V3+), are progressively screened by secondary surface phases such as “Sr (Sr-O)”, “V5+”, 
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“O (O-M)”, and organic species “O (O-C, O-H)”. However, the kinetics of the air-ageing effects 

was considerably increased in this case. Indeed, from a XPS point of view, a typical 

“intermediate” state between as-grown and the 6 months-old samples can be observed for 3 

months ageing in figures 10, whereas such “intermediate” state, between a major SVO 

signature and a totally screened one, is observed between only 3 and 6 days of air-ageing after 

treatment in water in figures 11.   

In order to highlight this phenomenon, the proportion of strontium secondary species in 

Sr3d spectral region (“Sr-O” and “Sr-O(-CO2)” components) has been reported as a function of 

air-ageing time in figure 12. Before air-ageing, the samples with the lowest amount of SrO 

secondary species are the ones rinsed with water (“Aged SVO” and “As-grown SVO” after 

H2O), showing the efficiency of our treatment. Then, the air-ageing is reported for the different 

cases shown in figures 10 and 11. It evidences again that an air-ageing of 3 months of an as-

grown SVO is similar to an air-ageing of only few days (from 3 to 6 days) after the treatment 

in water. We can finally conclude that hydrolyzed SVO surfaces present a higher chemical 

reactivity likely due to their -OH surface terminations. The treatment in water was found very 

efficient to remove Sr-rich phases in excess from SVO surface and other oxygen-rich phases 

containing V5+ species. However, the reader should be aware that such hydrolyzed surface 

presents an enhanced chemical reactivity and thus requires an efficient passivation process. 

Some perovskite oxides such as LaAlO3 has already been used [42], but more common capping 

oxides such as Al2O3, or organic capping layer such as poly(methyl-methacrylate [62] or 

polystyrene [63] have to be investigated. 
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CONCLUSION 

In this work, we perform an angle-resolved X-ray photoelectron spectroscopy study on 

promising functional perovskite oxide thin films of SrVO3 (SVO). Combining the 

deconvolution of Sr3d, V2p3/2 and O1s spectral regions of interest, our systematic fitting 

procedure clearly indicates the different chemical environments observed at the surface of “as-

grown” SVO thin films by giving from surface to volume: (1) physisorbed species coming from 

air contamination, (2) Sr-rich phases assigned to single oxide SrO and overoxidized V5+ 

vanadium states, and (3) the expected bulk SVO thin film close to SrVO3 stoichiometry. This 

deconvolution leads to a more accurate Sr/V ratio calculation. Sr-rich surface layer, probably 

due to Sr segregation during the cooling of the PLD growth process, can be evaluated at least 

in the first three nanometers using depth profiling. This thin layer presents a different electrical 

conductivity than bulk SVO and can influence for example the metal to insulator transition with 

reducing the SVO film thickness. Hopefully, Sr-rich phases can be readily removed using an 

efficient H2O-treatment, releasing the stoichiometric bulk SrVO3 phase. The resulting “H2O-

treated” SVO surface appears more electrically active due to VO2-terminations. However, such 

hydrolyzed surfaces are more sensitive and reactive as demonstrated in the comparative study 

between “as-grown” and “H2O-treated” SVO through air-aging. One should take under 

consideration that special processes for passivation or diffusion barrier inorganic or organic 

capping need to be developed at a short time after releasing Sr-rich phases in water, in order to 

use SVO as an active functional layer in future electronic devices.    
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GRAPHICAL ABSTRACT 

 

 

 

HIGHLIGHTS 

 

• Sr-rich phases onto SrVO3 thin films are studied using Angle Resolved XPS  
• A treatment in water removes Sr excess by giving a V-OH terminated surface 
• A study of air-ageing onto “as-grown” and “H2O-treated” SVO is finally pursued 
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FIGURES AND TABLES: 

I/ As-grown SVO 

 

  

Figure 1: XPS monoatomic Ar+ depth profiling of an as-grown SVO thin film of 40 nm-
thick (energy 4000 eV). 

 

 

Figure 2: High energy resolution spectra of a. O1s-V2p and b. Sr3d regions with 
chemical environments attributed to the analysed as-grown SVO at normal incidence. 
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Name BE (eV) FWHM (eV) Peak attributions 

Sr3d5/2 (SVO) 132.7 (± 0.1) 0.7-0.8 perovskite 
Sr3d5/2 (Sr-O) BE + 1.10 eV (± 0.05) 1.2-1.3 surface oxide or hydroxide 

    
V2p3/2 (5+) 517.7 (± 0.1) 1.7-1.8 V5+ oxidation state 
V2p3/2 (4+) BE - 1.25 eV (± 0.05) 1.8-1.9 V4+ oxidation state 
V2p3/2 (3+) BE - 3.00 eV (± 0.05) 1.9-2.0 V3+ oxidation state 

    
O1s (lattice SVO) 529.2 (± 0.1) 0.8-0.9 lattice perovskite 
O1s (surface SVO) BE + 0.80 eV (± 0.05) 0.8-0.9 surface perovskite 

O1s (O-M) BE + 1.40 eV (± 0.05) 1.0-1.1 metal oxide hydroxide 
O1s (O-C. O-H) BE + 2.50 eV (± 0.05) 1.8-2.0 physisorbed species 

    
C1s 284.8-285.0 > 1.0 physisorbed species 

 

Table 1: Peak attributions of the different chemical elements at the surface of SVO thin 
films and their related Binding Energy (BE), Full Width at Half Maximum (FWHM), 
and enforced fitting parameters, corresponding to the fitting procedure (associated to 

figure 2). 

 

a. b.  

c.  

Figure 3: High energy resolution spectra of a. Sr3d, b. V2p3/2, and c. O1s regions of an 
as-grown SVO in angle resolved configuration, with a tilted angle θ from 0° to 70°. 
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Figure 4: Evolutions of global Sr/V and (Sr+V)/Oox ratios related to the tilt angle θ of an 
as-grown SVO (associated to AR-XPS spectra in figure 3) considering the total content 
of Sr3d and V2p3/2, and “Oox” the total content of O1s exempt from the O1s (O-C, O-H) 

component related to organic surface contamination. 

 

 

Figure 5: Relative proportions of the different chemical environments for a. Sr3d, b. 
V2p3/2, and c. O1s spectral regions and their evolutions with tilt angle θ, associated to 

angle resolved XPS spectra (figures 3) and peak attributions (figures 2) for an as-grown 
SVO. The standard deviation is settled to ± 0.02. 
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ph
ys

iso
rb

ed
 

sp
ec

ie
s O1s (O-C, O-H) 15.3 

C1s 22.3 

     

su
rf

ac
e 

de
m

ix
in

g Sr3d (Sr-O) 6.5 
V2p3/2 (5+) surface V2O5 2.7 

O1s (O-M) from SrO and V2O5 9.0 
     

bu
lk

 S
rV

O
3  

Sr3d (SVO) 9.0 
V2p3/2 (5+) 1.5 
V2p3/2 (4+) 4.0 
V2p3/2 (3+) 3.8 

O1s (lattice SVO) 20.1 
O1s (surface SVO) 5.8 

 

Table 2: Estimation of the chemical composition of an as-grown SVO at normal 
incidence (θ = 0°) with the different peak attributions. The standard deviation is settled 

to ± 0.1 at.%. 

 

II/ As-grown SVO + H2O 

 

 

Figure 6: High energy resolution spectra of a. O1s-V2p and b. Sr3d regions with 
chemical environments attributed to the analysed as-grown SVO treated with H2O at 

normal incidence. 
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a. b.  

c.  

Figure 7: High energy resolution spectra of a. Sr3d, b. V2p3/2, and c. O1s regions of an 
as-grown SVO treated with H2O in angle resolved configuration, with a tilted angle θ 

from 0° to 70°. 

 

 

Figure 8: Evolutions of global Sr/V and (Sr+V)/Oox ratios related to the tilt angle θ of 
an as-grown SVO treated with H2O (associated to AR-XPS spectra in figure 6) 

considering the total content of Sr3d and V2p3/2, and “Oox” the total content of O1s 
exempt from the O1s (O-C, O-H) component related to organic surface contamination. 
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Figure 9: Relative proportions of the different chemical environments for a. Sr3d, b. 
V2p3/2, and c. O1s spectral regions and their evolutions with tilt angle θ, associated to 
angle resolved XPS spectra (figure 7) and peak attributions (figure 6) for an as-grown 

SVO treated with H2O. The standard deviation is settled to ± 0.02. 
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Table 3: Estimation of the chemical composition of an as-grown SVO treated with H2O 
at normal incidence (θ = 0°) with the different peak attributions. The standard deviation 

is settled to ± 0.1 at.%. 
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III/ Ageing SVO 

 
Figure 10: High energy resolution spectra of a. Sr3d, and b. O1s-V2p regions with 

chemical environments attributed to the following cases: (1) as-grown SVO. (2) after 3 
months-ageing in air. (3) after 6 months-ageing in air. and (4) treated with water after 

ageing. 

 

a. b. c.  

Figure 11: High energy resolution spectra of a. Sr3d. b. V2p3/2 and c. O1s regions with 
chemical environments attributed to the following cases: treated with water. and 

successively air-aged for 12 hours. 3 days. 6 days and 3 months after rinsing. 
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Figure 12: Evolution of the relative proportion of Sr-O in Sr3d with the ageing-time of 
different SVO samples. 
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