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Optical properties and metal-insulator transition (MIT) of vanadium dioxide (VO2) films grown by pulsed laser deposition with
different oxygen pressure (5 to 50 mTorr) have been investigated by temperature dependent transmittance spectra. Three inter-
band critical points (E1, E2 and E3) can be obtained via fitting transmittance spectra and the hysteresis behavior of the center
transition energies E1 and E2 is presented. The VO2 film grown at optimized oxygen pressure exhibits the well-defined resistivity
drop (∼103 Ω cm) across the MIT process. It is found that the metal-insulator transition temperature (TMIT) increases with the
oxygen pressure and the complex dielectric functions are drastically affected by oxygen pressure. It is believed that the oxygen
pressure can lead to lattice defects, which introduce donor level and acceptor level in the forbidden gap produced by oxygen va-
cancies and vanadium vacancies, respectively. The donor level provides electrons for higher empty π ∗ band, which can make the
energy barrier lower and decrease critical temperature. On the contrary, electrons jumped from the d// band can be recombined
by holes on the acceptor, impeding the MIT occurrence. It is claimed that the electronic orbital occupancy is closely related to
oxygen pressure, which changes the energy barrier and manipulates the phase transition temperature. The present results are
helpful to understand the fundamental mechanism of VO2 films and practical applications for VO2-based optoelectronic devices.

1 Introduction

The study of metal-insulator transition (MIT) in crystalline
films is a subject of paramount importance, both from the
fundamental point of view and its relevance to the transport
properties of materials. One of the most extensively stud-
ied, because of its potential applications, is vanadium diox-
ide (VO2), which undergoes a first-order metal-insulator trans-
ition at about 340 K with an abrupt increase in resistivity by
several orders of magnitude. 1 The lattice in the metallic phase
has the rutile structure (P42/mn), with the vanadium ions ar-
ranged in periodic chains parallel to the c-axis. In the in-
sulating phase, the dimerization and the off-axis zigzag dis-
placement of V-V pairs can result in a monoclinic structure
(P21/c).2–4 The origin of this MIT can be due to the formation
of a Peierls state,5 or it could be driven by Mott correlations, 6

or more likely it may have some mixed origin. 7,8 Therefore,
the MIT region is intrinsically associated with structural and
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electronic band changes by strong coupling among the lattice,
charge, spin and orbital occupancy.

Involving both electronic and lattice degrees of freedom,
several factors are known to affect the metal-insulator trans-
ition temperature (TMIT), such as doping,9,10 stress11,12 and
oxygen vacancy.13,14 Among them, oxygen vacancy has tre-
mendous effect on the characters of VO2 films. Recently,
optical properties of VO2 films have been widely investig-
ated.15–18 Oxygen pressure tuning the band gap, TMIT and
the effect of V-O stoichiometry on optical properties of VO2
films have been reported. 19,20 It was believed that the in-
creased oxygen content in vanadium oxide will reduce the
magnitude of phase transition. 21 Despite the mechanism of
oxygen partial pressure is extensively studied, 22,23 the funda-
mental mechanism for oxygen pressure modulated MIT pro-
cess is still under debate. The influence of the oxygen pressure
on the high energy transition and dielectric functions has been
rarely studied. Moreover, most of the reports failed to reveal
the internal mechanism of oxygen pressure in the electronic
property that sets the energy scale for TMIT. Therefore, inter-
preting the effect of oxygen pressure to tuning MIT process
of VO2 film is critical for practical applications, such as Mott
field-effect transistors and optical switches. 24,25

In this article, the influences of different oxygen pressure
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on higher energy electronic transition and dielectric functions
are presented. The abnormal electronic transition has been
observed and can be interpreted by the orbital theory. In-
trinsic evolution of oxygen pressure on modulating MIT pro-
cess through the hysteresis behavior of the transition energies
is elucidated. The fundamental mechanism of impurity level
generated by oxygen vacancy and vanadium vacancy has been
discussed in detail. It would be meaningful to clarify the re-
lationship between the oxygen pressure and the absorption as
well as dielectric function. Moreover, it is beneficial to grow
high quality VO2 films and develop potential application.

2 Experimental section

2.1 Fabrication of VO2 films

VO2 films were prepared on c-cut single crystal sapphire sub-
strate using pulsed laser deposition (PLD). In order to ob-
tain better crystalline quality, the substrates were rigorously
cleaned in pure ethanol with an ultrasonic bath and were rinsed
several times by de-ionized water before the deposition. The
energy density of the laser beam at the target surface was
maintained at 2 J/cm2 with a target-substrate distance of 6
cm. The VO2 target was prepared from VO2 powder (pur-
ity 99.95%). The vacuum chamber was evacuated down to
5×10−3 Pa. During the deposition oxygen gas was introduced
into the chamber to maintain the desired pressure (5, 10, 20
and 50 mTorr). After deposition at room temperature (RT),
amorphous films were annealed at 450 ◦C in nitrogen ambi-
ence by a thermal process for 1 h to obtain crystalline VO2
films.

2.2 Microstructure, morphology, optical and electrical
characterizations of VO2 films

From the measurement of scanning electron microscopy
(SEM: Philips XL30FEG), the thickness of VO2 films were
estimated to be about 38, 41, 45 and 48 nm as the oxygen
pressure increases. The structures of the VO2 films were de-
termined by x-ray diffraction (XRD) with Cu Kα radiation
(λ = 0.1542 nm) at RT. The surface morphology of the VO2
films was characterized by atomic force microscopy (AFM:
Digital Instruments Icon, Bruker). X-ray photoelectron spec-
troscopy (XPS, AXIS UltraDLD, Japan) with Al Kα radiation
(hν = 1486.6 eV) was performed to investigate the valence
state and the stoichiometry of the films. To characterize the
electric properties across the phase transition boundary, we
measured the resistance by a THMSE 600 heating/cooling
stage (Linkam Scientific Instruments) in the temperature range
from 20 ◦C to 100 ◦C. The silver (Ag) electrodes were welded
at the surface of the VO2 films and a short copper wire was
connected to each of them. The normal-incident transmittance

Fig. 1 (a) The XRD results for VO2 films grown at different oxygen
pressure. (b) The crystal orientation of the Al2O3 substrate. (c) AFM
three-dimensional image for the film deposited at an oxygen pressure
of 20 mTorr. The scale height is 20 nm and the measured area is 1
× 1 µm2. (d) Temperature dependence of electrical resistivity for
VO2 films grown at various oxygen pressures. (e) Differential curves
versus temperature during heating and cooling for the films. (f) Phase
transition temperature as a function of oxygen pressure.

spectra at 25 ◦C-90 ◦C were recorded using a double beam
ultraviolet-infrared spectrophotometer (PerkinElmer Lambda
950) at the photon energy from 0.5 to 6.5 eV (190-2650 nm)
with a spectral resolution of 2 nm. The VO2 films on sapphire
substrates were mount into a heating stage (Bruker A599) for
high temperature experiments.

3 Results and discussion

3.1 Structural analysis and electric properties

The structures of the VO2 films are shown in Fig. 1(a). Com-
pared to the standard reference data (JCPDS No. 73-2362),
the diffraction peak at about 2θ=39.94◦ corresponds to mono-
clinic VO2 structure with the (200) preferred orientation for
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films grown at different oxygen pressure. Notably, diffraction
peak shows nearly the similar pattern, indicating that the strain
should not be the main focus in the present study. It has been
reported that the TMIT of VO2 film with a thickness of 13 nm
deposited on Al2O3 substrate is about 60 ◦C and the TMIT in-
creases with increasing thickness. 26 However, the TMIT is only
about 50 ◦C for the VO2 film with a thickness of 38 nm grown
at 5 mTorr in the present work. It suggests that the reduced
TMIT is caused by oxygen pressure instead of strain, even if
the compressive strain exists. It is found that the thickness of
the VO2 films is relatively thin and the characteristic peak of
the Al2O3 substrate is very strong. Therefore, the diffraction
peak of VO2 is weak compared to that from the Al2O3 sub-
strate. In order to further affirm the characteristic peak of the
VO2 films, the peak of the Al2O3 substrate is shown in Fig.
1(b). Obviously, the peak at about 2θ=39.94◦ can be derived
from VO2 films.

The surface microstructure of the VO2 film grown at 20 mT-
orr is shown in Fig. 1(c). The size distribution of the grains
varies from 40 nm to 75 nm. The root-mean-square rough-
ness of the surface is only 1.7 nm, indicating the quite smooth
surface morphology. Fig. 1(d) and (e) show temperature de-
pendence of the electrical resistivity for VO2 films grown at
various oxygen deposition pressure together with differential
curves. For the film grown at 5 mTorr, the transition oc-
curs in a quite broad temperature range. However, VO2 films
grown at higher oxygen pressure (10 mTorr and 20 mTorr)
exhibit a typical characteristic of MIT process. Nevertheless,
for the film grown at 50 mTorr, the resistivity curves display
an unconspicuous change. It indicates that the quality of the
films gradually exalts with oxygen pressure until 20 mTorr. It
should be noticed that there may be some presence of higher
valence vanadium oxide V3O7 due to excess oxygen in the
film grown at 50 mTorr.14 It suggests that the optimized VO2
film grown at 20 mTorr exhibits the well-defined MIT char-
acteristic. Three order magnitude of resistivity variation can
be observed. The resistivity of the films grown at 5 mTorr
and 10 mTorr maintains a small value of less than 10−3 Ω cm
after MIT, while it is 10−3 Ω cm for film grown at 20 mTorr.
Obviously, the resistivity increasing with oxygen pressure is
closely related to electron concentration at the metal state. 27

From the differential curves in Fig. 1(e), the TMIT increases
with oxygen pressure. Phase transition temperature as a func-
tion of oxygen pressure is shown in Fig. 1(f). These res-
ults clearly indicate that the presence of oxygen vacancies in-
duced by oxygen pressure modifies the MIT temperature and
the magnitude of the resistivity drop effectively. The influ-
ence of energy barrier to MIT temperature can be taken into
account.28 It is believed that extra electrons induced by the
oxygen vacancies can be localized at empty π∗ band, decreas-
ing the energy barrier. As a consequence, an earlier onset
of MIT may be triggered.29 The decreased oxygen content

Fig. 2 The transmittance spectra for VO2 films grown at (a) 5 mTorr,
(b) 10 mTorr, (c) 20 mTorr and (d) 50 mTorr, respectively. The inset
is the experimental (dotted lines) and best-fitted (solid lines) trans-
mittance spectra of VO2 films.

can make the concentration of oxygen vacancies increasing,
which results in more electrons occupying the empty π∗ band.
Then, electrons on π∗ band will form a weak conduction band
and reduce the TMIT. Therefore, the transition temperature in-
creases with oxygen pressure.

3.2 NIR-UV transmittance spectra

The transmittance spectra from 25 ◦C to 80 ◦C during heat-
ing for VO2 films are shown in Fig. 2. From temperature
dependence of infrared (IR) transmittance at selected incident
photon energies (hν = 0.47 eV, λ = 2600 nm), the transmit-
tance are 72.66%, 75.78%, 81.17% and 72.29% with increas-
ing oxygen pressure at the insulating state. Ruzmetov et al.
has reported that the variation of the mid-infrared reflectance
at 0.4 eV is more than 60%, indicating excellent properties of
the VO2 film.30 Compared to the change of the mid-infrared
reflectance, the variation of transmittance at 0.47 eV is 49.1%,
51.2%, 52.0% and 21.6% with increasing oxygen pressure.
One can see that the spectral change with the temperature oc-
curs within 10 ◦C interval for film grown at 20 mTorr. How-
ever, the interval is about 25 ◦C and 20 ◦C for films grown
at 5 mTorr and 10 mTorr, respectively. The results reveal the
high optical performance for film grown at 20 mTorr. Note
that even the interval is within 10 ◦C for film grown at 50 mT-
orr, optical properties of the film are inferior than other films.
It is obvious that the oxygen pressure has great influence on
optical properties and the MIT. Fig. 3(a) shows the hyster-
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Fig. 3 Hysteresis loop of spectral transmittance at (a) 2600 nm (b)
700 nm (c) 300 nm as a function of temperature for VO2 films. (d)
The band scheme of three spectral region transitions.

esis loops for temperature dependence of transmittance at the
wavelength of 2600 nm for films grown at different oxygen
pressures. For films grown at 5 mTorr, 10 mTorr and 20 mT-
orr, significant optical change can be observed. However, the
change is smaller for the film grown at 50 mTorr (∼22%) than
those from other three films. From Fig. 3(b) and (c), optical
switching and thermal hysteresis can be found in near visible
range (at 700 nm) and ultraviolet range (at 300 nm). Never-
theless, the variation is extremely small. Notably, the rota-
tional direction of hysteresis loop in the infrared range (2600-
860 nm) is opposite to the visible-ultraviolet range (860-250
nm). These kinds of anomalous thermal hysteresis behaviors
are closely related to the electronic transition. 31,32 Fig. 3(d)
shows the corresponding transition of three spectral region. In
the infrared region, the V 3d// band overlaps the V 3d∗

// band
and electron concentration increases rapidly after MIT. 33 As
a consequence, the variation of transmittance in the infrared
region can be ascribed to the transition from the V 3d// band
to the V 3d∗

// band (EI). In the near-visible region, a small
reverse optical switching behavior can be observed. This is
presumably associated with the transition from the filled V
3d// band to the empty V 3d∗

// band (EV ). However, a subtle
hysteresis loop appears in the ultraviolet range, which can be
assigned to the higher electronic transition. It is the transition
from the lower filled O 2p π band to empty π∗ band (EU ).34

3.3 Optical properties and electronic structures

3.3.1 Theoretical calculation of transmittance. The in-
verse synthesis is based on a phenomenological model fit-
ted to the experimental data. A three-phase layered structure
(air/film/substrate) was used to calculate the UV-NIR trans-
mittance of the VO2 films.35 The modeling spectra were con-
structed under the assumption that the films and the substrates
are treated as isotropic materials. The optical component of
each layer is expressed by a 2×2 matrix. Suppose the dielec-
tric function of the film is ε , the vacuum is unity, and the
substrate is εs. The resultant matrix Mr is described by the
following product form

Mr = Mv f M f M f s. (1)

Here, the interface matrix between the vacuum and film has
the form

Mv f =
1

2
√

ε

[

ε +1 ε −1
ε −1 ε +1

]

. (2)

and the propagation matrix for the film is described by the
equation

M f =

[

exp( i2π
√

εd
λ ) 0

0 exp(− i2π
√

εd
λ )

]

. (3)

where λ is the incident wavelength and d is thickness of the
film. Correspondingly, the interface matrix between film and
substrate is

M f s =
1

2
√

εs

[√
εs +

√
ε

√
εs −

√
ε√

εs −
√

ε
√

εs +
√

ε

]

. (4)

Thus, the transmittance T can be readily obtained from

T = Real(
√

ε)
∣

∣

∣

∣

1
Mr1,1

∣

∣

∣

∣

2

. (5)

The multireflections from the substrate are not considered in
Eq. (5). It should be emphasized that the absorption from the
substrate must be taken into account to calculate the transmit-
tance of the film-substrate system. The Drude-Lorentz (DL)
oscillator dispersion relation is used to simulate the transmit-
tance spectra, which can be written as the following 33

ε(E) = ε∞ − AD

E2 + iEBD
+

3

∑
k=1

Ak

E2
k −E2− iEBk

. (6)

Where ε∞ is the high-frequency dielectric constant. Ak, Ek, Bk
and E is the amplitude, center energy, broadening of the jth
oscillator and the incident photon energy, respectively. The
parameter AD is the square of the plasma frequency and BD
is the electron collision or damping frequency. The best-fitted
transmittance spectra of VO2 films on sapphire substrates are
shown by the solid lines in Fig. 2. A good agreement can
be observed, indicating that the dispersion model selected is
reasonable.
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Fig. 4 The real ε1 (inset) and imaginary ε2 parts of the complex dielectric functions for VO2 films deposited at (a) 5 mTorr, (b) 10 mTorr, (c)
20 mTorr and (d) 50 mTorr, respectively. Three interband transition features are indicated by the arrows. Note that the horizontal coordinate of
ε2 is the logarithmic unit to enlarge the transparent region.

3.3.2 Dielectric functions. The real part ε1 and imagin-
ary part ε2 of the complex dielectric functions for VO2 films
grown at different oxygen pressures are given in Fig. 4 (a),
(b), (c) and (d), respectively. The imaginary part of dielec-
tric function ε2 at the near infrared region increases drastically
with the temperature, especially near the MIT range. It signals
transition to the metallic phase. Particularly, it is found that
the value of the ε2 change (4ε2) from insulator to metal state
decreases gradually below ∼1.5 eV as well as the ε1 change
(4ε1) with increasing oxygen pressure. The 4ε2 is 21, 19,
14 and 5 for films grown at 5 mTorr, 10 mTorr, 20 mTorr and
50 mTorr, respectively. Correspondingly, the 4ε1 is 14, 13,
12 and 4, respectively. It is believed that the variation of ε2 in
near-infrared region is closely related to the electrical proper-
ties such as carrier concentration or conductivity. 27 The car-
rier concentration is proportional to the square of the plasma
frequency AD. At low temperature, the values of AD are ex-
tremely small, suggesting an insulator behavior. At the metal
state, AD is 5.119, 5.116, 4.154 and 2.959 eV for films grown
at 5 mTorr, 10 mTorr, 20 mTorr and 50 mTorr, respectively.
It is found that AD decreases with the oxygen pressure, in-
dicating the carrier concentration decreasing with the oxygen
pressure on the condition of unity electron average effective
mass.36 Therefore, the variation of 4ε2 at the near-infrared
region can be ascribed to the change of carrier concentration.
It also illustrates that oxygen vacancies are able to trap extra
electrons on empty π∗ band, which can increase the carrier
concentration.

3.3.3 Defect behaviors. Fig. 5(a) displays the overall
core level XPS survey spectra of the VO2 film grown at the
oxygen pressure of 20 mTorr. The intense peaks of V 2p

Fig. 5 (a) Overall core level XPS spectra for the VO2 film grown at
20 mTorr. (b)-(d) XPS spectra of V 2p lines with the Lorentzian-
Gaussian dividing peak analysis for the VO2 films grown at oxygen
pressure of 5 mTorr, 10 mTorr and 20 mTorr, respectively. (e)-(g)
XPS spectra of O 1s lines with the Lorentzian-Gaussian dividing
peak analysis for the VO2 films grown at oxygen pressure of 5 mT-
orr, 10 mTorr and 20 mTorr, respectively. The solid lines represent
the nonlinear fitting results.
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and O 1s can be observed. Fig. 5(b)-(d) and (e)-(g) show
the Lorentzian-Gaussian dividing peak analysis of V 2p and
O 1s peaks for three films grown at 5 mTorr, 10 mTorr and 20
mTorr, respectively. The 1/2 and 3/2 spin-orbit doublet com-
ponents of the V 2p photoelectron are found to be located at
about 523.8 eV and 516.7 eV, respectively. 37 The peaks loc-
ated at about 516.7 eV can be assigned to V4+. It is consist-
ent with the XPS analysis reported previously. 38–40 Notably,
the present films were annealed at nitrogen ambience, which
is helpful to prevent the formation of V5+ valence state. It
is found that the films can be easily turned into V2O5 during
annealing at oxygen ambience. Although the XPS measure-
ment can reflect the information from the topmost layers in-
stead of the entire film, it can be seen that the present results
are similar to the bulk regions, where the V4+ peak is located
at about 516.5 eV.40 It may be attributed to the preparation
conditions of the present work. From the V 2p peaks, we can-
not distinguish the existence of the V5+ or V3+. Through the
Hard X-ray Photoelectron Spectroscopy (HAXPES) and sur-
face XPS spectra, V5+ or V4+ can be distinguished by the
shoulder peak.41 In addition, the shoulder peak of V5+ can be
also observed in the previous report. 42 However, the shoulder
peak of V5+ or V3+ cannot be observed in the present XPS
spectra, indicating the content of the V5+ or V3+ is few and
can be ignored. On the contrary, the shoulder peak of the sur-
face adsorption oxygen or hydroxyl contributions can be obvi-
ously observed from the O 1s spectra. The main peak located
at about 530 eV can be assigned to O 1s. The shoulder peak
located at about 532 eV should be attributed to the surface ad-
sorption oxygen. Therefore, the effect of surface adsorption
oxygen should be excluded while calculating the V:O ratios.

Through quantitative analysis of XPS results, the stoi-
chiometry is VO1.895, VO1.963 and VO2.042 for films grown
at 5 mTorr, 10 mTorr and 20 mTorr, respectively. It is obvious
that oxygen vacancies exist in films grown at 5 mTorr and 10
mTorr. Moreover, the concentration of oxygen vacancies de-
creases with oxygen pressure and disappears with the O/V ra-
tio exceeding 2. For film grown at 20 mTorr, the stoichiometry
indicates that oxygen is in excess or vanadium sites are va-
cant in the film. Nevertheless, the deviation is subtle for films
grown at 10 mTorr and 20 mTorr. However, the TMIT is lower
than that of the bulk VO2 for oxygen deficiency of VO1.963
film. On the contrary, the TMIT is higher than 68 ◦C for oxygen
excess of VO2.042 film. The variation of the TMIT indicates that
the VO2 film is quite sensitive to oxygen stoichiometry. The
phenomenon further demonstrates that an earlier onset of MIT
can be triggered by oxygen vacancies. Goodenough has pro-
posed that nonstoichiometric VO2+ε (0.00 ≤ ε ≤ 0.07) does
not contain π∗ electrons at T ≤ TMIT to depress the transition
temperature.43 That is to say, the transition temperature can
be reduced if the π∗ band was occupied by electrons at T ≤
TMIT. Therefore, it demonstrates that delocalization electrons

can be trapped at π∗ band to depressed the TMIT owing to the
existence of oxygen vacancies.

3.3.4 Electronic transition and band structure ana-
lysis. Three features can be identified from the ε2 curves,
which are labeled with E1, E2, and E3, respectively. Sev-
eral singularities denote the corresponding electronic trans-
ition between the filled and empty bands. At RT, the trans-
ition energies assigned from the ε2 can be located at ∼1.22,
∼3.37 and ∼5.90 eV for the VO2 films. Compared to the
reflectivity spectrum for VO2 film at RT,44 the singularities
in ε2 at 1.32, 3.60 and 5.89 eV are assigned to specific in-
terband transitions. The three transitions can be assigned to
the following electronic transitions: 45 (i) lower V 3d filled d//
band to the empty π∗ band; (ii) the filled O 2p π band to the
empty π∗ band; (iii) lower V 3d filled d// band to empty σ ∗

band. Fig. 6(a) and (b) show temperature dependent interband
transition energies E1 and E2, respectively. The change of the
transition energies is closely related to the transformation of
band gap, especially for E1 transition. In the metal phase, the
band gap becomes zero due to the d// band overlapping the π∗

band,41 which can be reflected by high mid-infrared absorp-
tion changes in reflectance 30 and transmittance experiment.
According to the Goodenough orbital theory, 43 the fundament
band gap can be obtained by Ev-Ec, where Ev and Ec is the
bottom of the valence band of π∗ band and the top of the con-
duction band of bonding d// band, respectively.

It is worth noting that the E1 is the transition from the d//
band to the π∗ band as well. Therefore, it is understandable
that E1 will disappear with the overlapping of the d// band
and the π∗ band at the metal state. However, E1 still appears
with smaller energy at the metal state. From the imaginary
part of dielectric functions, it can be observed that the E1 peak
disappears gradually with increasing temperature. It is dif-
ficult to identify the subtle transition of the E1 at the metal
state. It likely illustrates that the subtle energy is not caused
by the transition from the occupied d// center to the unoccu-
pied π∗ center. H. Kakiuchida et al. 46 has observed that the
E1 transition is absent at the metal state for the stoichiomet-
ric VO2 film. Therefore, it is obvious that the subtle energy
is not caused by the transition from the occupied d// center
to the unoccupied π∗ center. For the nonstoichiometric VO2
films, the subtle energy of E1 can be assigned to the role of
defects at the metal state. Thus, it is most likely that the E1
transition is due to the existence of impurity level at the metal
state. Donor-like and acceptor-like states have been reported
by Berglund et al.47 It is believed that the energy gap is likely
filled by donor-like and acceptor-like states, the charge density
of which may be larger than the associated carriers in the band.
It was reported that the acceptor level and donor level are loc-
ated in the fundamental band gap. 42 Moreover, Thimsen et al.
believed that surface defects can trap electrons in nanomateri-
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Fig. 6 The hysteresis loop of the electronic transition (a) E1 and (b) E2 for the VO2 film grown at different oxygen pressure. The band scheme
for VO2 films grown at (c) 5 mTorr, (d) 10 mTorr and (e) 20 mTorr in the insulator state and the metal state, respectively.

als and an electron acceptor trap on the surface limits the con-
ductivity.48 It is in good agreement with the resistivity of the
films at the metal state. Based on the abnormal transition of
the E1 at the metal state, it indicates that there is energy level
lying between the π band and the π∗ band, which transfers
electrons to π∗ band.

At the insulator state, the values of E1 are 1.20, 1.23 and
1.22 eV and the values of E2 are 3.40, 3.40 and 3.37 eV for
the films grown at 5 mTorr, 10 mTorr and 20 mTorr, respect-
ively. It illustrates that the transition energies E1 and E2 are
almost undisturbed by oxygen pressure. At the metal state,
it is obvious that the transition energy E1 still exists and be-
comes higher with increasing oxygen pressure. The corres-
ponding value is 0.47, 0.52 and 0.55 eV, respectively. With
increasing oxygen pressure, the transition energy E2 is 3.14,
3.12 and 3.09 eV, respectively. It can be believed that the ab-
normal phenomenon is closely related to donor level (ED) and
acceptor level (EA).42 The band scheme for VO2 was presen-
ted to illustrate the location of ED and EA in Fig. 6(c), (d) and
(e). Based on the nonstoichiometric VO2 and the abnormal
transition, the ED and EA are generated by oxygen vacancies
and vanadium vacancies, respectively. It is believed that the π ∗

band can be occupied by more electrons, which are transfered
from d// band due to the strain at film interface. Then, the
MIT can be decreased.49 Oxygen vacancies are able to loc-
alize extra electrons at the empty π∗ band. As a result, the
thermal energy barrier for phase transition can be reduced. 50

Therefore, electrons that ED offers to empty π∗ band make
the energy barrier decreasing as well as the TMIT. For film
grown at 5 mTorr, ED is the nearest to Fermi level (EF ) and
extra electron concentration induced by oxygen vacancies is
the largest. Extra electrons are located on ED and ionized at
RT, leaving holes on ED. Then, the ionized electrons trans-
fer to empty π∗ band, forming a weak conduction band. The
energy barrier is reduced and an earlier onset of MIT can be
triggered. For film grown at 10 mTorr, ED is far away from
EF . Thus, extra electron concentration is less than that for the
film grown at 5 mTorr. Therefore, TMIT for film grown at 10
mTorr (66 ◦C) is higher than the value for the film grown at 5
mTorr (50 ◦C). However, the TMIT is 71 ◦C for film grown at
20 mTorr. Holes on EA generated by vanadium vacancies may
be recombined by electrons on the d// band, lifting the energy
barrier and hindering the occurrence of MIT.

On the basis of the crystal field model, 43,51 the structural
transition and electronic band variation are closely associated
with hybridization of the O 2p orbitals with V 3d orbitals (p-
d hybridization). During the MIT process, the dimerization of
the V ions will be paired along the c axis, which makes the
bonding d// band overlapping with the antibonding d∗

// band
across the EF and down-shifts the π∗ band. In addition, the
paired V-V ions decrease the p-d overlapping and reduce the
hybridization, making the highly directional d// orbital and
π∗ orbital partially occupied. It is clear that the MIT process
contains the structure variation as well as the electronic band
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change. Thus, the energy band near EF is closely associated
with the crystal structure. Therefore, donor level most likely
down-shifts below EF according to the value of E1 after MIT.
At the metal state, the position of ED and EA has been shown
in band scheme. Notably, the ED level will be occupied by
electrons, which are transfered from the π band after MIT.
However, electrons on ED and EA are located in unstable state,
which will jump to π∗ again and reach equilibrium state at last
due to thermal excitation. Thus, E1 still keeps subtle energy
after MIT. Nevertheless, the electrons contributing to π∗ band
are few and the impact can be ignored. The conquered energy
barrier increases with oxygen pressure during the MIT, which
makes the impurity level further away from EF . In addition,
the π band likely shifts up with oxygen pressure. 12,49 There-
fore, E1 energy gradually increases while E2 energy declines.
It is well understood that the variation of E1 and E2 is attrib-
uted to the impurity level at the metal state. The suppression
of the MIT is derived from the oxygen vacancy. Therefore, the
oxygen pressure plays an important role in optical properties,
electrical properties, and phase transition.

4 Conclusion

To summarize, the influences of the oxygen pressure on E1 and
E2, and real ε1 and imaginary ε2 parts of the complex dielec-
tric functions have been investigated by temperature depend-
ent transmittance spectra. The possible fundamental mechan-
ism of impurity level during the MIT process is discussed in
detail. It is believed that energy scale for the MIT can be set
and the critical temperature can be adjusted through regulating
orbital occupancy. Therefore, the present data should be help-
ful to reveal the relationships between the oxygen pressure and
the modulated MIT process.
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Graphical contents entry. (a) Temperature dependence of
electrical resistivity for VO2 films grown at various oxygen
pressures. (b) Phase transition temperature as a function of
oxygen pressure. The inset is the hysteresis loop of the elec-
tronic transition of E2.
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