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ABSTRACT

In this work, we investigate the influence of low temperature reduction condi-

tions (873 K) by different oxygen buffers on the off-stoichiometry of polycrys-

talline V2O3 thin films. Vanadium oxide thin films (thickness 300 nm and

100 nm) have been grown by reactive sputtering and have been annealed in a

buffered atmosphere subsequently. Buffer couples were chosen throughout the

stability range of V2-yO3 (y B 0.03) by the use of different oxygen buffer com-

binations, namely Ni/NiO, Fe/Fe3O4, Cr/Cr2O3 and Mn/MnO. Thin films have

been characterized by scanning electron microscopy, X-ray diffractometry and

low temperature electrical transport measurements. Upon decreasing the oxy-

gen partial pressure, the mean grain size of V2O3 decreases systematically from

45 ± 20 nm with a high porosity to 27 ± 10 nm without porosity. The most

favourable reduction conditions have been identified for Fe- and Cr-based

couples. Moreover, all thin films reduced by the four buffer couples exhibit high

insulator-to-metal transition temperatures (110–155 K) close to the value of

ideally stoichiometric V2-yO3 (y\ 0.005) (155 K) as well as large changes in

resistance at the transition (three to five orders of magnitude). This oxygen

buffer method hence provides a valuable synthesis method of highly stoichio-

metric polycrystalline V2O3 thin films with technological relevance.

Introduction

The binary system of vanadium and oxygen consists

of various Magnéli (VnO2n-1) and Wadsley (VnO2n?1)

phases [1]. Most of these phases show remarkable

electronic and magnetic phase transitions [2].

Amongst them, corundum-type V2O3 undergoes an

insulator-to-metal transition (IMT) at 155 K. This

transition occurs between an antiferromagnetic (in-

sulating) monoclinic phase at low temperature and a

paramagnetic (conducting) rhombohedral corundum

phase at high temperature [3]. Upon decreasing

temperature, the phase change is accompanied by a

drop of the c/a ratio as well as an increase in volume
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of about 1.2% [4]. At room temperature, substituting

vanadium with more than 1.1 at.% chromium indu-

ces a transition from paramagnetic metal to param-

agnetic Mott insulator while retaining the same

corundum structure [4]. Applying physical pressure

on (V1-xCrx)2O3 leads to the inverse IMT and restores

the metallic state [4]. More interestingly, the Mott

insulator-to-metal transition can not only be driven

by pressure or temperature [4] but also by an electric

field [5]. Therefore, this archetype Mott–Hubbard

insulator is of strong interest for application in

resistively switching devices [6] and neuromorphic

circuits [7, 8]. However, very accurate control of

stoichiometry is required to achieve a well-defined

Mott-insulating state that matches the required half-

filling criteria [9, 10]. Such a control of the vanadium–

oxygen ratio is crucial in thin films on which elec-

trical applications will be based. For instance, devia-

tions of stoichiometry in V2-yO3 as low as y = 0.03

indeed lead to an absence of the low temperature

IMT [11]. Various synthesis methods are used to

obtain phases with low oxygen content. Only non-

equilibrium synthesis methods can provide a direct

deposition approach which has to be performed

under very low oxygen partial pressure, e.g. molec-

ular beam epitaxy, electron beam evaporation or

reactive sputtering [12]. A direct deposition method

therefore also requires very precise and simultaneous

control of various deposition parameters, e.g. sput-

tering power and process pressure. In contrast,

equilibrium synthesis relies on a two-step approach

with deposition of a phase with higher oxygen con-

tent and subsequent reduction under thermodynamic

control. For this method, the magnitude of synthesis

parameters can be simplified with two remaining

parameters of oxygen atmosphere and process tem-

perature. The oxygen content is controlled by

reducing atmospheres such as CO/CO2 or Ar/H2

[11], usually at high temperatures above 1000 K. For

instance, Shivashankar et al. [11] investigated the

vanadium defect concentration of non-stoichiometric

V2-yO3 single crystals. Controlled formation of the

latter across the pure-phase window of V2O3 has

been achieved at a reduction temperature of 1473 K

in CO/CO2 atmosphere. Single crystals with con-

trolled non-stoichiometry have been synthesized by

annealing in atmospheres with different CO/CO2

ratios and subsequent quenching. With this

approach, a huge reduction of the vanadium point

defect density (decreasing y from 0.02 down to 0.007)

with a concomitant increase in transition temperature

from 10 to 155 K could be achieved by lowering the

oxygen partial pressure towards the equilibrium line

of VO/V2O3. An equivalent method to control the

oxygen partial pressure can be achieved by oxygen

buffers [11] that similarly imposes an oxygen partial

pressure with a metal–metal oxide buffer couple (see

experimental part). Here, we show that reduction

with an oxygen buffer can be successfully applied to

control the stoichiometry of polycrystalline V2O3 thin

films even for low annealing temperatures such as

873 K. Four different buffer couples (BC) have been

chosen to aim at four different stoichiometry values

in the range of phase-pure V2O3. Based on thermo-

chemical data [13], one might expect that the vana-

dium vacancies y in V2-yO3 decrease with the BC’s

according to yNi NiO[ yFe–Fe3O4[ yCr–Cr2O3-

[ yMn–MnO. On the contrary, we found that for thin

films, reduction annealing with the mentioned oxy-

gen buffers does not follow the thermodynamic

principle of single crystals reduced at high tempera-

tures anymore.

Experimental

A promising method to provide very precise control

over point defects in a thin film is to exploit the

thermodynamic equilibrium of a reaction between a

metal-oxide combination. Each dynamic equilibrium

between a metal and its corresponding oxide is

defined by its Gibbs free energy DG that consists of an

enthalpy DH and entropy DS terms. In this case,

referring to the Ellingham approximation, both are

considered temperature independent. The change in

DG can then be related to the oxygen partial pressure

p O2ð Þ in a direct way:

DG ¼ DH � TDS ¼ �RT ln p O2ð Þ ð1Þ

where R denotes the gas constant, T the temperature

and p O2ð Þ the oxygen partial pressure in thermody-

namic equilibrium between the two solids. With

given reaction enthalpies and entropies from litera-

ture (Table 1), the equilibrium oxygen partial pres-

sure was straightforwardly calculated for four

different oxygen buffer associations within the win-

dow of off-stoichiometric V2O3. Amorphous vana-

dium oxide thin films (thickness 300 nm and 100 nm)

have been deposited on silica by RF-reactive sput-

tering from a one-inch vanadium target. The oxygen
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partial pressure p(O2) was adjusted by the flux ratio

of two mass flow controllers: one with pure argon

(90 sccm) and one with a mixture of argon and oxy-

gen in the ratio 99:1 (10 sccm). This allowed control of

the p(O2) in a 10-6–10-4 mbar range. The relatively

low oxygen partial pressure value of 10-5 mbar for

deposition was used to reach a V:O ratio close to 2:3

in the amorphous films prior to reducing annealing

(where the measured average value constituted 2:4

[14]). The used power of P = 50 W and the process

pressure of p = 10-2 mbar resulted in a deposition

rate of q = 3.3 nm/min. Thin films were subse-

quently placed inside silica tubes with a metal and

oxide powder couple at a pressure of p\ 10-3 mbar

to provide a constant V:O stoichiometry ratio inde-

pendent of temperature. After sealing, the tubes were

annealed in a tubular furnace at a temperature of

873 K, with a heating rate of 300 K/ h, an annealing

time of 1 h at 873 K, and finally passive free cooling

down to room temperature with a rate of * 100 K/

h. Figure 1 displays the theoretical equilibrium oxy-

gen partial pressures for the four selected buffer

couple reactions between metals and oxides with

respect to temperature. Buffer couples were chosen to

introduce an increasing concentration of vanadium

defects as a result of an increase in oxygen partial

pressure from Mn-based to Cr-/Fe-/Ni-based BCs.

Metal and oxide quantities were weighted according

to the reaction equation’s mole masses. Morphology

was determined by scanning electron microscopy

(SEM) images with a Zeiss ‘‘DSM982 GEMINI’’

microscope. Lateral grain sizes were determined by

the line section method, meaning that the amount of

intersecting grain boundaries has been counted along

several horizontal lines of SEM images and have been

divided by the length of the investigated sec-

tion. Surface vacancy area (100 nm layers) and sur-

face crack area (300 nm layers) were determined by

ImageJ 1.51d with a contrast filter. X-ray diffraction

(XRD) patterns were recorded in Bragg–Brentano

geometry with a Bruker X-ray diffractometer. Lattice

parameters were extracted by le Bail refinement with

JANA software from XRD patterns. To investigate

electrical transport characteristics at low tempera-

tures in four-point configuration, a closed-cycle

helium circuit cryostat ‘‘Omniplex DE210’’ from ARS

was used. Transition temperatures of the IMT were

determined for the cooling and heating branch at the

turning point of the derivative logarithmic resistance

versus inverse temperature (d(lnR)/d(1/T)).

Results

Morphology

Figure 2 presents morphological changes of V2O3

thin films throughout the stoichiometry window. As-

deposited amorphous 100 nm thin films already

present a rough surface with relatively large particles

up to 36 nm in diameter (Fig. 2a top), whereas

300 nm thick films show a relatively dense columnar

structure (Fig. 2a bottom). The 100 nm thick film

annealed with BC Ni/NiO exhibits a grain size of

Table 1 Quantity of metal

and oxide powder used for

annealing of layers with the

four BC combinations.

Enthalpy DH and entropy

DS extracted from Reed et al.

[13]

Reaction equation Metal mass (mg) Oxide mass (mg) DH (kJ/mol) DS (J/K/mol)

2NiþO2 $ 2NiO 158 (78.6) 200 (100) - 474.43 167.2
3
2 FeþO2 $ 1

2 Fe3O4 145 (72.4) 200 (100) - 543.40 153.0
4
3 CrþO2 $ 2

3 Cr2O3 136.8 (68.4) 200 (100) - 744.04 167.2

2MnþO2 $ 2MnO 140 (64.5) 190 (100) - 767.03 148.0

Figure 1 Equilibrium oxygen partial pressures p(O2) associated

to of the different oxygen buffer couples as function of annealing

temperature. Calculations based on Ellingham diagram [13]

(compare Table 1). Dashed line describes maximum reduction

temperature used in this work. Inset: sketch of the annealing

procedure.
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dNi,100 = 39 ± 14 nm with visible surface pinholes

(Fig. 2b top). The grain size is comparable to the

pristine amorphous state (Fig. 2a top). For 300 nm

(Fig. 2b bottom), grain size increases slightly (dNi,300-

= 44 ± 18 nm) compared to 100 nm thick thin films

and the cross section image shows a more porous

bulk morphology (Fig. 2b bottom) as compared to the

pristine amorphous dense columnar structure

(Fig. 2a bottom). For BC Fe/Fe3O4 (Fig. 2c top) and a

thickness of 100 nm, grain size (dFe,100 = 23 ± 7 nm)

as well as pinhole size decreases compared to Ni/

NiO, quantitatively described by Fig. 2f, g. With

respect to the 100 nm films reduced by Fe/Fe3O4, an

increased grain size is obtained for 300 nm (dFe,300-
= 36 ± 15 nm) thick layers (Fig. 2c bottom). In

addition, a considerable part of the surface is covered

with formed cracks. Layers synthesized with a BC

Cr/Cr2O3 (Fig. 2d top) show a smaller average grain

size (dCr,100 = 20 ± 8 nm) with few smaller pinholes

for 100 nm layers as compared to 100 nm thick layers

annealed with BC Fe/Fe3O4 (Fig. 2c top). Corre-

sponding 300 nm thick layers (Fig. 2d bottom) still

form cracks to a lesser extent compared to BC Fe/

Fe3O4 (Fig. 2c bottom) and present only a slightly

higher grain size than 100 nm layers (dCr,300-
= 23 ± 7 nm). Lastly, BC Mn/MnO (Fig. 2e top)

results in a very fine grain size of (dMn,100-

= 15 ± 2 nm) with a considerably higher roughness

compared to BC Cr/Cr2O3 which is reflected by a

spatial variation in contrast. For 300 nm layers

(Fig. 2e bottom), a flatter surface with increased grain

size is visible compared to 100 nm thin films

(dMn,300 = 26 ± 10 nm). Yet, in this case, broad hills

grow on the surface (instead of cracks as found for

BCs Fe/Fe3O4 and Cr/Cr2O3). Table 2 summarizes

average lateral grain sizes dGS with distributions of

100 nm thin and 300 nm thick vanadium oxide films.

To sum up, grain sizes (Fig. 2f) and free volume

(Fig. 2g) in form of surface cracks or void volume

(represented by the quantified free area) decrease

equally with the chosen sequence of buffer couples.

Crystal structure and lattice parameters

All films were characterized by XRD analysis

(Fig. 3a) where diffraction patterns of 300 nm thick

films show the typical lattice planes of corundum

V2O3 [15]. XRD records from 100 nm thick films

exhibit diffraction peaks with weak intensity, not

suitable to accurately resolve lattice parameters.

Thus, cell parameters were extracted from XRD pat-

terns obtained for 300 nm thick V2O3 thin films. For

the V2O3 thin film obtained by buffer couple Ni–NiO,

black arrows denote an (unknown) formed secondary

phase. Table 3 summarizes the obtained lattice

parameter values and fitting parameters where the

goodness of fit (GOF) as a measure for the quality of

the fit (between 1.03 and 1.20) is close to its ideal

value (1.0). In Fig. 3b, the variation of unit cell

parameters as function of BC type is plotted (where

bulk V2O3 values are indicated by horizontal lines).

For all buffer couples, the c/a ratios (orange star)

deviate from the bulk value except for Mn/MnO

where the c/a ratio matches the ideal c/a ratio of

V2O3. Furthermore, with BC Ni/NiO for off-stoi-

chiometric V2-yO3, c-parameter (green triangle) and

cell volume (blue hexagon) are compressed by 0.05 Å

and 1 Å3, respectively, whereas the a-parameter (red

square) is slightly expanded by 0.01 Å. With BC to

lower p(O2) (left to right in Fig. 3b), c-parameter and

cell volume relax to bulk values whereas the a-pa-

rameter expands even more up to the BC Cr–Cr2O3.

For BC Mn/MnO, parameters a and c as well as the

cell volume are reduced compared to bulk. Due to

internal strain with a change of the unit cell volume

and the a-parameter, an increase in the IMT temper-

ature is expected from BC Ni–NiO to Cr–Cr2O3 and a

decrease for BC Mn–MnO.

Electrical transport characteristics

With low temperature electrical transport measure-

ments, the insulator-to-metal transition of V2O3 was

investigated for 300 nm thick films (Fig. 4a) as well as

100 nm thick films (Fig. 4b). For all buffer couple

combinations, both thicknesses exhibit similar trends

with sharp transition behaviour as well as an increase

in room temperature resistivity towards the equilib-

rium line of V2O3/VO, indicating a high

bFigure 2 SEM images (top and side view) for 100 nm thin and

300 nm thick V2O3 films on silica substrates for pristine

amorphous layers (a) and layers after annealing with different

buffer couples: Ni ? NiO (b), Fe ? Fe3O4 (c), Cr ? Cr2O3 (d),

Mn ? MnO (e). f Lateral grain size dGS for 100 nm (blue circles)

and 300 nm (red triangles) V2O3 thin films with grain size

distribution. g Evolution of vacancy volume VV (blue circles) and

surface crack area VC (red triangles) for 100 nm and 300 nm

V2O3 thin films with error bars.
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reproducibility of the reduction process in this

thickness range. The lowest transition temperatures

between 90 and 140 K were found for the two

extreme BC’s, namely Mn–MnO and Ni–NiO.

Besides, Fe–Fe3O4 and Cr–Cr2O3 revealed the highest

transition temperatures between 110 and 157 K. In

the case of a 300 nm thick V2O3 film annealed with

BC Fe–Fe3O4, the largest resistance change is

observed with five to six orders of magnitude, in

good agreement with the transition magnitude

obtained for single crystals [4]. In these experiments,

300 nm thick films exhibit a slightly broader hys-

teresis than the 100 nm ones. While varying the nat-

ure of the BC, room temperature resistivity increases

continuously by roughly one order of magnitude

from 4.7 10-4 X cm (300 nm Ni/NiO) to

3.0 10-3 X cm (300 nm Mn/MnO). To be able to

identify the differences between reduction processes

in the transition region in more detail, the negative

differential resistance versus inverse temperature is

plotted as a function of temperature (Fig. 4c). Inter-

estingly, one can identify two maxima for each

branch in the 300 nm thick film reduced by BC

Ni ? NiO (blue plot) and even three maxima for the

two samples reduced by BC Fe ? Fe3O4 (green plot).

Generally, for each thickness, one would expect only

one maximum for cooling as well as heating owing

the hysteresis linked to the first-order transition, as

found for BCs Cr ? Cr2O3 and Mn ? MnO. Fig-

ure 4d summarizes the development of transition

Table 2 Average lateral grain

size dGS for 100 nm with

standard deviations, surface

crack area VC and vacancy

volume VV for 100 nm and

300 nm V2O3 thin films with

error bars

Buffer couple Ni–NiO Fe–Fe3O4 Cr–Cr2O3 Mn–MnO

dGS (d = 100 nm) (nm) 39 ± 14 23 ± 7 20 ± 8 15 ± 2

dGS (d = 300 nm) (nm) 44 ± 18 36 ± 15 23 ± 7 26 ± 10

VV (d = 100 nm) (%) 11.8 7.7 7.1 1.9

VC (d = 300 nm) (%) 13.1 ± 1.8 4.3 ± 0.5 2.4 ± 0.9 0.5 ± 0.4

For 300 nm thin films reduced with BC Ni–NiO, porosity is denoted as void volume VV since there

were no cracks on the sample surface

Figure 3 a X-ray diffraction patterns in Bragg–Brentano

geometry for 300 nm thick V2O3 films. All thin films exhibit a

corundum R�3c structure corresponding to V2O3 lattice planes [15]

(vertical dashed lines) with an unknown secondary phase indicated

by black arrows. b Unit cell parameters of 300 nm thick V2O3

films after annealing process with different buffer couples: c-

parameter (green), a-parameter (red), cell volume V (blue), c/

a ratio (orange). Horizontal lines correspond to bulk values [4].

Table 3 Le Bail fitting

parameters for 300 nm thick

films with buffer couple type

BC, reliability factors Rp,

weighted reliability factors

wRp, goodness of fit GOF, cell

BC Rp (%) wRp (%) GOF a (Å) c (Å) c/a (Å) V (Å3)

Ni ? NiO 4.93 6.66 1.18 4.9511 13.9570 2.8190 296.3

Fe ? Fe3O4 4.96 6.63 1.20 4.9515 13.9587 2.8191 296.4

Cr ? Cr2O3 4.54 5.97 1.03 4.9539 13.9865 2.8233 297.3

Mn ? MnO 4.70 6.14 1.03 4.9450 13.9828 2.8277 296.1
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temperatures for used buffer couples and thick-

nesses. Lower thicknesses of 100 nm exhibit higher

transition temperatures with an increase between 5

and 25 K with respect to the 300 nm one. An

increasing transition temperature can be found in the

case of Mn, Ni to Fe and Cr, with split transition

temperatures into multiple maxima for Fe and Ni.

Discussion

In the following sections, the deviation of our

results from ideal thermodynamic principles are

interpreted in more detail for each oxygen buffer

couple individually and are summarized in the last

section.

Figure 4 a, b Low temperature electrical transport characteristics

of annealed V2O3 thin films for both thicknesses a 300 nm,

b100 nm reduced with the four buffer couples: Ni ? NiO (blue),

Fe ? Fe3O4 (green), Cr ? Cr2O3 (orange), Mn ? MnO (red).

c Derivative of logarithmic resistance versus inverse temperature

for the four used buffer couples and two vanadium oxide

thicknesses of 300 nm and 100 nm. d Transition temperatures of

cooling (triangles facing down) and heating (triangles facing up)

branch for the four buffer couples and two thicknesses. Dashed

lines describe additional transition temperatures in more complex

derivatives of Ni&Fe-based BCs (compare c).
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Buffer couple Ni–NiO

XRD patterns of 300 nm thick thin films (Fig. 3a)

confirm a corundum-type V2O3 structure with a

small fraction of an unknown secondary phase.

Thermodynamically, the most stable phase in ambi-

ent atmosphere after completion of the reduction

process would be VO2 [16] on large time scales and

oxides with comparable stoichiometry belonging to

the Magnéli phases VnO2n-1 such as V6O11 [17]; those

phases differ only by a change in sheared crystallo-

graphic planes [17]. The exposure to air after reduc-

tion might lead to surface oxidation and an

appearance of V2O3 grains exhibiting a shell consti-

tuted of oxide phases close to VOx*2 (e.g. V6O11)—as

has already been detected in the case of epitaxially

grown V2O3 [18, 19]. Indeed, the high porosity (as

observed in SEM images in Fig. 2b, g marked as

‘‘300 nm holes’’) can further promote surface oxida-

tion more deeply within the ‘‘bulk’’ thin film with a

larger surface area exposed to air. Low temperature

electrical transport measurements (Fig. 4a) reveal a

broad transition temperature range between 100 and

165 K for 300 nm thick films with two sharp slope

maxima (visible in the derivative of the resistance in

Fig. 4c dark blue) which could also be explained by a

possible formation of an additional V6O11 phase with

a bulk transition temperature of its IMT of 177 K

[20]). In combination with the V2O3 transition tem-

perature at 155 K [4], two maxima would be formed

separated by a temperature shift of 22 K. Here, we

observe a variation of 18 K and 25 K, for cooling and

heating curve, respectively. Since the c/a ratio is

lower than the bulk value (Fig. 3b) (which should be

constant if related only to the deviation in vanadium

deficiency [21]), one can conclude that internal stress

is present in the thin film. Therefore, the shift of both

transition temperatures of V2O3 and V6O11 compared

to bulk values could be related to a compressive

stress within the film as revealed by the compressed

cell volume (Fig. 3b). In contrast, for 100 nm thin

films (Fig. 4b), only a single slope maximum is pre-

sent (Fig. 4c light blue) which indicates a transition of

a pure V2O3 phase for this thickness.

The fact that an (almost) ideal stoichiometric V2O3

phase with a quite high transition temperature can be

synthesized with BC Ni–NiO (inducing a relatively

high oxygen partial pressure) is rather surprising

since thermodynamics would predict a highly non-

stoichiometric thin film with a transition temperature

close to 10 K [11]. Like many other binary metal

oxides, NiO is known to provide a non-stoichiometry

regime that changes with temperature [22]. There-

fore, this effect may shift the iso-composition line

towards more reducing conditions during the

annealing process. Apparently, the deviation towards

reducing conditions that occurs during the iso-com-

positional cooling process with BC Ni–NiO favours a

nearly stoichiometric V2O3 phase (in contrast to a

quenching process of single crystals after the use of

high reduction temperatures [11]). Consequently, one

could also relate the two maxima in transition slope

to a change in BC conditions with a stoichiometric

NiO phase at the maximum reduction temperature

(belonging to the lower maximum) and a final

Ni1-3x
2? Ni2x

3?O phase at room temperature (belonging

to the higher maximum). However, no change in

colour of the BC could be observed after the reduc-

tion process, i.e. from green colour of a stoichiometric

NiO towards grey/black colour of a non-stoichio-

metric compound. Moreover, this explanation would

need to rely on strongly deviating reduction condi-

tions between the two thicknesses since no peak

splitting was observed for the thinner film (100 nm)

reduced by BC Ni/NiO.

Buffer couple Fe–Fe3O4

The smaller grain size obtained with BC Fe–Fe3O4 at

lower oxygen partial pressure compared to Ni–NiO

(Table 2, Fig. 2c) is likely to be a side effect of stron-

ger out-diffusion of oxygen from the initially amor-

phous film. The stronger excorporation of oxygen

could favour the nucleation density during crystal-

lization which may hinder grain growth and recrys-

tallization in the reduction process. Cell parameters

are similar to those obtained with BC Ni–NiO with

compressed values except for a slight tensile strained

as revealed by the a-parameter value (Fig. 3b).

However, the resistance jump observed at transition

is roughly one order of magnitude higher for 300 nm

thick films (five orders of magnitude instead of

four orders of magnitude for BC Ni/NiO, Fig. 4b)

and the transition itself shows three maxima in slope

(Fig. 4c). A possible explanation for this slight dis-

persion of the transition temperature is an inhomo-

geneous distribution of vanadium vacancies y within

grains of the V2-yO3 phase. This would happen if the

trajectory of the p(O2)–temperature imposed by the

Fe–Fe3O4 couple (indicated by the green line in

14724 J Mater Sci (2020) 55:14717–14727



Fig. 1) does not strictly correspond to a constant

y value in V2-yO3. As a consequence, a gradient

between the grain core and its shell would arise

during the cooling part of the annealing process (see

inset in Fig. 1), which can be ‘‘frozen’’ at low tem-

perature as soon as the kinetics of vanadium diffu-

sion becomes too slow. Such a core–shell gradient in

vanadium vacancies y could therefore easily explain

the distribution of transition temperature shown in

Fig. 4c. Moreover, this scenario is consistent with the

different transition temperatures observed in 100 nm

and 300 nm thick films annealed with Fe–Fe3O4, since

their strongly different grain sizes (23 nm for the 100

nm thick film, against 37 nm for the 300 nm thick one,

Table 2) could lead to a different final distribution of

vanadium vacancies within each grain.

Buffer couple Cr–Cr2O3

In contrast to all other BCs, the cell volume is

expanded and the c-parameter only exhibits a slight

compression. Thus, one expects the transition tem-

perature to be raised which is confirmed for 300 nm

thick films (147 K in Fig. 4a). In analogy, 100 nm

thick films exhibit a transition temperature similar to

Fe–Fe3O4 (Fig. 4b). However, the resistivity jump at

transition is reduced by over one order of magnitude.

Apparently, the quite dense nanostructure with small

crystallites (average size\ 20 nm, Table 2) might not

be sufficient to provide the required space of 1% free

volume that is necessary to enable the volume

expansion of the low temperature phase transition

[4]. Only surface-related grains might provide

enough free volume close to cracks and pinholes

(Fig. 2g). For both thicknesses of 100 nm and 300 nm,

a sharp single maximum of the transition slope is

present (Fig. 4c) which resembles a pure and dense

corundum V2O3 phase as well as a uniform distri-

bution of stress. The very controlled conditions are

likely to be a consequence of the Cr–O phase diagram

where only pure Cr2O3 is a thermodynamically

stable phase [23]. Lacking intermediate phases thus

prevents any shift of the iso-composition line.

Buffer couple Mn-MnO

An obvious difference of 100 nm thick films reduced

by BC Mn-MnO is an increased roughness (Fig. 2e1)

and a highly dense thin film with smallest grain

diameters of * 12 nm. In contrast to the previously

discussed BCs, 300 nm thick films do not exhibit any

cracks or pinholes in surface. Instead, hill growth is

visible at the surface. Grain sizes and ‘‘void’’ volume

drop to the minimum for both thicknesses compared

to all other BCs. XRD analysis confirms the presence

of a pure V2O3 phase belonging to R�3c type (Fig. 2a)

where diffraction peaks are significantly broadened

and fully coherent with a small grain size of

26 ± 10 nm. Compared to stoichiometric bulk V2O3,

this film displays the same c/a ratio, but a lower unit

cell volume, i.e. a compressive internal stress.

According to Ref. [21], this could indicate an ‘‘oxygen

non-stoichiometry’’: z = 0.044 in the (erroneous) for-

mulation V2O3?z, or rather to vanadium deficiency

y = 0.029 in the correct V2-yO3 description (Fig. 2b).

This would lead to a transition temperature as low as

10 K and thus a metallic behaviour [11]. Obviously,

this scenario is not coherent with the observed tran-

sition temperature above 100 K and the resistivity

jump at transition of three to four orders of magni-

tude, respectively (Fig. 4a, b). A possible explanation

could be the extreme reducing conditions imposed by

the Mn–MnO buffer couple leading to oxygen

vacancies and an effective composition V2O3-x

(x[ 0). As for the case of well-established vanadium

vacancies in V2-yO3, such oxygen vacancies would

lead to the reduction of the unit cell volume, without

changing the c/a ratio, as we observed

experimentally.

Comparison of oxygen buffer couples

Clearly, the existence of simple vanadium deficien-

cies V2-yO3 initially proposed in ‘‘ideal’’ single crys-

tals with high temperature reduction [11] is

insufficient to explain the behaviour of all our thin

films obtained with low temperature reduction. The

four oxygen buffer combinations investigated in this

study allowed obtaining thin films very close to ideal

stoichiometric V2O3, as evidenced by a resistance

ratio at the IMT higher than four orders of magnitude

and by high transition temperatures above 90 K

(Fig. 4a, b). Fe- and Cr-base BCs resulted in the

highest IMT temperatures of reduced thin films for

all investigated BCs close to the ideal value of 150 K.

In more detail, various effects such as compressive

stress, defect gradients, secondary phase formation as

well as morphological differences might be respon-

sible for the specific shapes of transitions of different

BCs with multiple maxima in slopes (Fig. 4c, d).
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These deviations might partially result from chang-

ing stoichiometries of specific buffer couples itself

during the annealing process which leads to devia-

tions in reduction conditions from the ideal iso-

composition lines (Fig. 1). The morphological differ-

ences in form of free volume (Fig. 2g) can be expected

to have an impact on nonvolatile resistive switching

of Cr-doped V2O3 devices as well since a transition of

Mott-metallic to Mott-insulating phase requires an

increase in cell volume of about 1% [24]. Therefore,

thin films reduced by Ni- and Fe-based BCs would

provide sufficient free volume for nonvolatile resis-

tive switching where Cr- and Mn-based BCs could

hinder the volume expansion by their dense small-

grained microstructure. Apart from the presented

buffer couples, another oxide–oxide combination

Ce2O3–CeO2 was used for reduction experiments (not

shown) where the equilibrium line of oxygen partial

pressure lies between the reduction conditions of Fe-

and Cr-based BCs. Even though unknown CeOx

phases were formed in the BC after the annealing

process (which, again, speaks for the change of BC

stoichiometry during reduction), comparable electri-

cal transport properties were obtained with an IMT

temperature of 100 K and a resistance jump of five

orders of magnitude. Generally, one also has to note

that for low temperature reduction, the calculated

oxygen partial pressure along the cooling path is

below any countable static oxygen partial pressures

during the cooling process. Our results thus raise the

need for further theoretical investigations of these

technologically relevant synthesis conditions for thin

films, especially due to the astonishing broad success

of the method with various combinations of oxygen

buffers.

Conclusion

The absence of point defects as well as the

microstructure and stress state of V2O3 thin films is of

great importance to generate a true Mott-insulating

state in Cr-doped (or tensile strained) V2O3 thin films

for electrical devices. Therefore, polycrystalline V2O3

thin films (thickness 300 nm and 100 nm) have been

synthesized under controlled thermodynamic condi-

tions at low temperatures and strongly deviate from

high temperature reduction experiments on single

crystals. Changing the Gibbs free energy by different

buffer couples affected morphological features and

resulted in comparable electrical properties. Oxygen

buffers close to the equilibrium line of VO/V2O3

(Mn–MnO) and V2O3/V3O5 (Ni–NiO) induced a

possible oxygen deficiency and secondary phase

precipitation, respectively. By lowering of the Gibbs

free energy with different oxygen buffers, grain sizes

and void regions shrink which is explained by a

stronger removal of oxygen during the reduction

process. Finally, the Fe–Fe3O4 and Cr–Cr2O3 oxygen

buffers led to the strongest changes in resistance at

the IMT’s up to five orders of magnitude and highest

transition temperatures close to the one of highly

stoichiometric V2O3. 100 nm thick films exhibited

identical trends with slightly reduced hysteresis

width, higher transition temperature and a smaller

change of resistance at the transition. These results

may have a strong impact on design rules for the

miniaturization of resistive Mott-switching devices

towards their physical limits.
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