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Abstract
Thin-film materials with ‘smart’ properties that react to temperature variations, electric or
magnetic fields, and/or pressure variations have recently attracted a great deal of attention.
Vanadium dioxide (VO2) belongs to this family of ‘smart materials’ because it exhibits a
semiconductor-to-metal first-order phase transition near 340 K, accompanied by an abrupt
change in its resistivity and near-infrared transmission. It is also of great interest in
condensed-matter physics because it is a classic strongly correlated electron system. In order to
integrate vanadium dioxide into microelectronic circuits, thin-film growth of VO2 has been
studied extensively, and studies of VO2 nanoparticles have shown that the phase transition is
size-dependent. This paper presents a broad overview of the growth techniques that have been
used to produce thin films and nanoparticles of VO2, including chemical vapor deposition,
sol–gel synthesis, sputter deposition and pulsed laser deposition. Representative deposition
techniques are described, and typical thin-film characteristics are presented, with an emphasis
on recent results obtained using pulsed laser deposition. The opportunities for growing epitaxial
films of VO2, and for doping VO2 films to alter their transition temperature and switching
characteristics, are also discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Vanadium dioxide has been a hardy perennial in theoretical
and experimental condensed-matter and materials research for
almost half a century (Morin 1959). Bulk vanadium dioxide
crystals exhibit a semiconductor-to-metal transition (SMT),
also widely known as the metal–insulator transition (MIT),
at a critical temperature of about 68 ◦C, accompanied by a
first-order structural phase transformation from a monoclinic
(P21/c) to tetragonal (rutile—P42/mnm) structure (Wyckoff
1965), characterized by a small lattice distortion along the c-
axis. As a transition-metal oxide with narrow d-electron bands,
this strongly correlated electron system is extremely sensitive
to small changes in extrinsic parameters such as temperature,
pressure, or doping (Kotliar and Vollhardt 2004, Adler 1968,
Adler and Brooks 1967, Adler et al 1967, Berglund and
Guggenheim 1969, Eyert 2002, Liebsch et al 2005, Paquet
and Lerouxhugon 1980). The first-order phase transition is
accompanied by an abrupt change in resistivity, as well as
in its near-infrared (IR) optical properties in the 0.8–2.2 μm
region (Barker et al 1966, Verleur et al 1968). In bulk
crystals, the change in resistivity is of the order of 103–105,

with a hysteresis width of ∼1 ◦C. In thin films, on the other
hand, hysteresis widths may be of the order of 10–15 ◦C; in
nanoparticulate VO2, the hysteresis widths may be even larger.
Figures 1(a) and (b) show hysteresis curves for electrical
resistance and optical reflection, respectively, measured for
typical thin films of VO2 of order 100 nm thickness.

Experimental and theoretical studies of the SMT
mechanism in bulk VO2 suggest that it is a mixture of a
pure Mott (electronic) phase transition with a spin-Peierls
lattice instability that reflects the strong correlation. Recent
experiments using femtosecond laser excitation to initiate
the SMT have substantiated this picture in thin films by
time-resolved measurements of the characteristic x-rays,
optical signatures, transient conductivity and coherent phonons
associated with the transition between the two different lattice
structures (Cavalleri et al 2004a, 2004b, 2005, 2006, 2001,
Kim et al 2006, Kübler et al 2007).

Thin films and nanoparticles of VO2 tend to survive the
stress generated during repeated cycles of phase transition
better than bulk crystals, and also their switching temperature
can be depressed to near room temperature by doping. Thus

0953-8984/08/264016+14$30.00 © 2008 IOP Publishing Ltd Printed in the UK1

http://dx.doi.org/10.1088/0953-8984/20/26/264016
http://stacks.iop.org/JPhysCM/20/264016


J. Phys.: Condens. Matter 20 (2008) 264016 J Nag and R F Haglund Jr

(a)

(b)

Figure 1. Measured hysteresis curves during the insulator–metal
transition of a thin VO2 film for (a) electrical resistance and
(b) optical reflectivity at a wavelength of 2.0 μm.

the metal–insulator transition in VO2 has triggered numerous
suggestions for technological applications. These include
thermally activated VO2 thin films (Ryabova 1981) and
nanoparticles for optical switching and limiting (Becker et al
1994, Chen et al 2003, Soltani et al 2007, 2004b, Lopez et al
2004a, Chen et al 2004b, Kim et al 2004, Walden 1970),
thermal relays and energy management devices (Kivaisi and
Samiji 1999, Sobhan et al 1996, Soltani et al 2006, Manning
et al 2002, Wu et al 2000), sensors and actuators (Rajendra
Kumar et al 2003), electrochromic and photochromic memory
and optical devices (Roach 1971, Jorgenson and Lee 1986,
Fan et al 1977, Chivian et al 1985), high-speed solid-state
optical displays (Gurvitch et al 1999), and a variety of other
modulation, polarization, and control functions (Cole et al
1998, Radford et al 1996, Jerominek et al 1993, Duchene
et al 1972) extending from the near-infrared to the millimeter-
wave range (Hood and DeNatale 1991). Applications for VO2

nanoparticles, with their plasmonic response in the vicinity
of the near-infrared communications wavelengths (Rini et al
2005), ferroelasticity and negative mechanical stiffness (Lakes
et al 2001), have an even greater range of potential applications
that are only beginning to be explored.

Figure 2. X-ray diffraction (XRD) pattern (θ–2θ scan) for
polycrystalline VO2 thin film on Vycor glass with three orders of
magnitude resistivity contrast, prepared by chemical vapor deposition
(Greenberg 1983). Reprinted with permission from Elsevier (1983).
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Figure 3. A Rutherford backscattering (RBS) spectrum for VO2 on
silicon, where the ratio of the area under the peaks determines the
stoichiometry of the sample. Channel number is proportional to the
energy of the backscattered ions.

This review deals with the growth of VO2 thin films and
nanoparticles, including techniques for growing epitaxial films
of VO2, and doping VO2 to alter its transition temperature
and switching characteristics (MacChesney and Guggenheim
1969). Nevertheless, this study would be incomplete
without a mention of the most widely used characterization
techniques (Feldman and Mayer 1986). In general, x-
ray diffraction (XRD), Rutherford backscattering (RBS), and
Raman spectroscopy are commonly used to determine the
stoichiometry and phase of VO2 films and nanoparticles.
Figure 2 shows an XRD spectrum of VO2 on Vycor glass,
while figure 3 shows an RBS spectrum of VO2 on (100)
silicon. Structural characterizations of thin films is primarily
done by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM),
and x-ray photoelectron spectroscopy (XPS). The electrical
phase transition properties of VO2 are studied by the four-
point probe method to record variations in resistivity with
temperature, while the transmission/reflection changes during
phase transition are typically observed using a near-IR laser
and a detector to measure the transmitted or reflected intensity
through the sample, as it is heated or cooled.
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Figure 4. Phase diagram for the vanadium–oxygen system,
(after Griffith and Eastwood 1974).

2. The phase diagram for VO2

In addition to vanadium dioxide (VO2), vanadium sesquioxide
(V2O3) and vanadium pentoxide (V2O5) (Ttr = 257 ◦C)
also exhibit metal–insulator transitions at critical temperatures
specific to their stoichiometric phases. But as the phase
diagram of figure 4 shows, there are nearly 15 to 20 other
stable vanadium oxide phases, such as VO, V6O13, V7O13

and others that exhibit no metal–insulator transitions. The
existence of these competing oxide phases offers a particular
challenge to the growth of both bulk and thin films of VO2

(Griffith and Eastwood 1974, Schwingenschlogl and Eyert
2004). Nevertheless, stoichiometric VO2 depositions have
been done using techniques as varied as reactive evaporation,
several sputtering methods, metal–organic chemical vapor
deposition (MOCVD), pulsed laser deposition (PLD), and sol–
gel deposition. In this review we will concentrate on the four
techniques most commonly used nowadays for the fabrication
of VO2 thin films and nanoparticles: chemical vapor deposition
(CVD), sol–gel methods sputtering and PLD. But in passing it
should be noted that techniques such as reactive evaporation
have also been extensively employed (Case 1987, 1991, Golan
et al 2003, 2004, Fukuma et al 1982, Nyberg and Buhrman
1984) to obtain high-quality VO2 films. Also, vanadium and
oxygen have been co-implanted in the near-surface region of
fused silica (Lopez et al 2002a) and alumina (Gea and Boatner
1996, Gea et al 1997) substrates at a ratio of 1:2; subsequent
annealing at 1100 ◦C led to the precipitation of crystalline
nanoparticles with reasonably narrow size distributions. The
ion-implanted samples were used in the discovery of size-
dependent effects, including greatly enhanced hysteresis, in the
structural phase transition of VO2 nanoparticles (Lopez et al
2001, 2002b, 2004c).

3. Chemical vapor deposition

Chemical vapor deposition (CVD) is a common industrial
process for depositing high-quality and high-performance thin
films. In a typical CVD process, the wafer (substrate) is

exposed to one or more volatile precursors, which react
and/or decompose on the substrate surface to produce the
desired deposit. Frequently, volatile byproducts are also
produced, which are removed by gas flow through the reaction
chamber. In the case of VO2, the process is almost always
based on organometallic precursors, and is therefore often
called organometallic chemical vapor deposition (OMCVD) or
metal–organic chemical vapor deposition (MOCVD).

The first deposition technique used for the deposition of
VO2 thin films appears to have been CVD, and after half a
century it is still used extensively. Koide and Takei, who in
1966 had grown bulk single crystals of VO2 by CVD (Takei
and Koide 1966), grew thin films of VO2 a year later by
the same method (Koide and Takei 1967). They introduced
fumes of vanadium oxychloride (VOCl3) carried by N2 gas
into the growth chamber, which was then hydrolyzed on the
surface of rutile substrates to give epitaxial VO2 films. In
1968, MacChesney, Potter, and Guggenheim (MacChesney
et al 1968) used CO2 rather than N2 to transport VOCl3,
and V2O5 was formed on single-crystal sapphire substrates.
This V2O5 was then reduced to VO2 by annealing between
500◦ and 550 ◦C, with appropriate oxygen partial pressures,
in a controlled atmosphere containing a mixture of CO and
CO2. These same researchers were the first to elucidate
the phase diagram for the vanadium–oxygen system. Thin-
film VO2 preparation on various substrates by the pyrolysis
of vanadium acetylacetonate (C5H7O2)4V in a controlled
atmosphere with appropriate mixtures of nitrogen and oxygen
was accomplished in 1972 by a Russian group (Ryabova et al
1972).

(C5H7O2)4V
heat−→ VOx + gases. (1)

Composition of the gas carrier was found to be the principal
determinant of film composition. Vanadyl tri-isopropoxide
(VO(OC3H7)3)-based CVD was first tried in open atmosphere
in 1983 (Greenberg 1983, 1994), and VO2 films were
successfully deposited on glass with and without post-
annealing.

CVD continues to be one of the most convenient ways
of making VO2, using any one of the above precursor
formulations. Even VCl4 and water as precursors have been
used by Manning et al (2002) to make intelligent window
coatings with VO2. Maruyama and Ikuta (1993) demonstrated
atmospheric-pressure CVD (APCVD) from vanadium (III)
acetylacetonate, to deposit polycrystalline VO2 films on fused
quartz and sapphire single crystals. Manning et al (Manning
and Parkin 2004a, 2004b, Manning et al 2005) have also
investigated APCVD in quite extensive detail for various
purposes, and have successfully demonstrated doping of VO2

with W, Ti, Mo, and Nb. High-quality epitaxial VO2 films
were grown on sapphire substrates using low-pressure CVD
by Zhang et al (1994), and the substrate and film orientations
were characterized. Thin films of VO2 were also deposited by
low-pressure CVD (LPCVD) by Sahana et al (2002a, 2002b),
and variation in phase transition characteristics as a function
of film microstructure were determined. Figures 5(a)–(c) show
three different implementations of the CVD technique as it has
evolved since the first demonstration.
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Figure 5. (a) MacChesney and Guggenheim’s CVD apparatus; reproduced by permission of the Electrochemical Society. (b) CVD apparatus
based on VCL4 and water precursors after Manning et al (2002). (c) Low-pressure CVD apparatus described in Sahana et al (2002a, 2002b).
(b) and (c) reproduced by permission of the Royal Society of Chemistry.

Most recently, aerosol-assisted (AA) CVD has been
demonstrated for deposition of VO2 on glass (Piccirillo et al
2007b). In this technique, the precursor (vanadium (III)
acetylacetonate and vanadyl (IV) acetylacetonate) is dispersed
in a solvent and an aerosol of the solution is generated
ultrasonically. The precursor is transported to the substrate
through the aerosol droplets by a carrier gas. The advantage
of AACVD over APCVD is that the precursor does not need
to be volatile, but just soluble in a solvent suitable for aerosol
formation.

4. Sol–gel method

The sol–gel method has been widely employed for depositing
VO2 films because of its low cost, suitability for large area
deposition, and the feasibility of metal doping. The sol–
gel process is a wet-chemical technique for the fabrication of
materials (typically a metal oxide) starting from a chemical
solution containing colloidal precursors (sol). Typical
precursors are metal alkoxides and metal chlorides, which
undergo hydrolysis and polycondensation reactions to form a
colloid, a system composed of solid particles in sizes ranging
from 1 nm to 1 μm, immersed in a solvent. The sol
then evolves toward the formation of an inorganic network
containing a liquid phase (gel). The formation of a metal oxide
involves connecting the metal centers with oxo (M–O–M) or
hydroxo (M–OH–M) bridges, thereby generating metal-oxo or
metal-hydroxo polymers in solution; these polymers are then
deposited on a substrate or cast in a specific container or used to
synthesize powders. In the specific case of VO2, the precursor
is generally deposited on the desired substrate to form a film,
e.g. by dip coating or spin coating. A drying process serves to
remove the liquid phase, usually relatively volatile alcohols,
from the gel, thus forming a porous material. A thermal
annealing step is usually performed in order to favor further
crystallization and enhance mechanical properties. Porosity
of such films can be changed by controlling the times for
annealing, but this should keep the metal–insulator transition
characteristics of the film unchanged.

The sol–gel approach is a low-temperature technique
that allows for the fine control on the products’ chemical
composition, as even small quantities of dopants, can be
introduced in the sol and end up in the final product finely

Figure 6. SEM images of vanadium oxide films grown on
(a) Al2O3 (10̄12) and (b) Al2O3 (1010̄) substrates. Reprinted from
Chae et al (2006) with permission from the Electrochemical Society.

dispersed. Thus sol–gel has been widely used to synthesize
VO2 doped with other metals such as tungsten or niobium to
change its transition temperature. The method as applied to
VO2 generally consists of a spin coating with a solution of
vanadium isopropoxide, VO(OC3H7)3 diluted in an alcohol,
for example, ethanol or isopropanol. This is followed by
annealing in a reducing atmosphere. Greenberg introduced this
process as the gelation-hydrolysis method for making VO2 in
the 1980s (Greenberg 1983). It has since been found that using
the equivalent n-propoxide vanadium compound yields VO2

also, and it is likely that a wide variety of organometallics
and solvents can be used, since the final oxidation state of
the vanadium ion depends on the pyrolysis conditions rather
than the starting material. According to Livage et al (Livage
1996, 1998), vanadium oxide gels can be synthesized either
via the acidification of aqueous solutions of vanadates, such
as NaVO3, or via the hydrolysis of vanadium oxo-alkoxides,
VO(OR)3. An inorganic sol–gel method using V2O5 as the
precursor was demonstrated by Dachuan et al (1996). VO2

films for various technological applications have been made
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(a) (b) (c)

Figure 7. (a) A DC sputtering apparatus; (b) an RF sputtering apparatus; (c) a magnetron sputtering apparatus, all as described in
Thornton (1983). All diagrams used by permission.

using the sol–gel process by several groups (Guzman et al
1995, 1996, 1994, Livage 1996, Livage et al 1997, Beteille
and Livage 1998, Beteille et al 1997, Partlow et al 1991, Chen
et al 2004a, 2004b, Lu et al 1999). Recently, Chae et al
(2007, 2006) have developed a simplified annealing process,
where using the sol–gel method they formed VO2 followed by
annealing in a low pressure of oxygen only without a reducing
gas, as would otherwise be required. Typical results are shown
in figure 6.

5. Sputtering

Sputtering in various forms is one of the most common
physical vapor deposition processes (Thornton 1983) for
growing vanadium dioxide thin films. VO2 thin films were
first grown by reactive sputtering in 1967 by Fuls, Hensler,
and Ross of the Bell Telephone Laboratories (Fuls et al 1967),
who made the films by reactive ion-beam sputtering of a
vanadium target in an argon–oxygen atmosphere. The three
most common methods used to facilitate the deposition process
include DC, RF, and magnetron sputtering. The comparative
advantages of the sputtering process include film uniformity,
scalability to larger substrates, and efficiency of deposition.

The simplest form of sputtering involves a diode geometry
in which energetic ions (usually argon ions) from a gas-
discharge plasma bombarding a target that forms the cathode
for the discharge. Target atoms bombard the substrate (the
anode), forming a coating. There are three common diode
sputtering arrangements, which utilize a DC discharge, a
capacitative radio frequency (RF) discharge, and either a
DC or a capacitative RF discharge plus a planar magnetron.
Figure 7(a) shows the essential arrangement for DC sputter
deposition, while figure 7(b) shows an RF sputtering
arrangement with a capacitative, parallel-plate discharge,
which yields substantially higher RF current. It uses a
blocking capacitor to set the DC bias and an impedance-
matching network for coupling to the reactive load posed by
the plasma. The RF sputtering apparatus operates at lower
voltage and lower sputtering gas pressures while producing
higher deposition rates and, most importantly, sputtering of an
electrically insulating target becomes possible (Mahan 2000,
Wasa et al 2004).

Most contemporary high deposition-rate sources are now
based on magnetron sputtering, developed in the 1970s. These
sources feature a magnetically assisted argon-ion discharge,
in which a permanent magnet defines lines of magnetic flux
perpendicular to the applied electric field from the DC or RF
source, as shown schematically in figure 7(c). The magnetic
field in this arrangement is thus parallel to the surface of the
target. The magnetic field concentrates and intensifies the
plasma, in the space immediately above the target, by trapping
of electrons near the target surface. This magnetron effect
results in enhanced ion bombardment by the Ar ions, and thus
much higher sputtering rates for both DC and RF discharges.

Following the first experiments in VO2 deposition by
reactive sputtering, and further analysis of those samples by
Rozgonyi and Hensler (Rozgonyi and Hensler 1968, Rozgonyi
and Polito 1968), both RF and DC reactive sputtering were
studied by Duchene et al (1972). Films with similar qualities
were obtained in both cases, but since RF sputtering was more
suitable for depositing insulating oxides and had the above
mentioned advantages over DC sputtering, it soon became
the preferred method for VO2 deposition. To standardize the
fabrication of VO2 thin films by sputter deposition, numerous
studies have detailed the influence of sputter deposition
parameters, such as temperature, oxygen partial pressure,
plasma emission ratio of oxygen and vanadium, etc on the
structural, optical, and electrical properties of the deposited
VO2. Worth mentioning amongst these are the works of Chain,
Jin et al, Razavi et al, and others (Chain 1986, 1987, Guinneton
et al 2004, Jin et al 1997, 1999, Jin and Tanemura 1994, Razavi
et al 1990, 1989, Hansen and Aita 1985, Christmann et al 1996,
Cui et al 1998, Dillon et al 2001, Mlyuka and Kivaisi 2006).
Guinneton et al also deposited nanocrystalline VO2 using RF
sputtering (Guinneton et al 2001, 2000).

Inductively coupled plasma-assisted (ICP) sputtering was
reported by Okimura in 2005 (Okimura and Kubo 2005, 2007)
to have produced single-phase crystalline VO2 without any
residual V2O5 or V3O7. Annealing effects on VO2 thin films
deposited by reactive sputtering were also studied in detail
by Fu et al (2006). Novel methods of making better quality
VO2 thin films by sputter deposition are being reported by
groups in recent publications, showing that this is still an active
area of research, which promises an even better fabrication
technique for VO2 thin films in the future (Schlag and Scherber
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Figure 8. A typical experimental arrangement for PLD. The laser
beam is scanned and the target rotated for uniform ablation.

2000). For example, Gurvitch et al (2007) have described a
precursor oxidation process, where sputter deposited precursor
V films were oxidized in situ, in the deposition chamber
itself to produce high-quality VO2 thin films having switching
characteristics close to bulk single crystals of VO2. VO2 films
for self-lubricating applications were produced using reactive
DC magnetron sputter-ion plating physical vapor deposition
(MSIP-PVD) by Lugscheider et al (2001).

6. Pulsed laser deposition

Pulsed laser deposition (PLD), another physical vapor
deposition technique, is a comparatively recent entry into the
world of thin-film depositions, and is especially suited for
oxide growth. In PLD a high power pulsed laser beam is
focused on a target of the desired composition inside a vacuum
chamber. Material vaporized from the target is deposited as
a thin film on a substrate, for example an Si wafer, facing
the target. This process can occur in ultra high vacuum or
in the presence of a background gas, such as oxygen which
is commonly used when depositing oxides. In recent times
it has become the most popular technique for VO2 thin film
and nanoparticle fabrication. Figure 8 shows the schematic
diagram of a typical PLD configuration.

While the basic experimental configuration is simple
compared to many other deposition techniques, the laser–
target interaction phenomenology and film growth are quite
complex. When the laser pulse is absorbed by the target,
energy is first converted to electronic excitation and then
into thermal, chemical, and mechanical energy, resulting in
evaporation, ablation, plasma formation, and even exfoliation.
The ejected species expand into the surrounding vacuum in the
form of a plume containing many energetic species including
atoms, molecules, electrons, ions, clusters, particulates, and
molten globules, before depositing on substrate that is usually
maintained at an elevated temperature (Chrisey and Hubler
1994, Eason 2007).

Pulsed laser ablation was developed as a deposition
technique for oxide superconductors in the late 1980s, and was
first used for VO2 deposition by Singh in 1993 (Borek et al

1993). They employed a KrF pulsed excimer laser (248 nm)
to ablate a metallic vanadium target in an ultrahigh vacuum
deposition chamber with Ar and O2 (10:1) atmosphere of 100–
200 mTorr, and a substrate temperature of about ∼500 ◦C. The
partial oxygen pressure was found to be a critical variable
in favoring evolution of the pure VO2 phase from among as
many as thirteen different phases, ranging from V4O to V2O5,
which could exist in the system. The as-deposited samples
were annealed for ∼1 h at the same temperature and pressure
to obtain VO2 films that switched when heated. Soon after,
Kim and Kwok (1994) reported that they were successful in
depositing high-quality VO2 films on sapphire by PLD at high
temperature without post-annealing. Maaza (Maaza et al 2000)
was the first to report room-temperature growth of VO2 by PLD
without post-annealing, and the as-deposited films showed
rather sharp phase transitions at around 70 ◦C, though it has
not been reproduced by any other group yet. PLD of VO2

thin films has been done on a variety of substrates, including
silicon, glass, sapphire, fused silica, and quartz.

As noted at the beginning of this paper, Lopez et al were
the first to make VO2 nanocrystals by an ion-implantation
method and show the size dependence of the hysteresis width
during the metal–insulator transition. Other than that, VO2

nanoparticles have been made using PLD in two different
ways. In one example, a very small amount of material is
deposited on a substrate and subsequently annealed to form
nanoparticles of different sizes that grow by diffusion-limited
aggregation and Ostwald ripening. The other way to make
nanoparticles is to use lithographic patterning of a mask,
using either a focused ion beam (FIB) or an electron beam,
development of the mask, deposition of VO1.7, followed by
mask lift-off and annealing to produce VO2.

In 2004, Suh et al (2004) described the effect of nucleation
and growth of VO2 nanoparticles and thin films on the SMT,
where the films and nanoparticles were grown by PLD.
They showed that the width and shape of the hysteresis
cycle is determined by the competing effects of crystallinity
and grain size. Figures 9 and 10 show the contrast in
morphology and XRD spectra between films annealed at two
different temperatures but otherwise deposited under identical
conditions to a nominal thickness of 15 nm. At the higher
temperature there is a substantial proportion of V2O5, and
VO2 created by annealing at a temperature of 550 ◦C rather
than 450 ◦C. The differing morphologies and the contrasting
wetting behavior of the nanoparticles suggest that, at the higher
temperature, the V2O5 may grow as an outer layer on a VO2

core.
In situ studies of the initial growth phase of vanadium

dioxide films using synchrotron-based x-ray diffraction have
been reported by the Willmott group (Pauli et al 2007). They
showed that films grown at room temperature by reactive
pulsed-gas-jet PLD are very smooth but amorphous when
deposited on silicon or glass substrates, and only crystallize
into the VO2 phase upon thermal annealing in a background
of O2, forming nanoparticles that gradually agglomerate into
continuous films as the deposited thickness increases. The
diffraction maxima in the XRD spectra of figure 11(a) show the
transition from the smooth as-grown film to the nanoparticles
shown in figure 11(b).

6
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Figure 9. Contrast in nanoparticle morphology for Vx Oy films
deposited under the stated conditions. Reproduced by permission of
Suh et al 2004, copyright J. Appl. Phys.

The nano-sized VO2 islands that form upon annealing
sometimes having a preferential orientation depending on
the match with the substrate crystallography. Figure 12(a)
shows XRD spectra of 20 nm films of VO2 showing spectral
lines characteristic of epitaxial growth on sapphire, while
figure 12(c) shows some nanoparticles that grow by Ostwald
ripening when a very thin amorphous film deposited on
sapphire is annealed and evidently some of them grow with
preferred orientation and shape to be in conformity with the
substrate lattice.

Lopez et al have studied the optical properties of ordered
arrays of VO2 nanoparticles, fabricated by using conventional
focused ion-beam (FIB) lithography to generate a pattern in
poly(methyl methacrylate), followed by a chemical lift-off
process and pulsed laser deposition of VO1.7 and a subsequent
annealing in an oxygen ambient to form VO2. When viewed by
dark-field microscopy, these arrays exhibited a systematic size
dependence in transition temperatures, an unusual hysteretic

Figure 10. Comparison of XRD spectra corresponding to the upper
(a) and lower (b) SEM micrographs shown in figure 9. Reproduced
by permission of Suh et al 2004, copyright J. Appl. Phys.

response resulting from the simultaneous order–disorder and
insulator-to-metal transitions, and a previously unknown
optical scattering resonance in the blue spectral region
(Lopez et al 2004b, 2004c). These unusual properties appear
to result from the combination of VO2 mesoscale optical
properties and the optical coherence properties of the arrays.
Figure 13 shows such an array of VO2 nanoparticles made by
FIB lithography and PLD.

Studies and manipulations of properties of films of VO2

deposited by laser ablation are still areas of active research
(Chae et al 2004, Soltani et al 2004b). More of these efforts
will be discussed in detail in the epitaxy and doping sections to
follow.

7. Epitaxial growth

The term epitaxy (Greek; epi ‘above’ and taxis ‘in an ordered
manner’) describes ordered crystalline growth on a single-

Figure 11. Characteristics of VO2 thin films deposited by reactive gas-jet PLD on a silicon substrate. (a) X-ray reflectivity of a film as
deposited and after annealing. (b) Scanning electron micrograph of the film characterized by the spectra and schematics shown in (a).
Reproduced by permission of Pauli et al 2007, copyright J. Appl. Phys.
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Figure 12. Characteristics of VO2 thin films grown on R-cut sapphire substrates. (a) X-ray reflectivity spectrum of the film, showing the
angular distribution characteristic of an epitaxial film. (b) Diagram showing the relationship between the lattice planes of VO2 and the
crystallographic axes of the sapphire. (c) Rod-like nanoparticles grown in sapphire, showing the alignment of the nanoparticles. Reproduced
by permission of Pauli et al 2007, copyright J. Appl. Phys.

Figure 13. Section of a 100 μm × 100 μm array of VO2

nanoparticles made by focused ion-beam lithography followed by
pulsed laser deposition. Reproduced by permission of Lopez et al
2004b, copyright Phys. Rev. Lett.

crystalline substrate. Epitaxial films may be grown from
gaseous or liquid precursors. Because the substrate acts as
a seed crystal, the deposited film takes on a lattice structure
and orientation identical to those of the substrate. This
is different from other thin-film deposition methods which
deposit polycrystalline or amorphous films, even on single-
crystal substrates. If a film is deposited on a substrate of

the same composition, the process is called homoepitaxy;
otherwise it is called heteroepitaxy. Homoepitaxy is frequently
used for growing a film of higher purity than the substrate, and
fabricating layers with different doping levels. Heteroepitaxy
thus simply refers to epitaxial growth of a crystalline film
on a crystalline substrate or film of another material. This
technology is critical in thin-film materials science and
semiconductor technology because of the need to grow
crystalline films of materials of which single crystals cannot
be obtained and to fabricate integrated structures composed of
crystalline layers of different materials.

The substrate plays an important role in the quality of
the epitaxial films and their microstructures, because of the
existence of lattice mismatch—the differences from either
lattice constant or angle of the lattice vectors between substrate
and grown film. During epitaxy, for a few monolayers of film
deposited, the lattice period of the film is changed to ensure
complete matching at the interface (pseudomorphism), and
for thicker films the natural lattice periods are preserved in
epitaxy (commensurateness) and the differences in the periods
are compensated by the appearance of misfit dislocations.
Either of these happens depending on the topography and the
symmetry of the substrates and deposition parameters.

Usually, the same crystallographic crystal is chosen as
the substrate, as that reduces the angle deviation to zero,
thereby largely reducing the lattice misfit, which is then only

In
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Figure 14. Characteristics of an epitaxial VO2 thin film grown on sapphire. On the left, selected-area electron diffraction patterns from films
grown in two different orientations. On the right, x-ray diffraction pattern from an epitaxial film grown on sapphire. Reproduced by
permission of Narayan and Bhosle 2006, copyright J. Appl. Phys.
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determined by the difference in lattice constants. But in some
cases, it is hard to choose a same crystallographic crystal
for the substrate, as for the monoclinic VO2 crystal system.
Difficulty also arises due to the thermal mismatch between the
substrate and the films because depending on the deposition
technique during the epitaxial growth the substrate could be
at an elevated temperature, and more so because of the first-
order phase transformation of VO2 from the high-temperature
tetragonal phase to the low-temperature monoclinic phase
during the cooling process following deposition.

Sapphire, the single-crystal form of Al2O3, especially the
R-cut plane (011̄2) and the C-cut plane (0001) of Al2O3,
because of their lattice match with VO2 (of order 5%), as
shown in table 1 even though Al2O3 has a hexagonal lattice
while VO2 is monoclinic, has been the preferred substrate for
epitaxial growth of VO2, since the beginning of VO2 deposition
by CVD by MacChesney et al (1968), and has remained
so with the attempts of growing epitaxial VO2 by different
sputtering methods (Xu et al 2005) such as sol–gel methods
(Chae et al 2006), PLD technique (Narayan and Bhosle 2006),
and activated reactive evaporation (ARE) (Bialas et al 1999).
It is the preferred substrate due to its easy availability, stability
at high temperatures, and lower reactivity with the oxides.
Figure 14 shows the characteristic structures of epi-VO2 on
sapphire.

As a matter of fact, the very first researchers (Koide and
Takei 1967, Fuls et al 1967) to grow VO2 thin films by CVD
reported the growth of epitaxial VO2 single-crystal films on
rutile crystals having arbitrary surface indices. Also, Rozgonyi
and Hensler in 1968 reported the growth of epitaxial VO2 films
on rutile, with reactive sputtering, and their films on sapphire
were observed to be textured.

Epitaxial films of VO2 on sapphire were deposited
by reactive sputtering (Rogers et al 1991), followed by a
demonstration of VO2 and W-doped VO2 epitaxial films by
magnetron sputtering (Jin et al 1997, 1999). Singh (Borek
et al 1993) first showed that strongly oriented and single-
phase VO2 with (200) planes parallel to the R-cut sapphire
substrate can be grown using PLD, and that it exhibits a narrow
transition width of 2 K, and resistivity changes of 3 × 104.
Zhang (Zhang et al 1994) produced epitaxial VO2 films on
sapphire in 1994 using the MOCVD technique and studied the
orientation relationships of substrate and film in detail. Garry
et al (2004) attempted epitaxial growth of VO2 on both R-
and C-cut sapphire, and found that VO2 films on R-cut planes
exhibit a sharper electrical transition at a lower temperature
than those deposited on C-cut planes, and optical transmission
of those films also confirmed the electrical results.

In the last few years, much work has been devoted to
understanding the structural properties of VO2 on Al2O3, to
get an insight into the mechanism of the phase transition, and
this includes quite a few publications from the group of Wu
and Naramoto in Japan (Wu 2000, Wu et al 1998, Wu and
Fang 1999). Notably, in 2001, Muraoka (Muraoka and Hiroi
2002) reported epitaxial growth of VO2 on TiO2 (001 and 110
planes) where the lattice mismatch is ∼0.85%, and showed that
the transition temperature of the deposited epitaxial VO2 films
had a strong dependence on the substrate’s plane of orientation,

that is, growth conditions can affect the strain on VO2, thereby
modifying its transition properties. Also, ultrathin films of
VO2 grown epitaxially on TiO2 by PLD were deposited by
Nagashima et al (2006), and the effect of strain on switching
properties was described.

8. Doping of VO2 films

Transition temperatures around 67 ◦C for VO2 are too high for
many practical applications. Doping can lower the transition
temperature, Tt, significantly, and hence doping of VO2 has
been tried extensively for a long time to make it suitable for
many important applications. Dopants such as W, Ti, F, Mo,
Nb, Cr, Li, and Al have been used to manipulate Tt. Earlier
successful attempts at doping were made by many groups
(Greenberg 1983, Goodenough 1971, Guzman et al 1995,
Jorgenson and Lee 1986, Horlin et al 1972a, 1972b, 1973,
1976, Granqvist 1990). The doping process is easier in CVD
and sol–gel techniques, but has also been achieved with the
help of co-sputtering, and use of multiple targets or metal-
doped targets in the PLD. The reported transition-temperature
shifts on doping with different types of dopants has been quite
significant (table 1). But, in some cases, with the decrease of
Tt, the electrical and optical properties degrade as well. Refer
to figure 15 for Raman spectra.

In order to understand the effects of dopants on the phase
transition it is necessary to study the structural characteristics
of the films before and after doping, and to find the lattice
locations of the dopant atoms, that is, whether they enter
the network and deliver carriers or remain in the interstitial
and induce stress release or form defect centers. This was
studied in epitaxially grown VO2 by Wu et al (1999), where
they had doped VO2 with Mo and concluded that Mo is a
substitutional dopant, which decreased Tt, and simultaneously
reduced the sharpness of transitions. They concluded
that since intrinsic VO2 thin film is n-type, any acceptor
doping will compensate for undoped n-type intrinsic VO2,
thereby lowering its transition temperature but still keeping
its metal–insulator transition characteristics uncompromised,
i.e. retaining the contrast in resistivity and reflectivity changes
during the transition.

Livage (Beteille and Livage 1998) using sol–gel deposi-
tion demonstrated an extensive tailoring of the Tt and switch-
ing properties of VO2 films by doping them with cations such
as W6+, Nb5+, Ti4+, Cr3+, Al3+, in varied proportions, and
found that the transition temperature was reduced when doped
with high-valence atoms (W6+) compared to an elevated tran-
sition temperature when doped with lower valent atoms like
Al3+, Cr3+, etc. Manning (Manning and Parkin 2004a, Man-
ning et al 2005) also demonstrated successful doping of VO2

with tungsten and other cations such as Mo and Nb using the
CVD process.

It was shown by Jin et al (1998, 2000) initially by
ion-implantation and later by magnetron sputtering, and
subsequently also by Soltani et al (2004b) in PLD, that Tt

can be reduced by W-doping in proper proportions in films.
Jin et al (1996) also demonstrated the same thing for Mo-
doping in magnetron-sputtered VO2 films. More such efforts
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Figure 15. Raman spectra of undoped (top) and W-doped (bottom) VO2 films using a CVD process. Reprinted with permission from
Manning and Parkin (2004a, 2004b). Copyright (2004) American Chemical Society.

Table 1. The effect of doping VO2 on the transition temperature.

Dopant Concentration (at.%) Transition temperature decreases by

Tungsten (W) (Jorgenson and Lee 1986) 1.0 22–28 ◦C
Molybdenum (Mo) 1.5 (Wu et al 1999), 1.0

(Jorgenson and Lee 1986)
35 ◦C (Wu et al 1999), 11 ◦C
(Jorgenson and Lee 1986)

Niobium (Nb) (Jorgenson and Lee 1986,
Guzman et al 1995)

1.0 8 ◦C

from several other research groups resulted in publications like
Binions et al 2007, Cavanna et al 1999, Piccirillo et al 2007b,
Beteille et al 1997, and others. Control of Tt makes these films
more suitable for a wide variety of applications.

Recently, co-doping has also attempted. Burkhardt et al
(1999, 2002) were the first to try tungsten and fluorine co-
doping by sputtering; they observed that the two doping
elements act independently of each other, so that their
conjugated influence on phase transition is the superposition
of the respective influence of each element. Takahashi et al
(2001) investigated both W–Mo and W–Ti co-doping by the
sol–gel technique, and interaction of W and Ti was found to
be stronger than that between W and Mo. The advantage
of W–Ti co-doping is that it permits one to control and to
tailor the transition behavior, such as smoothing the gradient
and reducing optical and electrical hysteresis. This was also
demonstrated by Soltani et al (2004a). Multilayer films such as
VO2/V2O3 and TiO2/VO2 (Chang et al 1991) have also been
successfully deposited, providing an alternative to doping as a
means of controlling the temperature-dependent response and
other characteristics of the films.

9. Conclusions

Thin films of vanadium dioxide have long been candidates for
‘smart materials’ applications ranging from memory devices
to thermochromic windows. The resurgence of interest in

VO2 as a model strongly correlated material has matched that
technological interest by renewed studies of the mechanism
of the metal–insulator transition and the nanoscale size
dependence of these properties. Advances continue to be
made in all of the classic thin-film deposition techniques,
including MOCVD, sol–gel synthesis, sputtering and PLD.
Optical and electrical studies of both films and nanoparticles
have demonstrated that local inhomogeneities probably play
crucial roles in the dynamics of phase transitions in VO2. Since
epitaxial growth improves structural homogeneity as well as
electrical and optical characteristics, the objective of much
current activity is directed toward higher quality, epitaxial
VO2 films with still larger optical and resistance switching
contrasts. Doping and the incorporation of VO2 films into
heterostructures with tailored hysteresis characteristics and
more rapid optical switching speeds will increase demand for
thin-film VO2 materials for high-performance microelectronic
circuits, thermal energy management, and opto-electronic
applications. Given the many opportunities represented by
both the science and technology of VO2 thin films, we can
expect continuing vigorous development of the necessary
deposition techniques.
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