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Role of interfacial transition layers in VO2/Al2O3 heterostructures
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Epitaxial VO2 films grown by pulsed laser deposition (PLD) on c-cut sapphire substrates ((0001)

Al2O3) were studied by aberration-corrected scanning transmission electron microscopy (STEM).

A number of film/substrate orientation relationships were found and are discussed in the context of

the semiconductor-metal transition (SMT) characteristics. A structurally and electronically

modified buffer layer was revealed on the interface and was attributed to the interface free-energy

minimization process of accommodating the symmetry mismatch between the substrate and the

film. This interfacial transition layer is expected to affect the SMT behavior when the interfacial

region is a significant fraction of the VO2 film thickness. VC 2011 American Institute of Physics.

[doi:10.1063/1.3642980]

I. INTRODUCTION

Over the last few decades, vanadium dioxide (VO2) has

attracted extensive research from the basic science commu-

nity as a correlated electron system and from the applied sci-

ence community owing to the useful electrical and optical

properties resulting from the near room-temperature

(�68 �C) semiconductor-metal transition (SMT) the material

experiences.1–3 This property makes VO2 a favorable candi-

date for various applications in microelectronics, such as

sensing and switching devices.3 Epitaxial growth of VO2,

therefore, is of significant technological relevance since inte-

gration is necessary for applications in microelectronic devi-

ces. However, the successful growth of high-quality VO2

films requires extremely demanding processing conditions.

Not only is the substrate selection limited because of the low

symmetry of the room temperature VO2 phase (monoclinic),

but also because there are a number of competing oxide

phases with different vanadium oxidation states that form as

a function of oxygen partial pressure during film growth.3–5

These oxides have either a much lower transition tempera-

ture (e.g., V2O3), or a higher transition temperature (e.g.,

V3O5), or even exhibit no SMT transition at all (e.g.,

V2O5).1,3–5 In addition, the SMT in VO2 is accompanied by

a crystal structure change, from the lower temperature semi-

conducting monoclinic phase (P21/c) to the higher tempera-

ture metallic tetragonal (rutile) phase (P42/mnm).1,2 This

crystal structure change further complicates the situation due

to the sudden symmetry change of the film across the transi-

tion temperature. Nevertheless, epitaxial films of VO2 have

been grown on some single crystal substrates, such as TiO2

(rutile)6–9 and a-Al2O3.9–16 The former has the same crystal

structure as that of the high temperature VO2 phase and,

thus, would seem to be a suitable substrate candidate. A se-

ries of studies has been conducted on this system. It was

found that the SMT behavior of VO2 ultrathin film can be

modified by strain introduced by misfit from the substrate.7,8

Herein, we have used aberration-corrected scanning trans-

mission electron microscopy (STEM), i.e., annular dark

field (ADF) imaging and electron energy-loss spectroscopy

(EELS), to study the interface region between epitaxial VO2

films on (0001) Al2O3 substrates grown by pulsed laser dep-

osition (PLD). The aberration corrector improved the spatial

resolution of the microscope to the sub-angstrom range and

therefore permits direct imaging of the interface atomic

structure17–19 as well as revealing the composition and elec-

tronic structure of individual columns.20 We will present in

this paper the major results from this study, i.e., the observa-

tion of a series of orientation relationships, and a structurally

and electronically modified interfacial transition layer. The

latter is expected to affect the SMT behavior when the interfa-

cial region is a significant fraction of the VO2 film thickness.

II. EXPERIMENTAL

VO2 films were grown on c-cut single crystal Al2O3 sub-

strates by pulsed laser deposition (PLD) with a KrF excimer

laser (k¼ 248 nm) as reported earlier.14 The deposition tem-

perature was fixed at 600 �C while the oxygen partial pres-

sure was varied from 10�1 to 10�5 Torr for stoichiometry

optimization. X-ray diffraction (XRD) (Rigaku diffractometer,

Cu Ka radiation, k¼ 1.54 Å) was used for phase identification

as well as a rough estimation of film epitaxial quality. Cross-

sectional STEM samples along two in-plane orthogonal zone

axes Al2O3 [01�10] and Al2O3 [2�1�10] were prepared by stand-

ard mechanical polishing and ion milling. A Nion UltraSTEM

(with a 5th order aberration corrector) operated at 100 KeV

was used for both ADF imaging and EELS acquisition.

III. RESULTS AND DISCUSSION

A. Structure determination and microstructural
characterization

XRD h-2h scan results, which are shown in Fig. 1, sug-

gest the optimum oxygen partial pressure for VO2 epitaxy

growth to be in the range of 10�1 Torr to 10�2 Torr. Thea)Electronic mail: hzhou4@ncsu.edu.
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films deposited in this range of oxygen pressures only show

sharp (002)/(020) and (004)/(040) diffraction peaks, centered

at 39.74� and 85.77�, respectively, from the monoclinic VO2

phase.2 The (00l) and (0l0) diffraction peaks of monoclinic

VO2 cannot be distinguished due to their nearly identical

d-spacing.14,15 As the oxygen partial pressure is reduced to

10�3 Torr, (002)/(020) has a significantly lowered intensity

with a larger full width at half maximum (FWHM), indicat-

ing reduced epitaxial quality. When the oxygen partial pres-

sure is reduced to 10�4 Torr, the appearance of an epitaxial

V2O3 phase is suggested by a peak centered at 38.6�, which

was identified as the (0006) reflection of V2O3. This peak

becomes very intense and sharp in the 10�5 Torr sample,

indicating the formation of a highly textured V2O3 phase

with V2O3 (0001) parallel to Al2O3 (0001). The study pre-

sented in this paper mainly focuses on the samples deposited

at 10�1 Torr to 10�3 Torr, in which the formation of the

monoclinic VO2 phase was confirmed by XRD. Detailed

SMT characteristics for these samples were reported in our

earlier papers.14–16

Figures 2(a), 2(b), and 2(c) show three representative

atomic configurations observed in ADF imaging along the

Al2O3 [01�10] zone axis. The less bright columns in the lower

part of the images, i.e., the substrate side, are Al and O col-

umns forming the zigzag configuration expected when

viewed along the Al2O3 [01�10] direction, as shown in Fig.

2(d) (dashed line is drawn to guide the eyes). The bright col-

umns in the upper part of the images, i.e., the film side, are V

columns. The O columns bonded with V atoms are barely

visible next to the bright V columns. The three vanadium

atomic configurations shown in Figs. 2(a), 2(b), and 2(c) are

found to match well with model structures viewed from the

VO2 [100], VO2 [101] and VO2 [120] directions (Fig. 2(d)),

respectively. Therefore the three corresponding epitaxial

FIG. 1. XRD h-2h scan on vanadium oxide films deposited in oxygen partial

pressure from 10�1 to 10�5 Torr. Highly textured VO2 and V2O3 phases are

formed depending on the oxygen partial pressures.

FIG. 2. (Color online) (a), (b), and (c)

ADF images of three representative

interface atomic configurations along the

Al2O3 [01�10] zone axis, which are found

to match well with that viewed from

VO2 [100], VO2 [101] and VO2 [120]

directions (d). The three orientations are

therefore determined to be (a) (010)M or

(001)M of VO2 // (0001) of Al2O3 with

in-plane VO2 [100]M // Al2O3 [01�10];

(b) (010)M of VO2 // Al2O3 (0001) with

in-plane VO2 [101]M // Al2O3 [01�10];

(c) (001)M of VO2 // Al2O3 (0001) with

in-plane VO2 [120]M // Al2O3 [01�10].

The oxygen partial pressures under

which these samples were deposited are

(a) 10�1 Torr, (b) 10�2 Torr, and (c)

10�3 Torr. The arrow in (a) and (b) indi-

cates the “dark” region at the interface.

All the images are drift-corrected.
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orientations are determined to be (a) (010) or (001) of VO2 //

Al2O3 (0001) with in-plane VO2 [100] // Al2O3 [01�10]; (b)

(010) of VO2 // Al2O3 (0001) with in-plane VO2 [101] //

Al2O3 [01�10]; and (c) (001) of VO2 // Al2O3 (0001) with in-

plane VO2 [120] // Al2O3 [01�10]. Among them, (a) is consist-

ent with those reported earlier,9–16 while (b) and (c), in a broad

sense, can be considered as the in-plane variants (in dashed

lines) of the former (solid lines) as shown in Fig. 3. There are

three in-plane variants of the same orientation relationship due

to the symmetry difference between the rhombohedral corun-

dum Al2O3 substrate and monoclinic VO2 film.11,12,14,15 Only

two of the three are shown in Fig. 3 for clarity.

The coexistence of these orientations originates from the

film oxygen sublattice matching that of the substrate during

growth and from the subsequent high temperature tetragonal

phase transition to the low temperature monoclinic phase

that takes place during the cooling process. Figures 4(a) and

4(b) show the atomic configuration of Al2O3 (0001) plane

and VO2 (010)T plane, where subscript “T” denotes the tet-

ragonal phase of VO2. It is obvious that the oxygen configu-

ration in VO2 (010)T can also be regarded as close packed

hexagonal, as in (0001) of Al2O3, indicated by dashed line

hexagon, but with a slightly different degree of distortion. In

addition, there are also local similarities in the relative

FIG. 3. (Color online) Schematic illus-

tration of the in-plane orientation var-

iants of VO2 (010)M // Al2O3 (0001) (a)

and VO2 (001)M // Al2O3 (0001) (b).

Subscript “M” denotes the monoclinic

phase of VO2.

FIG. 4. (Color online) Atomic configu-

rations of relevant planes: Al2O3 (0001)

(a), VO2 (010)T (b), VO2 (010)M (c), and

VO2 (001)M (d), where subscripts “M”

and “T” denote the monoclinic phase

and tetragonal phase, respectively. VO2

(010)M in (c) and VO2 (001)M in (d) are

positioned with respect to Al2O3 (0001)

depicting the corresponding in-plane

alignment in orientations shown in Figs.

1(b) and 1(c), respectively. It should be

noted that in all VO2 planes, oxygen

atoms are slightly corrugated along the

plane normal.
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position of the cations, i.e., Al and V, with respect to that of

the anion (O). The (100)T of VO2 is identical to (010)T and

therefore is not shown. From the point view of interfacial

free-energy minimization, it is expected that film orienta-

tions that provide maximum preservation of the oxygen sub-

lattice continuity across the interface should develop,

provided sufficient ad-atom mobility is present. This means

the epitaxial growth can only proceed by stacking these

planes, i.e., (100)T or (010)T of VO2. Either way, the film c-

axis lies in the growth plane. The tendency to preserve the

oxygen sublattice continuity across the interface also deter-

mines the in-plane orientation since these hexagon edges

should be aligned as much as possible. It is this oxygen sub-

lattice alignment that leads to the three in-plane variants.

Since a and b are interchangeable in tetragonal structure, the

three in-plane variants derived when (100)T VO2 // (0001)

Al2O3 are equivalent to those derived from (010)T VO2 //

(0001) Al2O3. In Fig. 4, VO2 (010)T is positioned with

respect to Al2O3 (0001) depicting one of the latter orienta-

tion relationships. The tetragonal to monoclinic phase transi-

tion that takes place during the cooling process differentiates

these two sets of orientation variants. The low temperature

monoclinic phase forms by pairing vanadium ions along c-

axis followed by an ab plane shearing of the high tempera-

ture phase.2,21 The a-axis of monoclinic phase originates

from the c-axis of tetragonal phase with its lattice constant

doubled: aM¼ 2cT, where subscript “M” and “T” denotes the

monoclinic phase and the tetragonal phase, respectively.

With the c-axis of tetragonal phase always lying in the epi-

taxial growth plane, the ab plane shearing in the tetragonal

phase determines whether the new c-axis (monoclinic phase)

is in the growth plane or out of the growth plane. This leads

to two sets of possible orientations for the monoclinic phase,

i.e., (010)M VO2 // (0001) Al2O3 and (001)M VO2 // (0001)

Al2O3, with each having three in-plane variants as listed in

Table I. The orientations from both sets were observed in

our study as shown in Figs. 2(b) and 2(c), which are sche-

matically illustrated in Figs. 3(a) and 3(b) (in dashed lines)

as well in Figs. 4(c) and 4(d), where VO2 (010)M and VO2

(001)M are positioned with respect to Al2O3 (0001) depicting

the corresponding in-plane alignment. On the one hand, this

suggests that energetically there is no strongly preferred

shearing direction during the phase transition. On the other

hand, it also demonstrates the heterogeneous nature of the

phase transition in thin film VO2.22,23 Indeed, in which way

the transition proceeds could be significantly affected by

microstructural defects and local strain conditions, which

might considerably modify the nucleation barriers.

ADF imaging along another zone axis, Al2O3 [2�1�10],

provides additional important data on the interfacial reaction

between VO2 and Al2O3. This specific [2�1�10] zone axes is

perpendicular to the [01�10] zone axis described earlier. As

shown in Figs. 5(a) and 5(c), while in the substrate side

(lower part of the image), Al columns pair up forming dumb-

bell shapes aligned at an angle to the interface, as expected

when viewed from any Al2O3 [2�1�10] zone axis, one noticea-

ble feature on the film side is the loss of column alignment a

few monolayers away from the interface. This confirms the

orientations determined earlier. Along this zone axis, except

for the orientation shown in Fig. 2(a), where (010)M or

(001)M of VO2 // Al2O3 (0001) with in-plane VO2 [100]M //

Al2O3 [01�10], this viewing direction in the other orientations

are all high index directions with no clearly resolved atomic

columns. The most distinguishable feature in many of the

ADF images taken along this direction is an interface region,

where the lattice is seen to be the same as that of Al2O3 (R-
3c) with the heavier V atoms in the Al atom positions. The

lattice in these regions is identified as that of V2O3 since

above 150 K, V2O3 has a rhombohedral corundum crystal

structure, the same as that of Al2O3. This interface region is

not obvious in the images taken from the orthogonal zone

axis, Al2O3 [01�10], because of the close match of the V con-

figuration in VO2 viewed from the [101] and [120] directions

to that in V2O3 viewed from the [01�10] direction, as shown

in Fig. 2(d). It should be noted that the zigzag pattern is not

visible in V2O3 due to the significantly enhanced intensity of

cation columns, i.e., vanadium, relative to Al. This layer was

more or less observed in all VO2 films, regardless of the oxy-

gen partial pressure under which the film was deposited.

Therefore, it is reasonable to conclude that its formation is

related to the templating effect from the substrate since this

region continues/preserves the crystal structure of the Al2O3

substrate. The overwhelming influence of the substrate sym-

metry on the initial stage of vanadium growth has been

reported earlier in surface studies.6,24 It was found that in the

sub-monolayer coverage regime, vanadium has a strong

tendency to preserve the substrate surface long-range struc-

ture order by occupying selective surface sites, e.g., sixfold-

coordinated titanium sites, which underbridge oxygen atoms

of the topmost layer when grown on rutile TiO2 (110) sur-

face,6 and aluminum vacancies when grown on a stable

Al2O3 (0001) surface.24 Thus during the initial growth stage

chemical free-energy dominates before strain free-energy

associated with planar mismatch takes over during rest of the

epitaxial growth process.13

B. EELS and bonding characteristics studies

The atomic resolution EELS investigation on the inter-

face region reveals a certain degree of non-stoichiometry.

Vanadium is one of the metals in the first transition period,

and its unfilled 3d bands are strongly hybridized with O 2p

TABLE I. The six epitaxial orientations deduced from oxygen sublattice matching between tetragonal VO2, monoclinic VO2 and c-cut Al2O3 (the indices

listed indicate the corresponding parallel lattice planes and in-plane directions).

Al2O3 (0001) & [01�10]

Parallel plane & direction in tetragonal VO2 (100) & [001] (100) & [011] (100) & [01-1] (010) & [001] (010) & [101] (010) & [10-1]

Parallel plane & direction in monoclinic VO2 (001) & [100] (001) & [1-20] (001) & [120] (010) & [100] (010) & [001] (010) & [101]

073515-4 Zhou et al. J. Appl. Phys. 110, 073515 (2011)
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bands in vanadium oxides. Therefore, as in other transitional

metal oxides, both the V-L2,3 edges (also called white lines)

and the O-K edge are expected to reflect the V oxidation

state. Figure 5(b) shows a series of spectra acquired along

the direction perpendicular to the interface, labeled in order

from “0” to “11” with “0” acquired at the “V2O3”–like inter-

face region and “11” acquired about three nanometers into

the film, as roughly marked by a vertical line in Fig. 5(c).

The acquisition time is 1 s for each position and the energy

dispersion used is 0.4 eV per channel, leading to an energy

resolution around 1 eV. EELS from VO2 (top) and V2O3

(bottom) are included for comparison. These two spectra

were taken from films grown with the highest and lowest ox-

ygen partial pressures. They are found to be very similar to

those reported from standard (stoichiometric) com-

pounds.25,26 In general, L3 and L2 edges are expected to shift

to higher energy as oxidation state increases, e.g., a 1.2 eV

shift is reported going from V2O3 to VO2.26 Therefore, in

Fig. 5(b), the spectrum from VO2 (top) and V2O3 (bottom)

are aligned with the series of spectra using the first peak in

O-K edge. The background was removed in front of V-L2,3

edge using the power-law method in Gatan’s Digital Micro-

graph. The first two strong peaks around 514 eV and 520 eV

are V-L3 and V-L2, which in a first approximation, are

attributed to excitation from V 2p3/2 and V 2p1/2 to unoccu-

pied V 3d states, respectively.26 The remaining peaks belong

to the O-K edge. The doublets around 525–529 eV are attrib-

uted to excitations from O 1s to hybridized O 2P – V 3d

bands with t2 g and eg symmetry, respectively.25 The much

broader peak centered around 539 eV is attributed to excita-

tions from O 1s to the hybridized O 2p - V 4sp.25

This series of spectra suggests a certain degree of non-

stoichiometry near the interface. On the one hand, it is appa-

rent that on moving from the VO2 film to the interface, the

V L2,3 edges, in terms of L3/L2 intensity ratio and position,

are essentially unchanged implying that the V oxidation state

is unchanged, i.e., maintaining 4þ, despite the fact that the

crystal takes the V2O3 structure at the interface. On the other

hand, the change in the near-edge fine structure of O-K is

obvious on moving from the VO2 film to the interface. The

decreasing trend of the relative weight of t2g over eg is simi-

lar to that from VO2 (top) to V2O3 (bottom), which is con-

sistent with a V2O3 structure at the interface. The latter is not

surprising since the O-K edge, especially, the first peak(s)

near the threshold (the so-called prepeak), is very sensitive

to local chemical bonding environment.25 The first peak (t2g)

in O-K edge corresponds to excitation to O 2p hybridized

with V 3d orbitals that point in between the ligands forming

FIG. 5. (Color online) (a) An ADF

image of the interface along the Al2O3

[2�1�10] zone axis. (b) A series of electron

energy loss (EELS) spectra acquired

along the direction perpendicular to the

interface, labeled in order from “0” to

“11” with “0” acquired at the “V2O3”

–like interface region and “11” acquired

inside the film (acquisition time 1 s and

energy dispersion 0.4 eV per channel).

The vertical line in (c) roughly marks

the region where the series of spectra

was acquired. EELS from VO2 (top) and

V2O3 (bottom) are also included in (b)

for comparison. Gray and dark arrows in

(b) indicate the V4þ and V3þ signature,

respectively.

073515-5 Zhou et al. J. Appl. Phys. 110, 073515 (2011)
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weak p anti-bonds and the second peak (eg) corresponds to

the excitation to O 2p hybridized with V 3d orbitals that

points toward the ligands forming strong r anti-bonds.27 In

this interfacial “V2O3” region, vanadium and its nearest

neighbor oxygen forms VO6 octahedra that are supposedly

more highly anion sharing than in the VO2 lattice, and there-

fore stronger r anti-bonding is expected, which leads to a

reduced relative weight of t2g over eg.

Furthermore, some spectra near the interface show sig-

natures for both V4þ and V3þ, i.e., the bump at the shoulder

of the low energy loss side of the V-L3 peak, and the small

bump at the foot of the low energy loss side of the V-L2

peak,26,28 as indicated by gray and dark arrows in Fig. 5(b),

respectively. This indicates the possibility of co-existence of

V4þ and V3þ in the lattice in a region extending beyond the

“V2O3” interfacial layer. It is speculated that some mixed va-

lence oxide has formed near the interface region following

the interfacial non-stoichometric V2O3 phase. The main driv-

ing force comes from the competition between interface

strain energy and chemical free energy. For epitaxial growth,

the mismatch between the film and substrate comes from dif-

ferences in lattice spacing and lattice vector. The latter origi-

nates from the symmetry difference across the interface and

is relatively harder to accommodate than the former, which

is easily accommodated by misfit dislocations.29 The initial

growth of the “V2O3” lattice at the interface, although highly

defective, eliminates the symmetry mismatch at the inter-

face. Once away from the substrate, e.g., a few monolayers,

the film structure and composition should be driven to that of

stoichiometric equilibrium phase, VO2. Hence, there is still

the same amount of symmetry mismatch that needs to be

accommodated. The detection of a co-existence of V4þ and

V3þ in the region extending beyond the “V2O3” interfacial

layer suggests that this symmetry mismatch might be accom-

plished through local octahedral distortion in a transition

region. In vanadium oxide crystal, the building unit can be

considered as VO6 octahedra in which vanadium is cova-

lently bonded with its six nearest-neighbor oxygens. Oxygen

octahedra in the V2O3 (V3þ) structure are less distorted than

those in VO2 (V4þ) since the former are more highly anion

sharing. It can be envisaged that during the initial stage of

growth, minimization of strain energy requires less distorted

octahedra stacked in the same way as V2O3, while minimiza-

tion of chemical energy favors distorted octahedra that are

connected like those in VO2. There are a series of mixed va-

lence oxides, VnO2n-1, the so-called Magnéli phases, between

V2O3 and VO2 in the temperature range studied.5 The crystal

structure of these mixed valence phases can be considered to

be formed by crystallographic shearing from the structures

of these single valence phases with the driving force coming

from the correlation of point defects, e.g., oxygen vacancies

in VO2 or vanadium vacancies in V2O3, provided they are

densely populated as a result of non-stoichometry. The crys-

tal structures of these phases show structural affinity to both

VO2 and V2O3 as they contain rutile-like and corundum-like

blocks.5 For example, V3O5, as the closest neighbor of V2O3

in this family, has crystal structures containing double octa-

hedral (formed by two single octahedra sharing a face),30

which is also the building unit of V2O3. It is speculated that

some mixed valence oxides are formed, at least locally, to

fulfill this symmetry transition from corundum to rutile. A

similar evolution of octahedral distortions in the interface

region imposed by symmetry mismatch has been reported in

epitaxial perovskite oxide interface.31,32

Finally, many regions of the interface appear dark in the

10�1 Torr and 10�2 Torr samples, as shown in Figs. 2(a) and

2(b) indicated by arrows. Although the exact nature of this

dark region is not well understood, its origin is speculated to

be a poorly bonded interface and to be related to the tetrago-

nal to monoclinic phase transition. The symmetry reduction

during the transition requires a change in the V-O bond

length and direction at the interface. Therefore, a highly

strained/disordered region can be expected considering the

limited atom mobility at the transition temperature (�68 �C).

Interestingly, in the 10�3 Torr sample the film is seen to

remain well bonded with the substrate, as shown in Fig. 2(c),

despite the reduced epitaxial quality revealed by XRD. This

is probably because an oxygen deficient deposition environ-

ment benefits a wider transition region due to a reduced driv-

ing force that pushes the film to stoichiometric VO2

(Ref. 11) and therefore the strain/disorder induced by the

VO2 phase transition could be spread out over a larger region

near the interface. While possibly improving the heterostruc-

ture interface, the existence of this transition region might

modify the SMT behavior if the thickness of VO2 is reduced

significantly, for example, to a value comparable to the

thickness of the transition region, where the defects and

therefore the strain accumulated, and fragments of mixed va-

lence oxides, if any, could considerably alter SMT behavior.

IV. CONCLUSION

In summary, the epitaxial VO2/c-Al2O3 heterostructure

was studied by aberration-corrected STEM. Atomic ADF

imaging revealed a series of orientations, which can be

traced back to oxygen sublattice matching and the tetragonal

to monoclinic phase transformation. A V2O3-like phase, with

a thickness of a few monolayers, is also found at some inter-

face regions. Atomic resolution EELS study reveals a struc-

turally and electronically modified transition region, which

is attributed to the interface self-optimization process involv-

ing chemical and strain free energies of accommodating the

symmetry mismatch between the substrate and the film.
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