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Abstract 

The oxidation of the Ni(111) surface under ultrahigh-vacuum conditions is 

studied experimentally with low-energy electron diffraction and high-resolution 

X-ray photoelectron spectroscopy. Exposure of the clean Ni(111) surface to 

molecular oxygen at room temperature followed by annealing at 400 K leads to 

the formation of two different structures (22) and  3 3 3 3 R30  , prior to the 

formation of the NiO(111) monolayer. The O 1s core levels indicate that the 

obtained oxide is terminated by oxygen atoms while the valence band 

measurements clearly reveal the band gap of NiO. The energy difference 

between the Fermi level and the maximum of the valance band is extracted and 

is found to be 0.47 eV. 
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1. Introduction  

Over the last few decades, great effort has been made to develop new methods 

to grow oxide films for their applications in catalysis [1, 2], solar cells [3, 4] as 

well as in electronic devices [5-7]. Indeed, oxides can serve either as catalytic 

materials or as inert supports for catalytic metal clusters [2]. In addition, oxide 

thin films have a strong impact on the field of nano-electronics [5-7] since they 

can be used as tunneling barriers for ferroelectric memories [6] and magnetic 

devices [7, 8]. The structure of these memories, in particular those based on 

polarized-electron tunnel transport, are extremely complex because they require 

the stacked ferromagnetic metal layers to be separated by an insulating layer of 

nanometric size. This insulating barrier, generally formed by a layer of 1 to 2-

nm-thick dielectric oxide, must have a high homogeneity, both in composition 

and thickness in order to avoid leakage currents, which can drastically modify 

the values of the magnetoresistance [5]. In addition, anti-ferromagnetic films 

such as nickel oxide (NiO) films are used as spin valves to pin the 

magnetization of ferromagnetic films [9]. For all these reasons, it is mandatory 

to synthetize oxide thin films with high quality. Previously, we have studied the 

growth of ultrathin oxide films using atomic layer deposition and oxidation 

process [10-15]. In this process, one atomic monolayer (ML) of a metallic 

element is deposited, followed by oxidation through the exposure to molecular 

oxygen at room temperature (RT), and then annealed in ultrahigh vacuum 

(UHV) conditions. This process is repeated to obtain the required thickness of 

the oxide. However, even though oxide films obtained by this process present 

good homogeneity and good thermal stability [10, 11], they remain limited in 



terms of integration in industrial technology in which high-speed material 

processing is required.  

In this paper, we present results of the growth of a NiO ultrathin film by direct 

oxidation of a Ni(111) substrate. NiO layers were characterized using Low-

Energy Electron Diffraction (LEED) and High-Resolution X-Ray Photoelectron 

Spectroscopy (HR-XPS). The structural and chemical properties of the obtained 

thin films were studied as function of the exposure rate to molecular oxygen and 

their electronic behavior was investigated. 

  

2. Experimental method 

The experiments were performed on the TEMPO beam-line of the synchrotron 

SOLEIL in France. The beam-line is equipped with the standard tools for 

surface preparation and characterization: an ion gun for surface cleaning, a low-

energy electron diffractometer, and a VG SCIENTA spectrometer X-ray 

photoelectron spectroscopy instrument with hemispherical energy analyzer. A 

pure commercial (111)-oriented nickel single crystal with a diameter of 10 mm, 

a thickness of 2 mm, and a purity of 99.999% was fixed to the sample holder 

using a tungsten wire. The sample was then introduced in the ultrahigh vacuum 

chamber with a pressure in the low 10-10 mbar. Prior to the oxide growth, the 

Ni(111) sample was cleaned by several cycles of ionic argon sputtering at 10-5 

mbar with a typical energy of Ar+ ions of 600 eV, followed by annealing at 875 K 

until a sharp (11) LEED pattern was obtained. The high-resolution 

photoemission spectra of the O 1s core-level, as well as the valence band 

measurements, were performed at room temperature. Oxidation of the Ni(111) 



substrate was performed by exposing the surface to molecular oxygen (O2) with 

a purity of 99.998% at RT followed by an annealing at 400 K during 10 min in 

UHV conditions. The annealing of the sample was performed using a tungsten 

filament heater located in close proximity (2 mm) behind the sample holder and 

the temperature was measured by a pyrometer. The oxygen exposures were 

varied from 20 to 100 Langmuir (L), (1 L = 110-6 Torr.s). The LEED and XPS 

were used to control the oxidation of Ni(111) surface after each oxidation.  

The incidence angle of the photon beam was 60° with respect to normal 

emission. The photoelectron analyzer was oriented at an angle of 90°, the 

acceptance angle was 15°, both with respect to the surface normal, and the 

energy resolution was 0.1 eV. 

 

3. Results and discussion 

Figure 1 presents LEED patterns recorded at 90 eV of the Ni(111) surface after 

ion sputter cleaning (Fig. 1a) and after exposure to molecular oxygen with 

exposure rates of 20 L (Fig. 1b), 40 L (Fig. 1c) and 100 L (Fig. 1d) followed by 

annealing at 400 K during 10 min. In Fig. 1b, one can clearly notice that the 20-

L-exposure to O2 produces a (22) superstructure with respect to the (11) 

pattern in Fig. 1a obtained immediately after the Ni(111) substrate preparation. 

The diffraction spots of the substrate and the (22) superstructure are 

highlighted in Figs. 1a and 1b by black circles and light-gray squares 

respectively. The obtained (22) structure was previously reported and was 

assigned to the adsorption of 0.25 ML oxygen [16-19].  



 

Fig. 1: LEED patterns of the Ni(111) surface recorded at 90 eV: (a) after ion 

sputtering cleaning, and after exposure to (b) 20 L, (c) 40 L, (d) 100 L of 

molecular oxygen followed by annealing at 400 K. 

 

After exposition to 40 L of molecular oxygen followed by annealing at 400 K, the 

spots of the (22) superstructure have disappeared, and new diffraction spots 

are observed as shown in Fig. 1c. Some spots are identified by light-gray circles 

and correspond to a new structure. In addition, after exposure of Ni(111) to 40 L 

of oxygen, one can also distinguish additional less distinct spots (identified by 

the white arrows in Fig. 1c). This LEED pattern is quite similar to that observed 

by Munoz-Marquez et al. [21] when a clean Ni(111) surface, heated in the range 

of 550-600 K, receives much higher exposure rates (several cycles of 1200 L). 

The authors assigned the observed structure to two rotational domains of a 

square mesh of a NiO(100) overlayer, in rotational epitaxy with the underlying 

Ni(111) substrate. However, as shown in Fig. 2 corresponding to the diffraction 

pattern, recorded at 45 eV, of the surface after exposure to 40 L of molecular 

oxygen, one notices that, apart from the extra spots previously observed at 90 

eV (shown in Fig. 1c), additional spots are observed. The analysis of this LEED 

pattern revealed that the observed spots (indicated by the dashed white lines) fit 



a hexagonal mesh rotated with an angle of 30 relative to the Ni(111) crystal 

directions with a periodicity of 3 3 . Thus, the additional oxygen atoms 

transform the (22) structure obtained at 0.25 ML coverage to a 

 3 3 3 3 R30   superstructure (highlighted by the gray-lined grid in Fig. 2).  

 

Fig. 2: LEED patterns recorded at 45 eV of the Ni(111) surface after exposure 

to 40 L of molecular oxygen followed by annealing at 400 K. The substrate 

crystal directions are indicated by dashed white lines; the  3 3 3 3 R30   

superstructure is highlighted by the gray-lined grid displaying the elementary 

cell unit depicted in white. 

 

The  3 3 3 3 R30   superstructure we obtained is similar to the 

 3 3 R30   chemisorbed oxygen phase on Ni(111) reported previously [19]. 

It is consistent with a phase change in the chemisorbed oxygen structure as 

initially proposed by Mac Rae [20]. In addition, one can notice that there are 



some missing or unclear spots in the LEED pattern of the  3 3 3 3 R30   

superstructure shown in Fig. 2; which is probably due to incomplete coverage of 

these domains. This structure was controversial for a while as it was not always 

observed. It is possible that it forms as an intermediate phase at relatively small 

oxygen exposure before the onset of the NiO island growth phase [18]. 

After exposition at 100 L of molecular oxygen followed by annealing at 400 K, 

the  3 3 3 3 R30   has vanished, and a (11) LEED pattern of NiO with 

respect the bulk Ni(111) is clearly observed as depicted in Fig. 1d (by the 

dashed white circles) indicating ordered thin NiO(111) film. Indeed, from the 

LEED patterns of Fig. 1c and 1d, we deduced that the lattice parameter of the 

obtained thin oxide film is about 2.85 Å. This value is in agreement with the 

expected one for bulk NiO(111) (2.94 Å) [22]. Thus, one can interpret the less 

distinct spots of Fig. 1c (after 40-L-oxygen exposure) as that of the beginning of 

the formation of the (11) phase of the NiO thin film with respect to the bulk 

Ni(111). These spots become sharper after 100-L-oxygen exposure (Fig. 1d). 

Using X-ray photoemission spectroscopy, we have characterized the NiO(111) 

films obtained after exposure to 100 L of oxygen and post-annealing at 400 K. 

Figure 3 displays an overview of the surface before and after the oxidation of 

Ni(111) substrate at a photon energy of 700 eV. The bare Ni(111) spectrum 

(lower curve in Fig. 3) presents the characteristic peaks of nickel. The O 1s core 

level is observed after the oxidation process (upper curve in Fig. 3). On the 

same curve, one can also notice the presence of oxygen Auger peaks (as 

identified on the curve). Two small additional peaks located respectively at 530 



eV and 350 eV correspond to the Auger transitions of the tungsten wire used to 

hold the Ni substrate. 

 

Fig. 3: XPS spectra recorded at 700 eV photon energy as a function of binding 

energy for the bare Ni(111) surface (lower) and after room-temperature 

exposure to 100 L molecular oxygen followed by annealing at 400 K (upper). 

 

In order to estimate the thickness of the formed nickel oxide film, we calculated 

the mean escape depth () of Ni 3p electrons detected at an angle of  = 15 

with respect to the surface normal using the following equation [23]:  

 0 cos    (1) 

Where 
0
 is the inelastic mean free path of electrons of Ni 3p electrons (with a 

kinetic energy E of 632 eV) estimated at 4.87 Å using the following equation:  



 0
2 E

h

m E
   (2) 

Where h corresponds to Planck’s constant (h  6.62610-34 J.s), and m
E
 is the 

electron mass (m
E
  9.110-31 kg). 

By considering the following equation [24]:  

  0 exp NiOI I d    (3) 

Where I0 and I refer to the XPS intensities of Ni 3p electrons measured 

respectively on bare Ni and after oxidation and d
NiO

 is the thickness of the NiO 

oxide, we can deduce a thickness value of the NiO(111) film (d
NiO

) of about 2.91 

Å ± 0.1 Å. 

This value is 0.5 Å higher than the interplanar distance in bulk NiO(111) of 

about 4.2 Å 3 2.42 Å , calculated with a lattice parameter of 4.2 Å [22]. 

This indicates that the thickness of the obtained NiO(111) film is between 1 and 

2 layers in agreement with the model proposed by Holloway [18]. This thickness 

is also consistent with previous studies reporting that the formed NiO(111) is 

very thin and the oxidation is complete to a depth of only a few atomic layers 

[18, 25]. Nevertheless, one should be cautious with the estimated thickness of 

the nickel oxide since it was calculated under the assumption that the elastic 

effect can be neglected and that the emitted electrons are attenuated following 

inelastic scattering interactions. 

Based on this XPS analysis and the estimation of the nickel oxide film thickness 

after 100 L of oxygen exposure, the LEED pattern of Fig. 1c (recorded after 40-



L-oxygen exposure) could be attributed to the onset formation of an ordered 

oxide phase of NiO(111), giving rise to the less distinct spots observed in the 

LEED pattern. 

Figure 4 presents the valence band of the substrate recorded at a photon 

energy of 60 eV before and after oxidation of Ni(111) at 100 L of O2. After the 

oxidation, we observe a weak intensity between 0 and 0.47 eV in comparison 

with that of clean Ni followed by a steady increase as the binding energy 

increases. The overall intensity is weaker because the photoelectrons coming 

from the underlying metallic Ni are strongly attenuated by the NiO layer. 

However, for binding energies higher than 0.47 eV, the intensity increases 

again. This is consistent with a contribution for the NiO valence band adding to 

that of the underlying Ni. This indicates the opening of a band gap of 0.47 eV of 

the NiO [26]. 

 

Fig. 4: Valence band of: (a) bare Ni(111) surface, (b) after exposure of Ni(111) 

surface to 100 L of molecular oxygen at room temperature followed by 

annealing at 400 K. 



 

The exact band gap value depends on the position of the conduction band of 

NiO that we cannot measure since only filled states are probed in the XPS. The 

Fermi level is located at 0.47 eV above the top of valence band, which is 

consistent with the value reported in the literature (0.45 eV) [26]. Since bulk 

nickel oxide is a large band gap semiconductor (about 3.6-4.0 eV), the 

estimated energy between the Fermi level and the top of valence band indicates 

the obtained NiO has p-type behavior in good agreement with the literature [27-

31]. 

The O 1s core level spectra recorded at normal and at grazing emission are 

shown in Fig. 5. The spectra are fitted with a Doniach-Sunjic line shape [32] 

with only two components S1 and S2 located respectively at 529.42 and 531.23 

eV. The best fit was obtained with a 333 meV Gaussian profile and a 550 meV 

Lorentzian profile. The presence of two components indicates that the oxygen 

atoms have two chemical environments. In addition, the S2 component 

increases in intensity at grazing emission and decreases at normal emission 

indicating that the corresponding atoms are located at the surface. Thus, the S1 

component is assigned to the oxygen atoms located in the NiO(111) oxide while 

the S2 component is assigned to oxygen atoms located at the surface. This is 

also in good agreement with our estimated thickness (between 1 and 2 

monolayers) and with the model of NiO(111) films [33].  

Let us recall that the entire process was performed under ultrahigh vacuum 

conditions, and the oxidation process was performed by RT exposure to pure 

molecular oxygen followed by post-annealing. It is generally agreed [18, 21] that 



the initial ordered phases form by the dissociative chemisorption of the oxygen 

molecules. Nickel is commonly used as a catalyst to dissociate water, forming 

OH and H on the surface [35]. However, one cannot completely rule out the 

possibility of forming OH terminal groups at the surface of the thin film [36, 37], 

either via the adsorption of residual water vapor from UHV (partial pressure in 

the range of 10-11 mbar) [38] or via reaction with H radicals generated by 

cracking residual hydrogen in the vacuum on the ion gauge filament [39]. 

 

Fig. 5: O 1s core levels recorded in normal (lower) and at 55° to the surface 

normal after room-temperature exposure of Ni(111) to 100 L of molecular 

oxygen followed by annealing at 400 K (upper). 

 



4. Conclusion 

We have studied the growth of NiO(111) film by direct oxidation of a Ni(111) 

single crystal. Two periodic structures were observed corresponding to the 

partial oxidation of Ni(111). At higher coverage, a thin NiO(111) film is obtained 

(with an estimated thickness of one or two layers). The LEED patterns show the 

formation of NiO thin film with a structure similar to that of bulk NiO. The 

valence band measurements showed that the Fermi level is located at 0.47 eV 

above the top of valence band indicating a p-type behavior of the thin NiO(111) 

film while the O 1s core level showed that the oxide is oxygen terminated. 
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