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ABSTRACT: Memories based on the Insulator-to-metal transition in correlated insulators are 

promising to overcome the limitations of alternative non-volatile memory technologies. However, 

associated performances have been demonstrated so far only on narrow gap compounds, such as 

(V0.95Cr0.05)2 O3 , displaying a tight memory window. In the present study, V-substituted Cr2O3 

compounds (Cr1-xVx)2 O3  have been synthesized and widely investigated in thin films, single 

crystals and polycrystalline powders, for the whole range of chemical composition (0<x<1). 

Physico-chemical, structural and optical properties of the annealed magnetron sputtered thin films 

are in very good agreement with those of polycrystalline powders. Indeed all compounds exhibit 

the same crystalline structure with a cell parameters evolution consistent with a solid solution 

over the whole range of x values, as demonstrated by X-Ray Diffraction and Raman scattering. 

Moreover, the optical band gap of V-substituted Cr2O3 compounds decreases from 3 eV for Cr2O3 

to 0 eV for V2O3. In the same way, the resistivity is decreased by almost five order of magnitude 

as the V content x is varying from 0 to 1, similarly in thin films and single crystals. Finally, a 

reversible resistive switching has been observed for thin films of three selected V content (x=0.30, 

0.70 and 0.95). Resistive switching performed on MIM devices based on a 50 nm thick 

(Cr0.30V0.70)2O3 thin film show a high endurance of 1000 resistive switching cycles and a memory 

window ROFF/RON higher by three orders of magnitude, as compared to (Cr0.05V0.95)2 O3. This 

comprehensive study demonstrates that a large range of memory window can be reached by tuning 

the band gap while varying the V content in the (Cr1-xVx)2O3 solid solution. It thus confirms the 

potential of correlated insulators for memory applications. 

KEYWORDS. V-substituted Cr2O3, solid solution, band gap, resistive switching, non-volatile 

memory.  
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INTRODUCTION 

In the last decade, the miniaturization of Flash memories has been slowing down and toils to fulfill 

the ever-increasing needs for reliable data storage. In this framework, 3D stacking has been 

proposed as a solution but drastically increases the cost of fabrication1 by the addition of numerous 

lithographic steps. In addition, the reliability of data storage declines progressively for the latest 

technology nodes, now below 10 nm, because of increasing leakage currents and need for 

counteracting expensive technological solutions2.  

In that respect, many researches have been and are still dedicated to alternative technologies to 

face the storage requirements. Numerous studies address the development of alternative 

technologies: Magnetic Random Access Memory (MRAM), Phase Change Memory (PCRAM), 

Ferroelectric Memory (FeRAM) and Resistive Memory (ReRAM). These technologies offer 

attractive characteristics as programming time in the ns range, writing energy below 10-11 J/bit, 

cell size promising to be smaller than Flash memory and are compatible with integration in a 

CMOS technology. Nevertheless, in all these alternatives important shortcomings are still limiting 

their industrial reliability3,4. PCRAM faces high current consumption5, FeRAM has large three-

dimensional structures (> 100 nm) limiting so far the storage density6, MRAM suffers from low 

memory window and weak thermal stability 7,8, and oxide based ReRAMs (OxRAMs) display high 

variability of its resistance states, directly linked to their working principle9.  

This work focuses on a different type of ReRAM, based on Correlated Insulators. The insulating 

state of these compounds is characterized by the localization of the valence electrons submitted to 

a strong electron-electron repulsion10
. Previous works on resistive switching in such compounds 

have highlighted the interest of Mott insulators for non-volatile memory applications11.  
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More specifically, our works have shown that the application of an electric pulse on a narrow gap 

Mott insulator triggers an avalanche breakdown above a threshold electric field12,13. For sufficient 

electric field, a non-volatile granular conductive filament is created in which the lattice is 

compressed9. Owing to the physics of Mott insulators, this compressed filament is much more 

conductive than the pristine material and accounts for the observed Insulator-to-Metal Transition 

(IMT). This resistive switching behavior of electronic nature is reversible since the application of 

another electric pulse can induce a switch back to the pristine state by self-Joule heating of the 

filament 14. The application of an appropriate pulse sequence thus enables to switch back and forth 

between high (pristine value) and low resistive states. This mechanism was demonstrated first in 

single crystals15 and further in thin layers of two materials, GaV4S8
16

 and (Cr0.05V0.95)2O3
17. 

Moreover, we demonstrated that it is actually universal to all Mott insulators9. It does not involve 

any atom migration18 nor forming step9, which differentiates it strongly from mechanisms based 

on ionic electro-migration commonly used to explain IMT in oxides7, or interfacial switching 

observed in PCMOs19.  

Based on this specific physical mechanism, resistive switching was demonstrated (i.e. stable 

resistance states, scalability down to 30 nm, and write current < 50 µA) 20,16. These features of 

Mott memories make them promising to overcome the limitations of alternative non-volatile 

memory technologies. However, only compounds with narrow band gap, i.e. namely 0.3 eV and 

0.15 eV for GaV4S8 and (Cr0.05V0.95)2O3 respectively10,11, have been investigated so far, yielding 

limited memory window due to their pristine resistivity in the 1-10 Ω.cm range. On the other hand, 

these previous works suggest an enhancement of the memory window when the gap value 

increases, which enables to envision Mott memories with high ROFF/RON ratios, based on large gap 
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correlated insulators. However, to date no work in literature explored deeply the resistive switching 

(RS) in large gap correlated insulators and the impact of the gap value on the memory window. 

Here we show that thin films of the family of correlated insulators (Cr1-xVx)2O3 have a band gap 

that can be tuned in the 0-3 eV range, with the possibility of resistive switching cycling. In this 

extensive original study of structural, optical and electrical properties of V-substituted Cr2O3 

material, the chemical composition has been varied in a large extent for 0 < x < 1. To get reliable 

references, single crystals and powders were first elaborated and characterized. In a second step, 

thin films have been obtained by magnetron co-sputtering of two metallic targets (Vanadium and 

Chromium). An annealing step under controlled oxygen pressure enabled to obtain well-

crystallized and stoichiometric V-substituted Cr2O3 thin films. The impact of the variation of the 

V content on the crystalline structure, band gap value and transport properties has been 

investigated. Finally, resistive switching experiments were performed on some selected 

miniaturized devices based on (Cr1-xVx)2O3 thin films and demonstrated for the first time the 

enhancement of the memory window as the band gap increases within this solid solution of narrow 

to large band gap correlated insulators. 

EXPERIMENTAL SECTION  

Synthesis of powders and single-crystals 

(Cr1-xVx)2O3 powder samples with various “x” Vanadium contents were prepared using liquid-

phase syntheses. Ammonium metavanadate NH4VO3, Chromic Nitrate nonahydrate 

Сr(NO3)3, 9H2O and Citric acid C6H8O7 were first dissolved together in 100 ml of distilled water 

following  the reaction Equation (1) in order to obtain the targeted Cr : V, i.e. (1-x) : x with x 
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ranging from 0.1 to 0.95.  This reaction yields (Cr1-xVx)yOz compounds where y:z is different from 

the targeted 2:3 ratio. 

2x NH4VO3 + 2(1-x) Сr(NO3)3,9H2O + 5 C6H8O7 + 15 (NH4)2CO3 → (Cr1-xVx)yOz  (1) 

The aqueous solution was then concentrated on a hot plate at 100 °C until gelation started. On the 

course of concentration, Ammonium carbonate (NH4)2CO3 was added in several portions to keep 

pH of the solution around 8. Basic condition was necessary to deprotonate Citric acid so that their 

COO- groups can fix both V and Cr cations in their polymer gel networks. Otherwise, these free 

metal cations would have precipitated separately. As evaporation proceeded, the blue-purple 

solution became a gel, followed by self-combustion reaction that reduced the gel into brownish-

grey powder. Once the water evaporation was completed, a first annealing treatment under oxygen 

flow at 480 °C during 8 hours aimed to trigger a pyrolysis reaction to burn and eliminate all the 

residual organic elements after reaction (1). A second treatment was carried out under a reducing 

flow of 95% Ar/ 5% H2 with a first step at 550 °C during 22 hours and a second step at 900 °C 

during 22 hours to ensure the reduction of the different Vanadium/Chromium oxide phases towards 

(Cr1-xVx)2O3.  

Single-crystals were grown from the previously synthesized powders using the chemical vapor 

transport method. First, a vacuum-sealed silica tube containing 200 mg of (Cr1-xVx)2O3 powder 

and 40 mg of sulfur (transport agent) was annealed at 1065 °C. At this temperature, the gaseous 

sulfur reacts with the volatized powder producing crystals at the cold side of the tube. The 

temperature was then slowly reduced (-0.5 °C/h) down to 930 °C, followed by a rapid cooling 

(-300 °C/h) down to room temperature. The chemical composition of the powder samples and 

crystals in terms of Cr/V content ratio was estimated using the Energy-dispersive X-ray 

spectroscopy (EDX) using a voltage source of 10kV. 



 7

Synthesis of V-substituted (Cr1-xVx)2O3 thin films 

Cr1-xVx or Cr1-xVxOy thin films were deposited by magnetron co-sputtering of two metallic 

Chromium (Cr) and Vanadium (V) targets, supplied by two independent direct current (DC) power 

sources, in a commercial AC450 sputtering chamber from Alliance Concept (France). Details on 

the equipment can be found in previous published work (M. Querré et al.)21. In. order to obtain 

Cr1-xVx or Cr1-xVxOy thin films with x within the [0.06 – 0.96] range, the supplying powers of both 

targets were varied in the 100 – 300 W for the V target, and in the 15 – 300 W range for the Cr 

target. Thin films were deposited on Si/SiO2 substrates in confocal configuration and two different 

modes: (i) a non-reactive mode in pure Ar atmosphere at a pressure P = 25 μbar for Cr1-xVx films 

or (ii) a reactive mode in Ar/O2 atmosphere (O2/Ar ratio of 0.5%) for Cr1-xVxOy thin films. The 

deposition chamber was pumped down to 8.10-7 mbar prior to each deposition. For both modes, a 

post-annealing was necessary to obtain crystallized thin films with the targeted oxygen 

stoichiometry. All deposited thin films were submitted to an annealing step in a reducing flow of 

Ar/H2 5% gas in a furnace previously pumped down to 10-3 mbar. Three different annealing 

conditions were performed, for a 10 h duration: (i) 500°C using a Cr/Cr2O3 oxygen buffer, (ii) 

500°C using a Fe/Fe3O4 oxygen buffer and (iii) 800°C without buffer. The buffers consist in 

pressed pellets of either 142 mg of Cr / 207 mg of Cr2O3, or 73 mg of Fe / 100 mg of Fe3O4. As 

described by Rupp et al.22, the use of such buffers guarantees that the annealing atmosphere follows 

the oxygen partial pressure needed to obtain stoichiometric (Cr1-xVx)2 O3 thin films when annealing 

temperature evolves. Besides, annealing at 800°C in Ar/H2 (5%) results in an oxygen partial 

pressure ppO2 = 10-21 atm, which ensures an annealing process leading to stoichiometric material23. 
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Physicochemical characterizations of crystals, thin films and powders  

The morphology of the deposited (Cr1-xVx)2O3 films was investigated by Scanning Electron 

Microscopy (SEM). Top view and cross section images were taken using a JEOL JSM 7600F SEM 

equipped with a Schottky field emission gun.  

The chemical compositions and the V/Cr atomic ratios of (Cr1-xVx)2O3 single-crystals, 

polycrystalline powders and thin films were measured by Energy Dispersive Spectrometry (EDS). 

A JEOL JSM 5800LV SEM equipped with an energy dispersive spectrometer SDD SAMx set at 

10 kV was used to characterize all samples.  

 

Structural characterization of powders and thin films  

X-Ray Diffraction (XRD) patterns of (Cr1-xVx)2O3 powders and thin films were recorded in Bragg 

Brentano geometry using a Bruker D8 series II diffractometer equipped with a Cu anode (Cu – 

Kα1 pure radiation). Diffraction peaks were attributed thanks to JCPDF files of ICSD database 

(#75577 for Cr2O3 and #64785 for (Cr0.05V0.95)2 O3). Le Bail refinement of the XRD patterns were 

performed using JANA 2020 software to determine the lattice parameters24. 

Raman spectra were recorded using a Renishaw Raman spectrometer equipped with an Ar source 

generating a 514 nm wavelength excitation. The spectra were collected on (Cr1-xVx)2O3 powders 

in the form of pressed pellets or directly on (Cr1-xVx)2O3 thin films. A backscattering geometry 

was used, with linearly polarized laser incoming light and no polarization for outgoing Raman 

scattered light. 

 

Diffuse reflectance measurements  

Diffuse reflectance measurements of the (Cr1-xVx)2O3 powders were performed using a Perkin 

Elmer lambda 1050 fitted with a 150 nm InGaAs integration sphere (250 - 2500 nm range). The 
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absorbance α was approximated with the Kubelka-Munk function given by Equation (2), where R 

is the measured diffuse reflectance. The Tauc method25 was used to estimate the optical band gap 

through Equation (3) where α is the absorbance, hv is the photon energy, β is a coefficient equal 

to ½ (2) for indirect (direct) band gap and Eg is the band gap energy.  

𝐹 𝑅 𝛼  (2) 

 

𝛼ℎ𝜈 ℎ𝜈 𝐸𝑔 (3)  

The edge of lowest energy peak (intersection of the linear fit of the plot with the x-axis) was used 

to estimate the band gap energy according to the Tauc's method. Some supporting data are given 

in ‘’Supporting Information’’. 

 

Resistivity measurements  

The electrical resistance of the (Cr1-xVx)2O3 crystals and (Cr1-xVx)2O3 thin films annealed under 

different conditions was measured at room temperature with the four points method using a 

Keithley 236 high voltage source-measure unit. The resistivity was calculated from the resistance 

after considering the shape and size of the samples. 

 

Preparation of memory cell devices  

The memory cells were prepared with (Cr1-xVx)2O3 thin films exhibiting different band gap values 

representative of this series of compounds. Three chemical compositions (Cr1-xVx)2 O3 with x = 

0.30, 0.7 and 0.95 were selected as they exhibit band gap values over the whole studied range:  0.7, 

0.35 and 0.15 eV respectively. Figure 1 gives a schematic draft of the Metal/Insulator/Metal 

(MIM) TiN/(Cr1-xVx)2O3/Au structure, based on 50 nm thick thin films, used for electrical testing. 

The circular via (here 2 µm diameter) obtained by photolithography and etching of the silicon 
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nitride (SiNx) insulating layer allows to define and vary the contact size between the bottom 

electrode and the active film.  

 

Figure 1: (a) Schematic section view of one memory cell in MIM structure. TiN electrodes sandwich the (Cr1-xVx)2 O3 

active film. A photolithographed etched hole in the SiNx insulating film defines the small active region known as ‘via’ 
and the electric contact size. (b) Illustration of the electric circuit for operating one cell. A pulse generator and a 
resistance load (Rload) are connected in series with the cell (Rsample). 

 
Resistive switching measurements  

Resistive switching measurements were performed on memory cells based on MIM structure 

including (Cr1-xVx)2 O3 (x = 0.3, 07, 0.95) thin films deposited either in reactive or non-reactive 

atmosphere and further annealed with iron buffer at 500 °C. Each device was connected in series 

to an external load resistance (noted RLoad) to ensure current limitation (see Figure 1b). RLoad 

ranges in the 10-80% of the device resistance. Electric voltage pulses (Vtot) were applied to these 

circuits (Figure 1b) using an Agilent 81150A voltage pulse generator. The High and Low 

Resistance States (HRS and LRS) were measured at low bias (10 mV) before and after the 

application of the electric pulses using a high-impedance Keithley 6430 source-measure unit. The 

voltage signal across the circuit and the load resistance was monitored with a DPO 3034 Tektronix 

oscilloscope. Devices prepared with thin films of same composition but deposited under reactive 

or non-reactive atmosphere exhibit very similar behaviors, including HRS and LRS with close 

values. Nevertheless, we noticed a better cycling endurance for MIM structures based on thin films 

prepared under reactive atmosphere, i.e. with oxygen during the deposition. For this reason, only 

those type of thin films will be considered in the last section dedicated to resistive switching. 
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RESULTS AND DISCUSSION: 

Thin films deposition and annealing  

Thin films of V-substituted Cr2O3 have been prepared through a two-step process, as detailed in 

the experimental section. First, pure metallic Cr1-xVx films or Cr1-xVxOy with various V content 

(x varying in the 0.06 – 0.96 range) were deposited without intentional heating of the substrate. 

Secondly, the deposited films were ex-situ annealed in a highly reducing atmosphere, in order to 

crystallize oxide films with the accurate oxygen stoichiometry. It is worth noting that even in Ar/H2 

gas flow, the residual partial oxygen pressure was in the accurate range (ppO2 = 10-21 atm) to 

oxidize the metallic Cr1-xVx thin films and obtain the targeted crystallized (Cr1-xVx)2 O3 phase. As 

shown in previous works (Rupp et al 22), thanks to the addition of Cr/Cr2O3 or Fe/Fe3O4 oxygen 

buffers, the oxygen partial pressure can be accurately controlled down to 10-37 atm and 10-23 atm 

respectively. Such oxygen pressure range allows obtaining the crystallization of thin films at lower 

annealing temperature, i.e. 500 °C instead of 800 °C. 

A comprehensive study was performed for thin films deposited in non-reactive mode, (i.e. in pure 

Ar atmosphere and after annealing under controlled oxygen partial pressure) and, the main 

characterization results presented hereafter concern that type of films. But for comparison the 

results obtained on (Cr1-xVx)2O3 (x = 0.3, 07, 0.95) thin films deposited in reactive mode are also 

presented. 

SEM images of as-deposited and annealed thin films with Cr/V atomic ratio of 30/70 are shown 

in Figure 2. As displayed, the as-deposited 35 nm thick thin film exhibits small grains in top view 

(Figure 2 a) and the typical columnar morphology of sputtered films in cross section (Figure 2 b). 

After annealing at 800°C under Ar/H2 reducing flux, the film exhibits facetted grains at the surface 

(Figure 2c) and appears denser in cross section with a thickness increased to almost 50 nm and a 

grain size in the 50 ± 25 nm range (Figure 2 d). One can also note that the columnar structure of 
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the as-deposited film has disappeared. Thin film annealed at 500 °C with a Cr/Cr2O3 buffer is 

displayed in Figure 2 e-f. As seen in Figure 2e, the grain size appears intermediate between as-

deposited and annealed at 800 °C. The cross-section view in Figure 2f confirms the granular 

morphology with smaller grain size than that annealed at 800°C, in the 30-50 nm range. Surface 

and cross-section SEM images of thin film after annealing at 500 °C with a Fe/Fe3O4 buffer are 

presented in Figure 2 g-h (non-reactive deposition) and Figure 2 i-j (film deposited in Ar/O2). In 

both cases we observe a dense morphology with a grain size in the 30-50 nm range very similar to 

the film annealed with the Cr/Cr2O3 buffer. Comparing SEM images in Figure 2 g-h and i-j, the 

film deposited in reactive mode (last line) appears denser than the one deposited in non-reactive 

mode. Such morphology variation could account for the difference of electrical behavior observed 

later on (see last section).  

As expected, the grain growth appears favored at higher temperatures and similarly impacted by 

both buffers when annealing at 500°C. However, the thin films annealed with a Fe/Fe3O4 buffer 

appear to be denser with well-defined grains and a better interface with the substrate than those 

annealed with the Cr/Cr2O3 buffer, especially in the case of thin film deposited in reactive mode 

(Figure 2 i-j). On this basis, the iron buffer was preferred to anneal the films deposited under pure 

Ar or in reactive conditions.   

  



 13

  

 

 

Figure 2. SEM images in top view (left column) and cross-section (right column) of (Cr0,30V0,70)2O3 thin films when 
as deposited (a,b), annealed under a Ar/H2 reducing flux at 800°C (c,d), at 500°C using a Cr/Cr2O3 oxygen buffer (e,f) 
at 500°C using a Fe/Fe3O4 oxygen buffer (g-j). Thin films were deposited by magnetron co-sputtering in non-reactive 
mode (a-h) and in reactive mode (i,j).  
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Structural Characterization of (Cr1-xVx)2O3 powders and thin films 

To determine whether a continuous solid solution between V2O3 and Cr2O3 exists in thin films, 

in view of their integration into devices, a study of their crystalline structure was carried out. In 

the following, the discussion focusses on the results obtained with Fe/Fe3O4 buffer during the 

annealing step at 500 °C, since they are similar to those obtained with Cr/Cr2O3 buffer. The XRD 

patterns of (Cr1-xVx)2O3 thin films (0.05 ≤ x ≤ 0.77) deposited under pure Ar and annealed at 

500 °C with Fe/Fe3O4 buffer are shown in Figure 3. XRD peak positions from JCPDS files of 

Cr2O3 phase (#75577) and (Cr0.05V0.95)2O3 phase (#64785) from ICSD database are displayed 

(vertical bars) at the bottom and top of the figure (blue and brown lines respectively). XRD peaks 

between 32° and 33° are attributed to the Si (100) substrate – respectively double diffraction and 

(211) peaks. XRD diagrams of some selected films (x = 0.06; 0.37; 0.57; 0.76), annealed at 800 °C 

are displayed in supplementary data (Figure S1). In the case of thin films annealed at 500 °C with 

iron buffer (Figure 3 a), selected composition in the similar range are plotted (x = 0.08; 0.36; 0.57; 

0.77). As seen, all patterns exhibit diffraction peaks that can be all attributed to the 𝑅3𝑐 crystalline 

structure described in Supporting Information (Figure S2-a). The (104) and (110) diffraction 

peaks (located at 33° and 36° respectively) are the most intense for all compositions, as expected 

from the theoretical intensities of the corresponding powder patterns. As shown, the deposited thin 

films generally display a (110) preferential orientation, without clear correlation between the peak 

intensity variations and the V content. Hence, this (110) preferential orientation is strongly marked 

for thin films deposited in reactive mode, as shown in Figure 3 (c-d), and could explain the 

different electrical behaviors observed later on (see last section). 

On the one hand, XRD peak positions for (Cr1-xVx)2O3 thin films with the lowest V content 

(x = 0.06 and 0.08) are close to the Cr2O3 diffraction peaks. On the other hand, diffraction peaks 

recorded for (Cr1-xVx)2 O3 thin films with the highest V content  (x = 0.76-0.77) are located close 
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to the ones of (Cr0.05V0.95)2O3 reference. As displayed in the Figure 3b and Figure 3d focused on 

the (110) peak region, located close to 36°, a progressive shift of the peak position is observed 

over the whole range of chemical composition from the Cr2O3 (110) theoretical peak towards the 

(Cr0.05V0.95)2O3 (110) peak, as the V content is increasing. A similar progressive shift of the (110) 

XRD peak is observed for both 500 °C and 800 °C annealing conditions (see Figure S1). Figure 3c 

shows XRD patterns, obtained for thin films deposited in reactive atmosphere (i.e. with oxygen) 

after annealing at 500 °C under Ar/H2 gas flow during 10 h with the same Fe/Fe3O4 buffer, which 

are similar to the ones of thin films deposited in pure Ar after the same annealing. Hence, 

Figure 3d displays a zoom on the (110) peak region for the same x values. The same shift towards 

lower diffraction angles is observed as the V content is increasing in the films. 
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Figure 3 X-ray diffraction patterns of 50 nm thick (Cr1-xVx)2 O3 films for V content in the range x = [0,08; 0,77]. 
Diffraction peaks of JCPDS Files #64785 (top) and #75577 (bottom) are displayed by vertical lines as references. 
Thin films deposited by non-reactive magnetron sputtering (a,b) and reactive mode (Ar/O2) (c,d) after annealing at 
500°C under a Ar/H2 reducing flux with a Fe/Fe3O4 oxygen buffer. (a-c) Full-analyzed range and (b-d) Focus on the 
(110) diffraction peak. 
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Figure 4 Evolution of the lattice parameter a (a) and c (b) for a 50 nm thick (Cr1-xVx)2O3 thin films compared to 
stoichiometric polycrystalline powders, obtained from the present work and Oyama et al.26. These thin films with V 
content between x = [0,06; 0,96] were annealed at 500 °C with Cr/Cr2O3 and Fe/Fe3O4 oxygen buffers, and 800°C 
without buffer. Thin films annealed at 500°C were deposited by reactive and non-reactive deposition magnetron 
sputtering. 

To get more insights on the substitution, the evolution of the (Cr1-xVx)2O3 thin films lattice 

parameters versus the V content increase was investigated by Le Bail refinement of the XRD 

patterns. The evolutions of the two lattice parameters a and c versus the V content variation are 

displayed in Figure 4 a-b, respectively. As seen, these parameters increase monotonously when 

increasing the V content, with slightly higher values for powders than for the deposited and 

annealed films. Despite those differences, the c/a ratio also increases continuously when increasing 

the V content, but with closer values for thin films and powders (See in supporting information 

Figure S3). The variation of the c parameter is almost two times higher than a one, resulting in an 

expansion of the crystalline cell volume along the c-axis. Results are comparable for the three 

studied annealing conditions of thin films (see triangles, circles and diamonds). In addition, the 

evolution of both a and c parameters, after annealing at 500°C with Fe/Fe3O4 buffer, appears 

similar either in the case of thin films deposited in reactive atmosphere with oxygen or deposited 

in non-reactive atmosphere without oxygen (other experimental parameters unchanged, blue and 
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pink circles in Figure 4. The observed variation is significant of a unit cell expansion from 288 

Å3 for x = 0.06 up to 299 Å3 for x = 0.96 in the case of thin films, and from 289 Å3 for x = 0 up to 

301 Å3 for x = 0.88 in the case of powders (See Supplementary Information figure S3).  

The linear dependence of the lattice parameters versus the V content variation observed for 

(Cr1-xVx)2O3
26 thin films and powders is consistent with Vegard’s law in solid solutions27. Besides, 

a uniform and complete V-Cr substitution in Cr2O3 is possible because V and Cr atoms have very 

close atomic radius, electronegativity and valence states. Similarly to published results for 

powders22, (Cr1-xVx)2O3 thin films annealed at 800 °C or 500°C (either with Cr/Cr2O3 or Fe/Fe3O4 

buffer) lead to a substitutional solid solution on the entire range of V/Cr atomic ratio.  

In the case of powders, we also plot the results of this work (bold squares) with published results 

of Oyama26 (open squares in all graphs of Figure 4). The a and c lattice parameters are in good 

agreement with previous published results, especially for lower V content (x < 0.6) where cell 

parameters values match remarkably. Nevertheless for thin films, a and c parameters are always 

lower than for polycrystalline powders (Δa = -0.01 Å and Δc = -0.03 Å, respectively). Hence, one 

observes a similar difference with results by Oyama et al.26 for x < 0.6. The corresponding 

reduction of unit cell volume in thin films is approximately ΔV = -2 Å3 compared to powders. 

Such variation can be generated either by internal stress within the deposited film or by a slight 

oxygen non-stoichiometry. The later hypothesis will be eliminated by the resistivity measurements 

as detailed in the last section. Thermal residual stress generated during the annealing step, due to 

the different thermal expansion coefficients of thin film and substrate, is then the most likely 

explanation for the observed difference of lattice parameters. 
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Raman study of (Cr1-xVx)2 O3 powders and thin films 

The structural properties were further investigated for both V-substituted Cr2O3 thin films and 

powders by Raman spectroscopy. Based on symmetry arrangements28, V-substituted Cr2O3 

compounds should exhibit five Eg and two A1g Raman modes. Nevertheless, only A1g modes 

(Figure 5 a) have enough intensity to be clearly detected with a 514 nm wavelength excitation. In 

addition, the intense peak of Si/SiO2 substrate (in grey) hides a part of the Raman spectra. In 

Figure 5 b-d, the blue vertical lines at the bottom stand for the Raman modes given in literature 

for Cr2O3 powder29. Figure 5b displays Raman spectra of two thin films (composition x = 0.96 

and x = 0.) annealed at 800 °C show only A1g(1) or A1g(2) modes for the highest and lowest V 

contents, respectively. As described in Figure 5 a, A1g (1) mode is associated to the M-M dimer 

vibration (M: V, Cr) along c axis, i.e. the shortest M-M distance and A1g(2) mode is the breathing 

of the oxygen atoms in the basal plane30. Hence, at low V content, only the vibration mode 

involving oxygen can be detected, whereas at higher V content, the V-Cr elongation mode 

becomes intense enough to be detected. The evolution of the two Raman modes in the different 

films when the V content increases (x in the 0.06 - 0.96 range) is shown in Figure 5c and Figure 

5d, for A1g (1) and A1g (2) modes respectively. The A1g(1) mode emerges and becomes visible 

above x=0.16 and the intense A1g(2) mode disappears above x=0.57. As earlier said, the intensity 

of the A1g(1) mode increases with the increase of V content, meanwhile the A1g(2) mode intensity 

decreases conversely, as also observed on pressed polycrystalline powders (See Figure S5 in 

supplementary data) in good agreement with published data27. 

In Figure 5 e, the evolutions of both A1g modes positions are plotted for stoichiometric powders 

(pressed pellets, see Figure S4 in Supporting Information) and thin films annealed at 800°C and 

500°C with Cr/Cr2O3 and Fe/Fe3O4 buffers. In all cases, the two modes shift continuously to lower 
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frequencies as the Vanadium content is increased and finally drop for the higher V content (above 

x = 0.96), when the material is close to V2O3 oxide. 

Tatsuyama et al.26 concluded that the phonon modes evolution in V-substituted Cr2O3 while 

increasing the V content was accompanied by an increase of the lattice parameters going along 

with increase of both M-M and O-O atomic distances which are promoted by the Cr substitution 

by V atoms. The evolution of Raman modes in V-substituted Cr2O3 powders and thin films thus 

correspond to a softening of the A1g(1) and A1g(2) modes initially identified in Cr2O3. In our study, 

the M-M distance associated to the A1g(1) mode increases continuously from 3.43 Å (x=0.00) up 

to 3.45 Å (x=0.85). In addition, Figure 5e shows that the frequency of the two A1g modes decreases 

linearly with V content increase up to x=0.98 and further decreases to reach the V2O3 frequency. 

Such results well agree with the expansion of the unit cell volume observed in previous section 

when x varies from 0.00 up to 0.97. The good agreement in the A1g modes evolution, observed for 

both powders and thin films, highlights that Raman spectroscopy could be a good tool to estimate 

accurately the V content and check the chemical homogeneity of thin films at the micrometer scale.  
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Figure 5 (a) Atomic displacements corresponding to Raman modes A1g(1) and A1g (2) of (Cr1-xVx)2O3 (b) Raman 
spectra of 50 nm thick (Cr1-xVx)2O3  polycristalline thin films deposited on Si/SiO2 substrates and annealed at 800 °C. 
Evolution of the (c) A1g(1) and (d) A1g (2) modes in thin films with V content x = [0,06; 0,96], annealed at 800 °C. (e) 
Evolution of the A1g(1) and A1g (2) modes in thin films annealed at 500 °C with Cr/Cr2O3 and Fe/Fe3O4 oxygen buffer 
and 800°C compared to stoichiometric polycrystalline powders. The blue lines at the bottom of panels b-d gives the 
Raman modes of a Cr2O3 powder, obtained from the study of Shim et al.29. 

 

Electrical characterization of V-substituted Cr2O3 thin films. 

The impact of the vanadium content on the resistivity and optical band gap of the (Cr1-xVx)2 O3 

compounds was investigated. Thin films prepared under Ar atmosphere and annealed in the 

previous detailed conditions at 800 °C and 500 °C were characterized. As reference, single crystals 

with various contents of V (x ranging from 0.24 to 0.96) were also analyzed (see experimental 
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section for synthesis details. Figure 6a presents the evolution of electrical resistivity measured 

using the 4-points method at room temperature versus the V content in (Cr1-xVx)2 O3 thin films and 

single crystals. For the entire studied range, the resistivity decreases sharply when the V content 

increases, from ρ = 5.104 Ω.cm for (Cr0.76V0.24)2O3 down to ρ = 2 Ω.cm for (Cr0.04V0.96)2O3, i.e. a 

variation of four orders of magnitude. The same trend is observed for all thin films and all 

annealing conditions (temperature and buffer). Moreover, the obtained resistivity values for thin 

films are in good accordance with those of single-crystals. Such results stands as a good guarantee 

of the films quality in terms of crystallinity.  

 

Optical characterization of V-substituted Cr2O3 thin films. 

The Tauc plots extracted from diffuse reflectance spectra of (Cr1-xVx)2O3 powders are given in 

Supporting Information (Figure S5). They were used to determine the optical band gap variation 

versus the V content. According to the Tauc's method explained in the experimental section, the 

edge of lowest energy peak was used to estimate the band gap energy. In the case of Cr2O3 (x = 

0), variations of spectral weight observed between 2 and 3 eV correspond to intra-atomic 

excitations and thus are not relevant for the band gap estimation.  

The evolution of extracted band gap values as a function of V content x is plotted in Figure 6b. 

Note that purple symbols are values from literature31,32 and appear in quite good agreement with 

our experimental results. As seen, a sharp drop of the band gap occurs as soon as some V is 

substituted. The band gap decreases from  3eV for pure Cr2O3 to 0.75 for (Cr0.9V0.1)2O3 (x = 0.1). 

For higher V content up to x = 0.6, the band gap  is almost stable and then slowly decreases with 

further V content increase down to zero, i.e. the metallic state in V2O3. The reduction of the 

resistivity within the solid solution seen in Figure 6a is in accordance with the evolution of the 

band gap. 
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To better understand the origin of this band gap evolution, Figure 6c shows a schematic illustration 

of  the electronic structures of V2O3, (Cr0.50V0.50)2O3 and Cr2O3 adapted from DFT+U calculations 

of Le et al.33. In this figure, the electronic bands close to the Fermi level, which participate in the 

electronic conduction, are labeled in bold. In Cr2O3, a large gap around 3 eV occurs between the 

t2g spin up band of chromium 3d character completely filled by 3 electrons (Cr3+  3d3) and the 

empty eg band. When V substitutes Cr in Cr2O3, band structure calculations indicate that the 

vanadium 3d t2g levels are located above the occupied t2g levels of Cr (Figure 6c).  

Because of the trigonal distortion of the octahedron VO6 in the corundum structure, vanadium t2g 

levels are splitted into eg
 and a1g levels. Since the valence of vanadium atoms is V3+ / 3d2 in 

(Cr1-xVx)2O3, the two Vanadium 3d electrons populate only the spin up eg
 levels (eg


↑). The 

vanadium eg
 band is indeed half-filled (= populated by 2 over 4 possible electrons), and split in 

eg


↑ and eg


↓ levels due to electron-electron repulsion. In this context, the gap for all the solid solution 

(Cr1-xVx)2O3 occurs exclusively between bands of vanadium character, specifically between the 

fully occupied spin up eg


↑ band and the unoccupied a1g↑ band. This scenario explains the sharp 

drop of the gap between Cr2O3 (3 eV) and lightly-substituted (Cr1-xVx)2 O3 (0.75 eV). At low V 

content x, the vanadium eg
 and a1g bands mostly behave as narrow impurity levels. As V content 

x increases, these levels widen as bands, therefore reducing progressively the eg
 (spin up) to a1g 

band gap of (Cr1-xVx)2O3, from 0.75 eV at low x to  0.2 eV at x = 0.81. This scenario also explains 

the continuous increase of spectral weight in the 1-2 eV energy range shown in (S6-supplementary 

data). The excitation intensity of V eg


↑ → V a1g↑ indeed increases proportionally to V content.  

Finally, the complete solid solution (Cr1-xVx)2O3 was obtained in thin films and these correlated 

insulating materials show a band gap decreasing when increasing the vanadium content. The 

reduction of resistivity observed when the V content increases is in good agreement with this 
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evolution of the optical band gap within the solid solution (Figure 6 a-b). Moreover both trends 

are consistent with the description of the electronic structure of the (Cr1-xVx)2O3 correlated 

insulators based on DFT+U modelling. 
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Figure 6 (a) Evolution of electric resistivity of 50 nm (Cr1-xVx)2O3 thin films for the different annealing conditions 
and comparison with resistivity of stoichiometric single crystals. (b) Evolution of the optical band gap of (Cr1-xVx)2O3 
with the V content. Values for high V content (x= 0.95 and 1) compounds are extracted from literature31,32 (c) 
Schematic evolution of the electronic structure of (Cr1-xVx)2O3 upon V substitution considering the evolution of the 
band gap and DFT+U simulations of H.-L. Le et al. 33. 
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Resistive switching properties of memory cells made of V-substituted Cr2O3 thin films  

The influence of the band gap on the characteristics of the resistive switching operation was 

investigated on memory cells prepared with (Cr1-xVx)2O3 thin films with various amount of 

vanadium (x= 0.05, 0.7and 0.95) and band gaps (0.7, 0.35 and 0.15 eV respectively). Figure 7a 

shows the evolution of the pristine resistance of the measured cells (green dots) as a function of 

the composition x of V-substituted thin films. The measured pristine resistances (65 MΩ for x = 

0.3, 30 kΩ for x = 0.7 and 5 kΩ for x = 0.95) show a good agreement with the expected values 

(17 MΩ for x = 0.3, 22 kΩ for x = 0.7 and 1.3 kΩ for x = 0.95) calculated from the film resistivity 

for a 2 µm diameter contact size (see Figure 7a).  

Figure 7a also displays the Low Resistance State RON (black dots) observed after a first SET and 

the High Resistance State ROFF (red dots) measured after the first RESET. For each device, a clear 

resistive switching cycle is observed, and ROFF comes back close to the pristine value. This 

behavior has been previously observed in narrow gap Mott insulators and attributed to the quasi-

complete dissolution of the filament12,15. Figure 7b shows the average values of RON and ROFF 

measured on 10 devices made with thin films of each composition x= 0.05, 0.7 and 0.95. The range 

of measured values shown by the error bars indicates the small variability among the 10 devices. 

The ROFF is close to the pristine value and increases drastically when decreasing the vanadium 

content. On the other hand, the RON shows a smaller variation (Figure 7b) which results in the 

resistive memory window enlargement (ROFF/RON) when decreasing the vanadium content (Figure 

7c). The largest memory window is obtained for the composition x = 0.7 with a ROFF/RON of the 

order of 104.  
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Figure 7. (a) First RS cycle on three cells based on thin films with the following chemical composition: 
(Cr0.05V0.95)2O3, (Cr0.30V0.70)2O3 and (Cr0.70V0.30)2O3. Green dots represent the pristine state, black dots represent the 
low resistive state RON after the first SET and red dots represent the high resistive state ROFF after the first RESET. 
Blue bars represent the voltage of the electric pulses used for the SET (left bar) and RESET (right bar). (b) Evolution 
of the first ROFF and RON states versus the V content in the active film. The error bars given for each composition 
represent the variation of measured values for ten different cells on a same device. (c) Evolution of the RS amplitude 
(ROFF/RON) and the voltage applied for the SET (Vpulse) of the same cells versus the gap value of the corresponding 
active layers. For these experiments and for the three tested chemical compositions (x = 0.3, 0.7 and 0.95) we used 
RLoad = 1 MΩ, 10 kΩ and 3.3 kΩ for SET respectively, and RLoad = 0 for RESET, and the films were deposited under 
reactive atmosphere.   
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These results emphasize a clear dependence of RON and ROFF and of the ratio ROFF /RON with the 

composition x. Figure 7c shows the evolution of ROFF/RON measured for the three types of devices 

previously described versus the gap of the corresponding films. This figure confirms that the 

memory window is increased with increasing the band gap within the series of compounds. On the 

other hand, the applied voltage pulses necessary to induce the first SET also increases with the 

band gap (see Figure 7a and Figure 7c).  

This trend is not surprising since the threshold voltage of the volatile resistive transition in Mott 

insulators was demonstrated to vary with the gap10, and non-volatile transitions have 

systematically been observed to appear for voltages 3-4 times higher than this threshold voltage. 

These results are also in agreement with the enhancement of the resistive switching amplitude 

ROFF/RON observed previously on GaV4S8 based devices (0.3 eV) with respect to (Cr0.05V0.95)2O3 

(0.15 eV) based devices with an equivalent via size15. These results support therefore that the band 

gap is a key parameter to tune the memory window i.e. the ROFF/RON ratio of these correlated 

insulating material.  

To investigate further the effect of a larger gap on the resistive switching, devices based on a well-

crystallized 50 nm thick (Cr0.3V0.7)2O3 thin film were prepared and dedicated to perform endurance 

tests. Figure 8a shows that devices with this composition exhibit 1000 RS cycles using short 

electric pulses of Vtot = 5.4 V (3.8V on the cell)  / 100 ns for the SET and 3.3 V / 800 ns for the 

RESET. The cumulative distribution function (CDF) curve, used to compare the distributions of 

resistance values for different resistive states, shows in Figure 8b an average ROFF / RON ratio close 

to 16. 
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The device-to-device (D2D) variability was investigated using 10 devices of the same composition 

x = 0.7, fabricated on several samples. Figure 8c and Figure 8d show for these devices the 

variation of the values of the switching voltages (VSET, VRESET) and resistance states (ROFF, RON), 

respectively. On the one hand, the switching voltage average is around 6 V (4.2V on the cell) and 

3.9 V for the SET and RESET, respectively. It can be noted that VSET, ranging from 4.5 to 7.4 V 

(3.1 to 5.2V on the cell), displays higher D2D variability than VRESET, in the 3.2- 3.8 V range. On 

the other hand, the average values of resistance are around 10 kΩ and 1 kΩ for ROFF and RON, 

respectively, demonstrating low variability. In addition, the resistance of two programmed devices 

was measured during 12 days at room temperature in order to evaluate the data retention of both 

states ROFF and RON.  

The results shown in Figure 8e indicate that the high and low resistive states show no significant 

variation after 12 days, and that the retention of ROFF and RON states can be extrapolated up to 10 

years. All these performances are comparable with the one observed on (Cr0.05V0.95)2O3 thin films 

with lower band gap 9. It suggests that increasing the band gap within the series (Cr1-xVx)2O3 may 

be a suitable way to increase the memory window without lowering the memory performances. In 

order to get more insights in the resistive switching mechanism and performances of the solid 

solution, further investigations of materials with higher V content are under progress. 
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Figure 8 (a) Cycling endurance obtained on a device prepared with a 2 µm via and 50 nm thick (Cr0.3V0.7)2O3 thin 
film and showing 1000 resistive switching cycles. (b) Cumulative distribution function of the high (ROFF) and low 
(RON) resistive states represented in panel (a). Device to device (D2D) variability for SET and RESET applied pulses 
(c), and RON / ROFF Resistances (d) measured for 10 devices. (e) Data retention at room temperature extrapolated to 
10 years for HRS and LRS. For these experiments we used RLoad = 10 kΩ for SET and RLoad = 0 Ω for RESET, and 
the films were deposited under reactive atmosphere. 
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CONCLUSION:  

V-substituted Cr2O3 compounds have been synthesized in single crystal, polycrystalline powders 

and thin films. Several compositions were deposited in thin films by magnetron co-sputtering of 

two vanadium and chromium metallic targets. Their structural, optical and electrical properties 

have been widely investigated versus the V content. For the entire range of chemical composition 

(Cr1-xVx)2 O3  (0<x<1), those compounds crystallize in the same R3c symmetry with a monotonous 

cell parameters evolution. XRD and Raman spectroscopy analyses demonstrated that annealed 

(Cr1-xVx)2O3 thin films stand as a solid solution over the whole range of x values, as already known 

for single crystals and powders. Physico-chemical, structural and optical properties of the annealed 

thin films are in close agreement with those of polycrystalline powders. No significant difference 

was observed between thin films deposited in non-reactive or reactive magnetron sputtering, i.e. 

in pure Ar or Ar/O2 gas mixture. As the V content increases, the insulator character of (Cr1-xVx)2O3 

compounds is worsening with a resistivity variation from 5.104 Ω.cm for (Cr0.76V0.24)2O3 down to 

2 Ω.cm for (Cr0.04V0.96)2O3. In thin films, the optical band gap variation is similar to reported values 

for bulk materials, i.e. this value evolves from 3 eV for Cr2O3 to 0 eV and a metallic state for V2O3 

as the V content increases. MIM devices based on (Cr1-xVx)2O3 deposited films show a non-volatile 

resistive switching with an enhanced amplitude ROFF/RON ratio for lower V contents. The obtained 

large memory window appears to be associated with a high gap value. The demonstrated potential 

to obtain two highly differentiated resistive states (ROFF and RON) is favorable for high reliability 

of data storage and non-volatile memory applications. A first study of non-volatile resistive 

switching has been performed on devices based on a 50 nm thick (Cr0.7V0.3)2O3 film, characterized 

by a gap value of 0.7 eV. The performances appear very interesting for further memory 

applications with the following characteristics: a 1000 endurance cycles, a low device-to-device 
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variability and a data retention reasonably extrapolated to 10 years. Lastly, this work demonstrates 

the existence of a substitutional solid solution with tunable gap in thin films, which could be of 

great interest for enhancing data storage characteristics of correlated insulators. Large gap 

correlated insulators stand thus as interesting materials for non-volatile memory applications with 

a large memory window. 
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Supporting Information (pdf file) 

- X-ray diffraction patterns of 50 nm thick (Cr1-xVx)2 O3 films with V contents in the range 

x = [0,06; 0,96] and deposited by non-reactive magnetron sputtering after annealing under a 

Ar/H2 reducing flux at 800°C. (a) Full-analyzed range and (b) Focus on the (110) diffraction 

peak;  

- Illustration of the hexagonal crystalline structure of the Cr2O3 and the V-substituted Cr2O3 

(space group 𝑅3𝑐  and the phase diagram of (Cr1-xVx)2 O3 adapted from literature34, 35. 

- Evolution of the c/a ratio and the unit cell volume V for a 50 nm thick Cr1-xVx)2O3 thin 

compared to stoichiometric polycrystalline powders from this work and literature26. 

- Raman spectra of (Cr1-xVx)2 O3 powder samples with V content ‘x’ in the 0.00 to 0.95 range 

with highlighted indication of corresponding Raman modes. 

- Tauc plots obtained by diffuse reflectance measurements in the 0.5-4.0 eV range for 

stoichiometric (Cr1-xVx)2O3 powders with V content x in the 0-0.81 range, associated to a short 

discussion. 

- Comparison between our work on the Cr2O3-V2O3 solid solution and the Cr2O3-Fe2O3 

adapted from Ref. [36]. 
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