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We report the strain state and transport properties of V2O3 layers and V2O3/Cr2O3 bilayers

deposited by molecular beam epitaxy on (0001)-Al2O3. By changing the layer on top of which

V2O3 is grown, we change the lattice parameters of ultrathin V2O3 films significantly. We find that

the metal-insulator transition is strongly attenuated in ultrathin V2O3 layers grown coherently on

Al2O3. This is in contrast with ultrathin V2O3 layers grown on Cr2O3 buffer layers, where the

metal-insulator transition is preserved. Our results provide evidence that the existence of the

transition in ultrathin films is closely linked with the lattice deformation. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4866004]

Vanadium sesquioxide (V2O3) has been the focus of

intense research by both theorists and experimentalists since

the discovery of a Metal-Insulator transition (MIT) in this ma-

terial.1 A phase diagram for bulk V2O3 was established by

McWhan et al.2 At ambient conditions, stoichiometric V2O3 is

a paramagnetic metal (PM) with a rhombohedral structure that

is isostructural with corundum Al2O3 (spacegroup R-3c). Upon

cooling below 150–160 K, V2O3 undergoes a MIT with an

increase in resistivity of over 7 orders of magnitude to an anti-

ferromagnetic insulating state (AFI), accompanied by a mono-

clinic distortion. The state of the material can be influenced by

stoichiometry, doping or hydrostatic pressure. These parame-

ters have an “equivalent” effect: A “negative” pressure3 or

doping with a small percentage of Cr stabilizes a paramagnetic

insulating phase that is isostructural with respect to the PM

phase. On the other hand, application of hydrostatic pressure, a

small percentage of Ti doping or an oxygen excess4 results in

a gradual decrease of the PM-AFI transition temperature down

to 0 K, stabilizing the PM phase at all temperatures.

Thin films of materials that exhibit a MIT offer interest-

ing prospects for integration in device structures, including

piezoelectronic5 and field-effect transistors.6 The perform-

ance of these devices benefits in many cases from the active

material being (ultra-)thin since this allows increased switch-

ing speed. Additionally, a more pronounced switching effect

is expected when the active layer has a thickness comparable

with the screening length (�1 nm). V2O3, considered to be a

prototypical Mott-Hubbard system, can be used as a model

system to study the MIT characteristics upon scaling. In par-

ticular, it remains an open question whether or not a pro-

nounced MIT can be achieved in V2O3 ultrathin layers. The

proximity of surfaces and interfaces can possibly have a dra-

matic effect on the transport properties. In particular, Borghi

et al.7 predict a surface dead layer where the quasi-particle

weight at the Fermi level is reduced with respect to the bulk

value for a Mott material near an interface. Evidence for the

existence of such a layer has indeed been found in photoemis-

sion spectroscopy measurements of bulk V2O3.8,9 Based on

assumptions for the value of the photoelectron mean free path

and the profile of the quasi-particle weight, Rodolakis et al.9

made a rough estimate of 4 nm for the thickness of this layer.

Furthermore, a number of authors report the absence or a sig-

nificant attenuation of the MIT in ultrathin layers.10–12

In this work, we investigate the influence of a Cr2O3

buffer layer and the V2O3 thickness on the transport proper-

ties. We demonstrate a MIT in ultrathin V2O3 layers down to

3.5 6 1 nm by inserting high quality and (almost) relaxed

Cr2O3 buffer layers between the V2O3 and the (0001)-Al2O3

substrate.

Layers of V2O3 and Cr2O3 were deposited by means of

oxygen assisted molecular beam epitaxy in a vacuum chamber

(Riber) with a base pressure of 10�9 millibars. Substrates of

(0001)-Al2O3 (1� 1 cm2) were used without prior cleaning or

flash annealing at elevated temperatures. The substrates were

heated slowly to the growth temperature, measured by a

thermo-couple. Cr was evaporated from a Knudsen cell and V

was evaporated from an electron gun (MBE Komponenten).

A deposition rate of 0.1 Å/s was used for both metals. In the

case of the V2O3/Cr2O3 bilayers, V2O3 was deposited in-situ
right after Cr2O3. An oxygen partial pressure of 6� 10�6

(2� 10�6) Torr and growth temperature of 700 (720) �C was

used for deposition of the V2O3 (Cr2O3) layers. After depo-

sition, the samples were characterized by means of high re-

solution X-ray diffraction (XRD), X-ray reflectivity (XRR),

and X-ray reciprocal space mapping (RSM) using a

Panalytical X’pert Pro diffractometer. Temperature depend-

ent transport properties were assessed by performing resis-

tivity measurements in the Van der Pauw (VDP) and

collinear configurations, using Au/Cr contacts and an

Oxford Optistat CF2-V cryostat with a sweep rate of 1.5 K

per minute.

First, we investigated V2O3 layers deposited directly on

(0001)-Al2O3. An XRD h/2h scan of the (0006) reflection of

a 57 nm V2O3 layer grown on Al2O3 is shown in Fig. 1. High

quality epitaxial deposition with a smooth surface and inter-

face is evident from the appearance of Pendel€ossung fringes.

Moreover, identical thickness values are extracted from fit-

tings of the XRR and XRD data.a)leander.dillemans@gmail.com
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RSMs around the (1 0 �110) reflections of V2O3 and Al2O3

are shown in Fig. 2 for layers with different thicknesses. The

lattice parameters extracted from the peak maximum for layers

with thicknesses between 73 and 17 nm (not all shown) corre-

spond well with the bulk values of a¼ 4.954 Å and

c¼ 14.008 Å, apart from a small tensile (compressive) in-plane

(out-of-plane) strain scattered between 0.2 (�0.44)% and 0.34

(�0.49)%, which is most likely thermal in nature.13 These

layers exhibit elliptical peak shapes that are broadened as a

result of tilt and finite in- and out-of-plane coherence lengths.

In addition to a relaxed feature, the film with 17 nm thickness

exhibits a faint thin stripe located at the same a-axis position as

the substrate and smeared out along the c-axis direction. This is

indicative of a coherent component present in the layer, lattice

matched with the substrate (same Qx). The relative intensity of

the coherent feature increases systematically as the thickness is

decreased to 6 and 4 nm. In the 4 nm layer, the relaxed feature

is barely visible and we can conclude that the layer is almost

fully coherently strained.

Resistivity hysteresis curves as a function of tempera-

ture are shown in Fig. 3 for V2O3 layers with different thick-

ness grown directly on Al2O3. The transition temperature

(TMIT) is determined from the first derivative of either the

FIG. 1. XRD h/2h scans for a 57 and 56 nm V2O3 layer grown on Al2O3

(red) and Cr2O3/Al2O3 (black), respectively. The green curve is a simulation

of the latter.

FIG. 2. RSM of the (1 0 �1 10) reflec-

tion of V2O3 layers deposited directly

on (0001)-Al2O3. Qx and Qy are the

components of the scattering vector

along in- and out-of-plane directions,

respectively. The intensity scale is

logarithmic.

FIG. 3. Resistivity of V2O3 layers with different thickness deposited directly

on (0001)-Al2O3. TMIT values are given in the legend.
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heating or cooling curve (whichever is most symmetric) and

corrected for the hysteresis. The thickest layer of 73 nm

exhibits a MIT of four decades in resistivity at 146 K. The re-

sistivity at room temperature is 1.6� 10�3 X cm, slightly

higher than the bulk value of about 5� 10�4 X cm.14 As the

thickness is decreased to 17 nm, TMIT decreases from 146 K

to 131 K and the resistivity ratio (RR), defined as the ratio of

resistivity values at 300 K and 120 K, decreases from

7.5� 104 to 7� 102.

The layers with thicknesses of 6 and 4 nm exhibit a qual-

itatively different behavior from the thicker layers. There is

no sharp transition and the slope of both cooling and heating

curves increases (almost) monotonically with decreasing

temperature. There is however still hysteresis present

between cooling and heating curves. This suggests that the

transition is attenuated significantly in layers that are coher-

ently strained on Al2O3. The 4 nm thick sample exhibited a

significant asymmetry between measurements along differ-

ent directions. Whether this is intrinsic, due to sample inho-

mogeneity or anisotropic crystal sizes needs to be further

investigated by conductivity measurements at the nanoscale.

In order to study the possibility of an intrinsic critical

thickness for the PM-AFI transition to occur, it is necessary

to synthesize layers that have a limited interaction with the

substrate and bulk-like structural characteristics. For

instance, dramatic changes in the transport properties can be

directly linked to the epitaxial strain state in ultrathin films

of some transition metal oxides.15 Most of the V2O3 thin film

work reported in the literature involves the epitaxial deposi-

tion of V2O3 on substrates that have a rather large misfit with

V2O3.3,10–13,16–20 In particular, (0001)-oriented Al2O3 with

hexagonal unit cell spacings of a¼ 4.754 Å and c¼ 12.975 Å

is often used as a substrate. Bulk V2O3 has lattice spacings

of a¼ 4.954 Å and c¼ 14.008 Å. The misfit between V2O3

and Al2O3, defined as ðaV203 � aAl203Þ=aAl203 for deposition

on a (0001)-oriented substrate is therefore 4.2%. As a result,

below the critical thickness for relaxation via introduction of

misfit dislocations, the layer is coherently strained with lat-

tice parameters differing significantly from the bulk values,

as can be seen from Fig. 2. Apart from being directly

affected by the strain state, the MIT could also be attenuated

in coherently strained layers as a result of the strong interac-

tion with the substrate, which could hamper the structural

transition to the AFI state. Indeed, it has been shown that

enhanced coupling with the (0001)-Al2O3 substrate leads to

a significant broadening of the V2O3 (0006) reflection in

XRD and the suppression of the MIT.16

In order to lower the substrate influence on thin layers, we

have used Cr2O3 buffer layers. The misfit between bulk

(0001)-V2O3 and (0001)-Cr2O3 (a¼ 4.959 Å and c¼ 13.594 Å)

is only �0.1%. We expect therefore a significantly smaller

strain for ultrathin V2O3 layers deposited on Cr2O3. It has al-

ready been shown that a buffer layer of Cr2O3 significantly

decreases the transition width in e-beam evaporated films of

20–450 nm thickness.21

RSMs for layers of V2O3 grown on a Cr2O3 buffer layer

are shown in Fig. 4. The thickness of the Cr2O3 layers, deter-

mined from fits of the XRD data (Fig. 1), is found to vary

between 67.5 and 68.5 nm from sample to sample. The thick-

ness of the V2O3 layers is determined from XRR. Apart from

a faint coherent feature, the Cr2O3 is nearly relaxed towards

its bulk values, exhibiting a small compressive in-plane

strain. Compressive strain is indeed expected from the misfit

with the Al2O3 substrate. The 56 and 14 nm V2O3 layers

FIG. 4. RSMs of the (1 0 �1 10) reflec-

tion of V2O3 deposited on Cr2O3/

(0001)-Al2O3. The intensity scale is

logarithmic.

071902-3 Dillemans et al. Appl. Phys. Lett. 104, 071902 (2014)



exhibit an in-plane (out-of-plane) strain state of 0.21%

(�0.47%) and 0.00% (�0.39%), which is possibly thermal

in nature. It is clear from the absence of a coherent compo-

nent (with respect to Al2O3) for V2O3 as is observed in

Fig. 2 that the buffer layer effectively structurally decouples

the V2O3 layer from the Al2O3 substrate.

Fig. 5 shows the resistivity hysteresis curves for V2O3

grown on Cr2O3/Al2O3. We note that Cr2O3 is an insulator

with a band gap of 3.4 eV and resistivity measurements on in-

dependently grown films have shown very high resistivity val-

ues. Hence, the features seen in Fig. 5 are entirely to be

attributed to those of the thin V2O3 layers. The 57 nm layers

on Al2O3 and 56 nm layer on Cr2O3/Al2O3 are comparable in

terms of hysteresis, transition width and RR (8.1� 104), but

the latter has a higher TMIT around 151 K which is closer to

the bulk value. The layers on Cr2O3 all exhibit a metallic slope

before the MIT with resistivity values between 8.7� 10�4 and

1.3� 10�3 X cm at 300 K. An asymmetry is again sometimes

observed between resistances along different directions for

the thin layers. In contrast with the thin layers of V2O3 de-

posited directly on Al2O3, a MIT is evident in all layers from

the sharp increase in resistivity below 150 K and the reduced

slope in the insulating region compared to the transition

region (notably on the heating curve). From the hysteresis,

we find a RR of two orders of magnitude in the 3.5 nm layer.

Coherent strain can have a two-fold effect on the trans-

port properties. On the one hand, the structural transition

associated with the MIT can be attenuated due to structural

clamping to the substrate. On the other hand, the large strain

can dramatically influence the electronic structure. A strain

state with respect to bulk V2O3 of �4.22 (�4.01)% and

þ0.09 (�0.17)% for the in- and out-of-plane directions is

extracted from the position of the coherent feature of the 4

(6) nm layer shown in Fig. 2. Attempts have been made to

associate the strain state in thin V2O3 layers with the pres-

sure scale on the bulk phase diagram, based on the a-axis

compression10 and the volume change.22 Both approaches

predict a complete suppression of the MIT and metallic state

at all temperatures in our coherent layers. In this context,

two scenarios can be considered to explain why there is

nevertheless still an upturn in resistivity in the 6 and 4 nm

layers. First of all, it is possible that the part of the layer, cor-

responding to the relaxed feature of the 6 and 4 nm samples,

does in fact undergo the transition because (as opposed to

the coherent part) it is not subject to such large in-plane com-

pressive strain. If this relaxed part is associated with domains

that exhibit a wide range of TMIT values, this leads to a coexis-

tence of insulating and metallic domains below the bulk TMIT,

where the transport is governed by percolation. On the other

hand, the approaches of Refs. 10 and 22 somewhat neglect the

role of the strain state along the c-axis, which could be impor-

tant in determining the electronic state through a dependency

of nearest-neighbor distances and trigonal field splitting

(closely linked to the MIT23,24) on both a-axis and c-axis spac-

ings. In other words, the volume change or a-axis length do

not necessarily uniquely determine the state of the system. In

this scenario, it is possible that the strain state is not solely re-

sponsible for the transport behavior, but clamping can in part

cause the attenuation of the MIT.

We expect that the presence of a surface dead layer

would, at least in principle, be apparent from an increased re-

sistivity in the metallic phase for a decreasing layer thick-

ness. Our results indicate however a decreased resistivity

with decreasing thickness, suggesting that the dead layer

should be significantly thinner than 4 nm.

In conclusion, we have significantly changed the in-

plane strain state of ultrathin epitaxial V2O3 films by about

4.2% using buffer layers of Cr2O3 deposited on

(0001)-Al2O3. Furthermore, we have observed a clear MIT

in such V2O3 layers as thin as 3.5 6 1 nm grown on buffer

layers of Cr2O3. This is in contrast with thin V2O3 layers

directly grown on Al2O3. We explain these results by the dif-

ferent strain state of the V2O3 and/or the structural unclamp-

ing from the substrate resulting from the insertion of the

Cr2O3 buffer layer. The demonstration of a MIT in ultrathin

layers is of relevance for applications such as piezo-electric

and field-effect transistors.
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