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1. Introduction

Vanadium dioxide (VO2) undergoes a first-order metal-
insulator transition (MIT) between two crystalline phases 
at about 340 K. The low-temperature phase is described by 
insulator behaviour with a monoclinic structure (M1, P21/c). 

The high-temperature phase is metallic with a rutile structure 
(R, P42/mnm). This transition is accompanied by an abrupt 
change in resistivity by several orders of magnitude [1, 2]. 
The structural and electronic transition begins with two alter-
native starting points: a Peierls MIT driven by instabilities 
in electron-lattice dynamics and a Mott MIT, where strong 
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Abstract
The phase transition behaviour of vanadium dioxide (VO2) with different thicknesses has been 
investigated by temperature-dependent optical transmittance and Raman spectra. It is found 
that the crystal orientation has a great effect on the metal-insulator transition (MIT) of VO2 
films. The x-ray diffraction (XRD) analysis shows that the films are polycrystalline and exhibit 
the characteristics of the monoclinic phase. The preferential growth crystal orientation (0 2 0) 
is converted to the (1̄ 1 1) plane with the film thickness increasing. It is believed that the (1̄ 1 1) 
plane is the reflection of a twinned structure with (0 1 1) crystal orientation, which will lead 
to the arrangements of oxygen atoms and vanadium atoms deviating from the pure monoclinic 
structure. It is found that the highest order transition (E3) is highly susceptible to the crystal 
orientation, whereas the lowest order transition (E1) is nearly unaffected by it. The E3 exhibits 
an anomalous temperature dependence with an abrupt blue-shift (∼0.5 eV) in the vicinity of 
the metal-insulator transition (MIT) for VO2 film with a thickness of 84 nm. The findings show 
that the empty σ* band can be driven close to the Fermi level when the (0 2 0) orientation is 
converted to the (1̄ 1 1) orientation. Compared to the VO2 films with thicknesses of 39 and 
57 nm, the E3 decreases by 0.8 eV and the E2 increases by about 0.1 eV at the insulator state for 
the VO2 film with a thickness of 84 nm. The abnormal electronic transition and the variation of 
energy band is likely caused by the lattice distortion and V–V dimerisation deviation from the 
monoclinic am axis.

Keywords: vanadium dioxide, metal-insulator transition, crystal orientation,  
electronic transition, energy band distortion
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electron–electron correlations drive charge localisation [3, 4].  
Much effort has been made on the physical origin of the MIT 
due to potential applications in optics, sensing and high-
density memories [5]. Involving both electronic and lattice 
degrees of freedom, several factors are known to affect the 
characteristics of MIT, such as doping [6, 7], strain [8, 9], 
oxygen vacancy [10, 11], grain size [12, 13] etc.

The dynamics of VO2 thin films grown on different sub-
strates and the associated phase transition modulation have 
become an important topic in recent years. It has been found 
that the crystal orientation of substrate has a great influence on 
the phase transition temperature. The MIT temperature (TMIT) 
can be reduced to about 300 K for VO2 thin film grown on 
(0 0 1) TiO2, whereas the TMIT was about 370 K for VO2 film 
(∼10 nm) grown on (1 0 0) TiO2 [14, 15]. The optical proper-
ties of VO2 film deposited on sapphire with different orienta-
tions was discussed in the recent literature [16]. They believed 
that the terahertz transmission properties can be tuned by the 
substrate crystal orientation. Most of the reports pay attention 
to the effects of the substrate on the properties of VO2 film, 
whereas the influence of the crystal orientation of VO2 film 
deposited on the same substrate on the electronic transition 
and band structure is scarcely addressed.

In this study, VO2 films with different thicknesses were 
grown on c-Al2O3 (0001) substrates. The XRD results show 
that the crystal orientation (1̄ 1 1) presents the twinned 
crystal structure, which is the origin of the octahedra dis-
tortion in VO2. The effect of the crystal orientation of VO2 
films on electronic transition is systematically studied.  
It is found that the highest order transition does not show the 
common hysteresis loop for VO2 films with different thick-
nesses. Intriguingly, an abnormal hop has been observed in 
the vicinity of the MIT for VO2 film with (1̄ 1 1) plane. This 
phenomenon indicates that the energy band distortion can be 
induced by lattice disorder at the insulator state. According to 
the variation of electronic transition energy, the energy band 
shift diagram has been constructed to illustrate the impact of 
the crystal orientation.

2. Experimental details

The pulsed laser deposition (PLD) technique was used to 
grow VO2 thin films on Al2O3 (0001) substrates. In order to 
obtain better crystalline quality, the substrates were rigor-
ously cleaned in pure ethanol with an ultrasonic bath and 
were rinsed several times by deionised water before the 
deposition. The energy density of the laser beam at the target 
surface was maintained at 2 J cm−2with a target-substrate dis-
tance of 6 cm. The VO2 target was prepared from VO2 powder 
(purity 99.95%). The vacuum chamber was evacuated down to 
× −5 10 3 Pa. The oxygen partial pressure of the chamber was 

maintained at 20 mTorr during the deposition process. The 
deposition times were 30, 45 and 55 min, respectively. After 
deposition at room temperature (RT), amorphous films were 
annealed at 450 °C in nitrogen ambience by a thermal process 
for 1 h to obtain crystalline VO2 films. The systematic study of 
growth conditions can also be found elsewhere [17].

The thicknesses of the VO2 films are estimated to be about 
39, 57 and 84 nm from measurement by scanning electron 
microscopy (SEM: Philips XL30FEG). The microstructure 
structures of the VO2 films were studied by x-ray diffraction 
(XRD) with Cu αK  radiation (λ = 0.1542 nm). To characterise 
the transport properties across the phase transition boundary, 
the resistance was measured by a THMSE 600 heating/cooling 
stage (Linkam Scientific Instruments) in the temperature range 
from 273 to 373 K. X-ray photoelectron spectroscopy (XPS, 
AXIS UltraDLD, Japan) with Al αK  radiation (hν = 1486.6 eV)  
was performed to investigate the valence state and the stoi-
chiometry of the films. The normal-incident transmittance 
spectra at the temperature range of 298–373 K 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). The VO2 films were mounted into a 
heating stage (Bruker A599) for the high-temperature experi-
ment. Temperature-dependent Raman spectra were collected 
with a Jobin-Yvon LabRAM HR 800 micro-Raman spec-
trometer and a THMSE 600 heating/cooling stage (Linkam 
Scientific Instruments) in the temperature range from 290 to 
373 K. A laser with a wavelength of 488 nm (2.54 eV) was 
applied as the exciting light.

3. Results and discussions

The XRD θ–2θ patterns of VO2 films with different thicknesses 
are shown in figure 1(a). The diffraction peaks at θ = °2 27.88  
originate from the (0 1 1) plane of the monoclinic phase (M1), 
which corresponds to the (1 1 0) plane of the rutile phase, and 
is known as preferential growth plane of polycrystalline VO2 
film [18]. It is found that the (0 1 1) peaks shift to a lower 
2θ value as the films become thicker. The shift of the (0 1 1) 
peaks approaches about 0.1°. Note that the diffraction peak 
shift is subtle (0.02°) between the VO2 films with thicknesses 
of 39 and 57 nm, whereas the shift reaches 0.08° between the 
VO2 films with thicknesses of 39 and 84 nm. It is well known 
that the strain is the origin of the peak shift and the TMIT can 
be reduced by strain [14, 19]. However, the TMIT is about 345, 
349 and 348 K for films with thicknesses of 39, 57 and 84 nm. 
This indicates that the three films are structurally relaxed 
and almost no strain remains in the films. For comparison, 
the transport behaviour of the VO2 films grown on the (0 0 1) 
TiO2 substrate is shown in figure 1(b). The TMIT is about 303 
and 313 K for the VO2 films with thicknesses of about 10 and 
25 nm, respectively. The results demonstrate that the TMIT can 
be reduced to room temperature by strain, which is in good 
agreement with other reports [20, 21]. Therefore, the strain 
effect is insignificant and can be ignored from the above anal-
ysis in the present work. Then, the shift of the (0 1 1) peaks 
can be attributed to the crystal orientation transformation or 
the change of the internal octahedra structure.

It can be seen that the intensity of the diffraction peaks  
(0 1 1) gradually increases and the full width at half maximum 
(FWHM) decreases with the film thickness. The quantifica-
tion results can be seen in table 1. The results indicate that the 
crystal quality is improved with the film thickness. Note that 
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the the peaks at θ = °2 39.93  are derived from the (0 2 0) plane 
for VO2 film with thicknesses of 39 and 57 nm. However, the 
(0 2 0) peak is absent for the VO2 film with a thickness of 
84 nm instead of another peak at θ = °2 26.87 , which origi-
nates from the (1̄ 1 1) plane of the M1 phase. According to 
the nucleation phenomenon and crystal growth tendency, VO2 
prefers to texture along the low-energy plane of the monoclinic 
phase [22, 23]. The low-energy plane is (0 1 1) and (0 2 0)  
for VO2 film with thicknesses of 39 and 57 nm. It is strange 
that the (1̄ 1 1) plane occurs for the thickest VO2 film, which 
is not the priority low-energy plane. It is well known that the 
VO2 film grown on the (0001) Al2O3 substrate usually pos-
sesses (0 2 0) orientation even at rather thicker thicknesses, 
while presenting the (0 1 1) plane on the SiO2 substrate by 
PLD. In this study, the (0 2 0) and (0 1 1) peaks can be found 

from the XRD results for the VO2 film with thicknesses of 39 
and 57 nm. However, it is strange that the (0 2 0) peak does 
not grow on the (0001) Al2O3 substrate for the thickest film.  
In the previous study, the preferred orientation of (0 1 1) dis-
appeared and was split into (2̄ 0 1) and (2 0 1) peaks, which 
is the signal of the twinned structure for the VO2 film grown 
on the SiO2 substrate [18, 24]. Similarly, it can be believed 
that the formation of the twinned structure may lead to the 
epitaxial relationship disappearing. According to the view-
point of Nagashima et al the line cracks can be formed on 
the surface of epitaxial films, where the twinned structure 
can survive [25]. Balakrishnan et al reported that the twinned 
structure can be formed in proximal crack regions [26].

We inferred that there most likely exists a critical thick-
ness, beyond which the role of the line cracks cannot be 

Figure 1. (a) The θ–2θ scan XRD curves for thickness-dependent VO2 films. (b) The resistivity as the function of temperature for the VO2 
films with different thickness. The vertical coordinates with olive colour presents the resistivity of VO2 film with a thickness of 84 nm to 
make the MIT process distinct. The degree of the orientation for VO2 films with different thickness are shown in qualitative pattern of left 
figure (c). The right diagram is the ratios of the crystal orientation.

Table 1. The position and FWHM of the (−1 1 1) and (0 1 1) diffraction peaks for the VO2 films determined from the XRD patterns  
in figure 1.

Peak position/° FWHM/° dhkl/Å Grain size nm−1

Samples ( )0 1 1 ( )0 2 0 (¯ )1 1 1 ( )0 1 1 (¯ )1 1 1 ( )0 1 1 (¯ )1 1 1 ( )0 1 1 (¯ )1 1 1

39 (nm) 27.935 39.930 ... 0.601 ... 3.191 ... 15.153 ...
(0.023) (0.006) ... (0.084) ... (0.002) ... (1.283) ...

57 (nm) 27.914 39.968 ... 0.366 ... 3.194 ... 24.850 ...
(0.005) (0.004) ... (0.021) ... (0.001) ... (1.317) ...

84 (nm) 27.852 ... 26.884 0.233 0.269 3.201 3.314 39.108 33.773
(0.005) ... (0.001) (0.016) (0.003) (0.001) (0.001) (2.541) (0.479)

Note: The 95% confidence limits are given in parentheses.
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ignored [25], and the cracks promote the formation of the 
twinned structure. Therefore, the splitting phenomenon 
can be observed at the VO2 film with a thickness of 84 nm. 
Furthermore, it is believed that the strain relaxation on the 
interface of the line cracks tends to occur with increasing the 
film thickness and the lattice constant can be changed due 
to the thermal stress relaxation effects during the annealing 
process [27]. The formation of the twinned structure and the 
larger grain size may enhance the distortion of the monoclinic 
structure. Therefore, it can be believed that the epitaxial rela-
tionship may disappear and the vanishing of the (0 2 0) peak 
is the resultant action of the above force. It has been found that 
the (2̄ 1 1) is the symbol of the formation of the twinned crystal 
structure with (2 0 0) crystal orientation for VO2 film grown 
on the r cut Al2O3 substrate [16, 28]. They believed that the (2̄ 
1 1) and (2 0 0) orientation is derived from the (0 1 1) plane. 
It should be noted that the (1̄ 1 1) orientation is nearly along 
the (0 1 1) orientation for the present thickest film. The result 
shows that the (0 1 1) orientation can be regarded as the origin 
of the (1̄ 1 1) plane. It is inferred that the (1̄ 1 1) and (0 1 1)  
orientations can result in the formation of a twinned crystal 
structure, which will lead to a higher energy plane and energy 
barrier. The calculation of grain size below verifies the specu-
lation of the twinned crystal structure formation.

Transmission electron microscopy is a direct way to 
observe the twinned structure, and which was often used to 
observe microcrystals [26, 29]. It was found that twinned 
grains recorded at high magnification were formed near 
the crack, and the size of the grain is nearly same. Li et al 
also hinted that the information of the twinned grain can be 
obtained from comparison of the grain size [30]. Therefore, 
the grain size is calculated below through the present XRD 
results. However, the information of the twinned grain can 
also be picked up from the XRD results. It is reported that the 
periodical twinned structure of the M2 phase can be identified 
from the XRD peaks. The (0 1 1) plane can be split into (2̄ 0 1) 
and (2 0 1) peaks under different deposition conditions, such 
as different deposition power [18, 24]. In the present study, 
the (1̄ 1 1) plane can be attributed to the M1 phase. Li et al 
regarded that the diffraction spots of the (¯ ¯1 1 1)M is related 
to the twinned structure, which originates from the [1 0 1]M 
zone axis [30]. Wong et al noted that the 011-type reflec-
tions splitting was not observed. while Chen et al and Zhao 
et al observed the peak splitting phenomenon in the 011-type 
reflection of ø scans, which is the signal of the formation of 
a twinned structure [16, 31, 32]. Combining the above anal-
ysis, it can be believed that the splitting of the (0 1 1) peak is 
the symbol of the twinned structure. In addition, the twinned 
grains can also be reflected by the grain size calculation.

It is strange that the transmittance of the VO2 film with 
a twinned structure is relatively low at the insulator state 
and the transmittance drop is only 30% [30]. Generally, the 
transmittance of the VO2 film with a thickness of 70 nm can 
approach 75% at the insulator state and the transmittance 
drop is at least 50% through temperature. This phenomenon 
is similar to the transmittance results of the VO2 film with 
a thickness of 84 nm, which may be taken as a signal of the 
existence of the twinned structure. The transmittance results 

will be discussed in detail below. It is believed that the line 
cracks will be formed on the surface of epitaxial films, where 
the twinned structure can survive [25, 26]. The resistance in 
these line cracks is generally known to be very high and the 
present resistance results are in good agreement with that 
[33]. It should be noted that the line cracks cannot be found 
if the film is totally strained by the substrate. However, the 
strain relaxation will occur with increasing the film thick-
ness. For example, the line cracks can be found on the sur-
face of the VO2/TiO2 film with a thickness of 30 nm, while 
the line cracks are non-existent for the VO2/TiO2 film with a 
thickness of 10 nm. In this case, the twinned structure will be 
formed in the region where the strain is relaxed. Therefore, 
the twinned structure only confined to a small thickness on 
the surface of the film. In the present study, the film is almost 
totally relaxed. Then, it is inferred that the twinned structure 
likely exists in most regions of the films.

According to the well-known Scherrer equation, d = kλ/ 
β θcos , the average grain size r can be calculated to be about 
15, 25 and 39 nm from the (0 1 1) diffraction peak for VO2 
film with thicknesses of 39, 57 and 84 nm, respectively. Where 
k, β, d, θ and λ is a constant, the FWHM, grain size, diffrac-
tion angle and wavelength of the x-ray, respectively. It should 
be noted that the (0 2 0) peak is beyond the application of the 
Scherrer equation and the (0 2 0) peak does not couple with 
the (0 1 1) plane. Therefore, the twinned structure cannot be 
formed by the (0 2 0) and (0 1 1) planes. It was found that the 
grain size (about 15 nm) of the VO2 film with a thickness of 
39 nm is the smallest, corresponding to the largest value of the 
full width at half maximum (FWHM). Furthermore, the grain 
size gradually increases with the VO2 film thickness, which is 
consistent with a previous report [13]. The grain size is about 
34 nm from the peak of (1̄ 1 1), which is nearly the same as 
that from the calculation of the (0 1 1) peak for the thickest 
film. The similar grain size and the derivation (1̄ 1 1) orienta-
tion along the (0 1 1) plane show that the twinned crystal is 
formed in the thickest film. It is well known that the formation 
of twinned crystal is to be expected if a structure phase transi-
tion takes place from a space group to another less symmetric 
space group [34]. Therefore, it is credible that the monoclinic 
structure is distorted along the rutile (1 1 0) during the forma-
tion of the twinned crystal.

For characterising the degree of the orientation with the 
film thickness, the magnitudes of the (0 1 1), (0 2 0) and (1̄ 1 1)  
orientations (α(0 1 1), α(0 2 0)) and α(1̄ 1 1) are defined as 
the ratios of intensity of a peak to the sum of intensities of all 
peaks in the XRD patterns, and the formula can be written as: 
[35]

( )
( )

  ( )
α =

∑
I

I
.

hkl
0 1 1

0 1 1

all peaks
 (1)

( )
( )

  ( )
α =

∑
I

I
.

hkl
0 2 0

0 2 0

all peaks
 (2)

(¯ )
(¯ )

  ( )
α =

∑

I

I
.

hkl
1 1 1

1 1 1

all peaks
 (3)
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where ( )I 0 1 1 , ( )I 0 2 0 , (¯ ))I 1 1 1  and  ∑ Ihklall peaks  are the intensities 
of the peaks (0 1 1), (0 2 0), (1̄ 1 1) and the sum of intensities 
of all peaks in the XRD patterns, respectively. The qualitative 
orientation picture and the ratio of the diffraction peaks are 
shown in figure 1(c). Note that the size of the circle presents 
the grain size except the (0 2 0) plane. From the picture, the 
ratio of the (1̄ 1 1) reaches 82%, indicating the higher energy 
plane is dominant over the properties of VO2 film with a thick-
ness of 84 nm. It is believed that the (1̄ 1 1) plane will lead to 
the oxygen atoms and vanadium atoms rearranging, which is 
similar to that in the (1 1 0) plane of tetragonal VO2 [16, 28].  
Considering the β mismatch for VO2 film grown on c cut 
Al2O3 substrate, the octahedra in VO2 can be orthorhom-
bically distorted, making it possible to differentiate the apical 
and equatorial V–O bonds of the monoclinic structure [31]. 
However, the preferential crystal orientation plays a principal 
part for the VO2 film with thicknesses of 39 and 57 nm, which 
indicates that the initial state is a pure monoclinic structure.

Figure 1(b) summarises the transport behaviour of VO2 
films with different thicknesses. It can be seen that the TMIT is 
344.7, 348.8 and 348.4 K for the VO2 film with thicknesses of 
39, 57 and 84 nm through the derivative of resistivity against 
temperature, respectively. It should be noted that the differ-
ence of the TMIT is about 4 K for the VO2 film with thicknesses 
of 39 and 57 nm, and the TMIT is nearly the same for the VO2 
film with thicknesses of 57 and 84 nm. Generally, the differ-
ence of thermal the expansion coefficient between VO2 and 
Al2O3 results in rather high TMIT for VO2-on-Al2O3 when VO2 
has the (0 2 0) orientation based on the anisotropic thermal 
coefficient of VO2. In this study, it can be found that the dif-
ference of the TMIT is inconspicuous and the resistivity drop is 
nearly the same for the VO2 film with thicknesses of 39 and 
57 nm. It can be concluded that the thermal expansion coef-
ficient is not the main factor in the present study and the effect 
of the thermal expansion coefficient can be ignored. In order 
to highlight the MIT process of the thickest film, the olive 
vertical coordinates were used to present the variation of the 
resistivity. It is found that the resistivity drop approaches three 
orders of magnitude for the VO2 films with thicknesses of 39 
and 57 nm, while the resistivity drop is more than one order 
of magnitude for the thickest film. The MIT process of the 
thickest film is seemingly sharper than the other films during 
the heating process. It is strange that the cooling process shows 
a sluggish change for the thickest film. It has been reported 
that the intermediate state can lead to a resistivity drop of less 
than  ∼103 [36]. Kumar et al regarded that the asymmetry of 
the transport behaviour is a reflection of the monoclinic-metal 
phase and the rutile-insulator phase for the VO2 film grown on 
Si3N4/Si substrate. Combining the above XRD analysis, it can 
be believed that the (1̄ 1 1) orientation means the lattice dis-
tortion, which makes the V–V dimerisation deviate from the 
monoclinic am axis. This similar asymmetry phenomenon can 
also be seen from the optical characters below. Note that the 
resistivity increases with the film thickness at the metal state, 
which can be attributed to the occurrence of line cracks [25].

Figure 2(a) displays the overall core level XPS survey spectra 
of the VO2 films with different thicknesses. Figures 2(b)–(g) 

shows the Lorentzian-Gaussian dividing peak analysis of V 2p 
and O 1s peaks after subtracting the Shirly background for the 
three films. The 1/2 and 3/2 spin–orbit doublet components of 
the V 2p photoelectron are found to be located at about 523.8 
and 516.0 eV, respectively [37]. The peaks located at about 
516.4, 515.7 and 516.0 eV for the three films are assigned to 
V4+ . This is consistent with the XPS analysis reported previ-
ously [37]. From the V 2p peaks, we cannot distinguish the 
existence of V5+ or V3+ . From the previous literature, V5+ 
or V3+ can be distinguished by the shoulder peak [38–40]. 
However, the shoulder peak of V5+ or V3+ cannot be observed 
in the present XPS spectra, indicating that the content of the 
V5+ or V3+ is subtle and can be ignored. On the contrary, the 
shoulder peak of the surface adsorption oxygen or hydroxyl 
contributions can be clearly 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 attrib-
uted to the surface adsorption oxygen. Therefore, the effect 
of surface adsorption oxygen should be excluded while cal-
culating the V: O ratios. The ratios of oxygen to vanadium are 
VO2.042, VO2.038 and VO2.160 through a quantitative analysis of 
the XPS results. The effect of the stoichiometry of vanadium 
and oxygen will be discussed below.

In order to analyse the role of the compositional homo-
geneity on the MIT properties, the present results have been 
compared to the previous work done by Yang et al [41]. It is 
believed that the off-stoichiometric composition near the VO2/
SiO2 interface induced by unoriented growth on amorphous 
SiO2 is likely responsible for the dramatic change in transition 
characteristics. However, the VO2 thin film on sapphire shows 

Figure 2. (a) Overall core level XPS spectra for VO2 film with 
thickness of 84 nm. (b)–(g) is XPS spectra of V 2p lines and O 1s 
lines with the Lorentzian-Gaussian dividing peak analysis for the 
three films. The measured spectra are shown as olive circles and the 
reproduced curves are shown as solid lines.
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quite uniform phase transition characteristics across the film 
thickness. It is understandable that off-stoichiometric inho-
mogeneity is more easily induced by unoriented growth on 
amorphous SiO2 than the oriented growth on a single crystal 
sapphire substrate. This indicates that the film tends to keep its 
homogeneity for the VO2-on-sapphire, and the MIT proper-
ties changes little within the allowed stoichiometry. It is found 
that the peak assignment of V4+ and O1s in the present work 
is consistent with the XPS results measured by Yang et al.  
In addition, the stoichiometry is VO2.042, VO2.038 and VO2.160 
for the VO2 films with thicknesses of 39, 57 and 84 nm, which 
is within the variation of the ratios of oxygen to vanadium 
reported by the group of Ramanathan [41]. If the sharp resis-
tivity drop is caused by the compositional homogeneity in the 
present study, the TMIT should differ greatly. However, the TMIT 
is nearly the same for the VO2 films with thicknesses of 57 and 
84 nm, which can be reflected by the derivation of the resis-
tivity. It is believed that the decreased resistivity drop can be 
induced by line cracks and the twinned crystal can be formed 
around the cracks [25, 26]. Therefore, it can be believed that 
the compositional homogeneity does not play a crucial role in 
the variation of the MIT properties.

The temperature-dependent normal-incident transmittance 
spectra are shown in figures 3(a)–(c). The three films display 
significant changes in the infrared range during the MIT pro-
cess. From the temperature dependence of infrared (IR) trans-
mittance at selected incident photon energies (hν = 0.468 eV,  
λ = 2650 nm), the transmittance variation at the infrared 
region is more than 50% for the VO2 films with thicknesses 
of 39 and 57 nm, and is about 30% for the thickest film. It is 

found that the transmittance discrepancy is obvious between 
the thickest film and the other two films at the insulator state. 
However, the transmittance is nearly the same at the metal 
state for the three films. It has been generally agreed upon 
that the mechanism of the MIT in VO2 is considered to be a 
collaborative Mott–Peierls transition, i.e. electronic-structure 
transition [42, 43]. Due to the (1̄ 1 1) crystal orientation repre-
senting the crystal distortion and V–V dimerisation deviation, 
the transmittance spectra discrepancy can be attributed to the 
response of the lattice deviation. In addition, the MIT process 
is sharp for the thickest VO2 film than the other two VO2 films 
at the heating process from the loop of the IR transmittance. 
However, the cooling process shows a sluggish change for 
the VO2 film with a thickness of 84 nm, which is similar to 
the transport behaviour of the film. The results further dem-
onstrate that the monoclinic structure is distorted during the 
formation of the twinned crystal structure.

Figure 4(a) shows room temperature (298 K) Raman 
spectra (298 K) for the three VO2 films, where the phonon 
modes can be uniquely assigned [44–46]. The distinct peaks 
located at about 194, 221 and 615 cm−1 demonstrate the three 
VO2 films are of M1 phase at room temperature, indicating the 
well crystalline structure. Comparing the vibrations at about 
196 and 617 cm−1 for the VO2 film with thicknesses of 39 and 
57 nm, the characteristic peaks are located at about 194 and 
614 cm−1 for the thickest film. The red shift of the vibrations 
can be attributable to the variation of the V chains and V–O 
vibration. Note that the peak located at about 414 cm−1 with 

Figure 3. The transmittance spectra for VO2 films are shown in 
(a)–(c). Note that the horizontal coordinate of photon energy is the 
logarithmic unit to enlarge the transparent region. The inset is the 
experimental (dotted lines) and best-fitted (solid lines) transmittance 
spectra of VO2 films and the temperature dependence of infrared 
(IR) transmittance at selected incident photon energies are shown in 
(d)–(f).

Figure 4. (a) Raman spectra at room temperatures for the VO2 films 
with thickness of 39, 57 and 84 nm. (b) and (c) Raman spectra at 
different temperatures for the VO2 film with thickness of 57 nm in 
the heating and cooling processes, respectively. (d) and (e) Raman 
spectra at different temperatures for the VO2 film with thickness of 
84 nm in the heating and cooling processes, respectively.
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the asterisk is the sign of the (0001) Al2O3 substrate. It is well 
known that the vibration modes of VO2 are drastically dif-
ferent in the M1 and R phase, the Raman scattering technique 
allows us to independently monitor the electronic and struc-
tural transitions. The structures of VO2 are based on an oxygen 
(O) bcc lattice with vanadium (V) in the octahedral sites, and 
the O octahedra are more or less regular. The space groups 
for the monoclinic and rutile lattices are C h2

3  and D h4
14, respec-

tively [47]. The monoclinic phase is thus characterised by 18 
Raman-active phonons, while it has 4 Raman-active phonons 
in the R phase which exhibit strong polarisation dependence.

Figures 4(b)–(e) show the the lattice vibrations of the 
VO2 film with thicknesses of 57 nm and 84 nm, respectively. 
Considering the electrical and optical properties are nearly 
same for the VO2 film with thicknesses of 39 and 57 nm, we 
only give the temperature-dependent Raman spectral of VO2 
film with 57 nm as a comparison to that for the thickest film. 
The intense monoclinic Ag peaks can be observed at about 
194, 220, 336, 386, 496 and 615 cm−1, which is in accordance 
with the phonon frequencies reported by the previous Raman 
experiments [10, 47, 48]. In addition, the weaker peaks 
located at near 258, 307 and 440 cm−1 could be attributed to 
the Bg phonon modes. The low-frequency Ag phonon modes 
at 192 and 220 cm−1 can be assigned to the motion of V-ions 
in the dimerised chains due to the large difference between the  
V and O masses. The most pronounced high-frequency phonon 
modes at about 615 cm−1 are a feature of the V–O vibration 
[49]. These characteristic vibration modes of the M1 phase are 
softened and eventually disappear as the temperature increases 
due to the high-temperature R phase. Conversely, these vibra-
tion modes emerge when the temperature is ramped down to a 
sufficiently low temperature. The Raman results demonstrate 
that the VO2 films present the representative features of the 
monoclinic phase and the intensity characteristic peaks show 
the present VO2 films are in a good crystalline structure.

In order to observe the effect of the structure deviation on 
the internal transition mechanism of the VO2 film, the Drude–
Lorentz (DL) oscillator dispersion relation is used to simulate 
the transmittance spectra, as in the following

( ) ∑ε ε= −
+

+
− −

∞
=

E
A

E EB

A

E E EBi i
.

k

k

k k

D
2

D 1

3

2 2
 (4)

Where ε∞ is the high-frequency dielectric constant. Ak, Ek, 
Bk and E are the amplitude, centre energy, the 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 inset 
is the best-fitted transmittance spectra of VO2 films on sap-
phire substrates in figures  3(d)–(f). A good agreement can 
be observed, indicating that the dispersion model selected 
is reasonable. The parameter values of the three VO2 films 
determined from the simulation of the transmittance spectra 
are shown in table 2. Note that the 90% confidence limits are 
given in the parameters.

The E1 feature can be assigned to the transition from the 
lower V 3d filled d// band to the crystal field split 3d empty 
π* band across the optical gap at other points in the Brillouin 
zone (BZ) [50]. Figure 5(a) shows the hysteresis loop of the 
centre energies of E1. The E1 energy is 1.22, 1.23 and 1.20 eV 
for the VO2 films with thicknesses of 39, 57 and 84 nm, 
respectively. It is found that the E1 is nearly the same at the 
insulator state with the film thickness, which indicates that 
the low-energy transition is nearly unaffected by the change 
in the crystal orientation or the structure deviation. It was 
reported that the band gap between the bottom of the empty 
π* band and the top of the filled d// band is nearly unchanged 
under the effect of strain [19, 20]. One can see that the E1, 
E2 and E3 is the transition from the centre of the conduction 
band to the centre of the valence band. In this study, we found 
that the low-energy transition of E1 is nearly unaffected by 
the crystal orientation because the change in the transition 
energy is directly related to the variation of the band gap.  
In addition, it is found that the centre transition energy of E1 
presents the common hysteresis behaviour for the three VO2 
films. These results indicate that the low-energy transition is 
an inherent property of the VO2 film, which does not suffer 
from the external or internal factors at the insulator state, 
such as crystal orientation or strain.

Table 2. Parameters of the Drude–Lorentz (DL) model for the VO2 films extracted from the best fitting transmittance spectra at several 
temperatures.

Samples 39 nm 57 nm 84 nm

T (K) 298 341 363 298 341 363 298 343 363

A1  ( )1.62 0.01  ( )3.56 0.01  ( )5.62 0.34  ( )1.10 0.01  ( )2.19 0.10  ( )4.52 0.21  ( )2.06 0.03  ( )1.65 0.31  ( )2.24 0.51
B1 (eV)  ( )1.01 0.01  ( )0.95 0.01  ( )0.94 0.01  ( )0.98 0.01  ( )1.24 0.01  ( )0.82 0.01  ( )2.77 0.15  ( )1.43 0.06  ( )1.05 0.04
E1 (eV)  ( )1.22 0.01  ( )0.81 0.01  ( )0.62 0.02  ( )1.23 0.01  ( )0.86 0.01  ( )0.63 0.02  ( )1.20 0.02  ( )1.06 0.01  ( )0.86 0.02
A2  ( )4.28 0.03  ( )3.18 0.05  ( )2.87 0.05  ( )2.76 0.02  ( )2.44 0.06  ( )2.08 0.07  ( )2.17 0.21  ( )2.16 0.05  ( )2.05 0.06
B2 (eV)  ( )1.98 0.03  ( )1.53 0.03  ( )1.40 0.04  ( )2.40 0.04  ( )1.79 0.05  ( )1.43 0.05  ( )1.26 0.13  ( )1.71 0.04  ( )1.64 0.04
E2 (eV)  ( )3.37 0.01  ( )3.19 0.01  ( )3.09 0.01  ( )3.35 0.01  ( )3.21 0.01  ( )3.04 0.13  ( )3.45 0.04  ( )3.50 0.01  ( )3.43 0.01
A3  ( )2.40 0.08  ( )2.10 0.04  ( )2.11 0.04  ( )1.03 0.06  ( )1.19 0.03  ( )1.24 0.03  ( )1.43 0.16  ( )1.38 0.05  ( )1.39 0.04
B3 (eV)  ( )3.07 0.26  ( )3.50 0.27  ( )3.63 0.28  ( )2.60 0.30  ( )4.36 0.54  ( )4.15 0.51  ( )2.50 0.50  ( )3.20 0.37  ( )2.86 0.33
E3 (eV)  ( )6.06 0.09  ( )5.72 0.06  ( )5.68 0.08  ( )6.17 0.13  ( )5.87 0.12  ( )5.66 0.11  ( )5.37 0.16  ( )5.79 0.08  ( )5.55 0.06
AD ...  ( )3.19 0.43  ( )6.46 0.08 ...  ( )1.14 0.29  ( )4.91 0.09 ...  ( )2.11 0.55  ( )3.12 0.46
BD (eV) ...  ( )0.45 0.10  ( )0.10 0.01 ...  ( )0.69 0.10  ( )0.11 0.01 ...  ( )0.89 0.27  ( )0.56 0.14

Note: The 90% confidence limits are given in parentheses.
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The evolution of the centre transition energy of E2 is shown 
in figures 5(b) and (c). The E2 critical point can be interpreted 
to the transition between the filled O 2p π band to the empty 
π* band [51]. The transition energy is 3.37, 3.35 and 3.45 eV 
with increasing film thickness at the insulator state. Compared 
to the VO2 films with thicknesses of 39 and 57 nm, the transi-
tion energy increases by about 0.1 eV for the thickest film. 
Therefore, it can be concluded that the effect of the crystal ori-
entation or the structure deviation is enhanced on the second-
order transition at the insulator state. In the previous report 
[17], the E2 transition energy is 3.40, 3.40 and 3.37 eV at the 
insulator state and the ratios of oxygen to vanadium is VO1.895, 
VO1.963 and VO2.042, for the films grown at 5 mTorr, 10 mTorr 
and 20 mTorr, respectively. The variation of the transition 
energy at the insulator state is only 0.03 eV, much less than 
the 0.1 eV. Therefore, it can be concluded that the effect of 
the stoichiometry of vanadium and oxygen on the electronic 
transition is subtle and can be ignored at the insulator state. 
In addition, it should be noted that the E2 is nearly same at 
the insulator state for the VO2 film with thicknesses of 39 and 
57 nm. Because the structural variation in VO2 is accompanied 
by changes in the electronic band structure, the energy band 
structure will be distorted simultaneously during the lattice 
distortion and V–V dimerisation deviation.

It is observed that the E2 transition follows a normal hys-
teresis behaviour for the VO2 films with thicknesses of 39 and 
57 nm. However, the E2 energy shows an unusual relation-
ship with the temperature for the thickest VO2 film. There is 
a slight hop in the vicinity of the MIT. Note that the specific 
phenomenon has not been observed before. It is clear that 
the MIT process contains the structural variation as well as 
the electronic band change. Thus, the energy band near the 
Fermi surface is closely associated with the lattice structure 
and the vanadium–vanadium chain [52, 53]. For the VO2 
film with thicknesses of 39 and 57 nm, the initial structure 
is the common symmetry monoclinic structure and it will be 

turned into a rutile structure naturally during the MIT process. 
However, the distortion monoclinic structure is most likely 
rebounded to the symmetry monoclinic phase first because of 
the higher binding energy and energy plane for the VO2 film 
with a thickness of 84 nm. Then it will be transformed into the 
rutile structure. Therefore, there is a slight hop during the MIT 
process. Furthermore, the spectral weight from the π* and σ* 
is most likely redistributed when the MIT occurs [54]. Koethe 
et al observed a giant transfer of spectral weight with distinct 
features across the MIT [55]. They stated that Auger emission 
may be responsible for this effect. Electrons on a conduction 
band can acquire extra energy from the electron-hole recom-
bination process and be stimulated to a higher energy level. 
Therefore, the slight hop in the vicinity of the MIT may be 
caused by the combination mechanisms of the variation of the 
lattice structure, the energy transfer and the redistribution of 
the spectral weight.

Figures 5(d)–(f) show the temperature dependence of 
centre transition energy E3. The transition can be assigned to 
the excitation from a lower V 3d filled d// band to an empty σ* 
band [56]. At the insulator state, the transition energy is 6.06, 
6.17 and 5.37 eV with the film thickness, respectively. It is 
found that the variation of the transition energy (∆E3) is dis-
tinguishable (∼0.8 eV) between the VO2 film with thicknesses 
of 39 and 84 nm. It can be concluded that the high energy band 
(σ*) was more easily distorted by the transmutative monoclinic 
structure than the d//, π and π* band. Note that the transition 
energy increases slowly with the temperature at the insulator 
state and does not follow the Bose–Einstein relationship. The 
abnormal phenomenon was also reported by Li et al [57]. It 
was believed that the strong Vd–Op hybridisation and V–V 
interaction can be obviously changed with temperature, which 
may not follow the Bose-Einstein formula. It will drive the σ* 
band correspondingly shifting with the temperature. In addi-
tion, the higher electronic transition would result in a higher 
electronic density of states in O2p states [39]. Therefore, the 
above mechanisms can contribute to the abnormal variation. 
It is worth noting that there is a serious hop (∼0.5 eV) in the 
vicinity of the MIT for the film with a thickness of 84 nm. 
The serious hop shows that the higher energy transition is 
more sensitive to the lattice distortion and the redistribution 
of the σ* band. Because the σ* band is in a high energy state, 
it easily suffers from the variation of the lattice structure than 
the lower energy state of d//, π and π*. It was reported that the 
variation of gap (not fundamental gap) between the π band 
to the empty π* band reached 0.7 eV in Mg-doped VO2 films 
[58]. Therefore, it can be concluded that the higher electronic 
transition is highly susceptible to external or internal force.

From the above analysis, a clear picture of the electronic 
band diagram can be constructed, as shown in figure 6. It has 
been reported that the energy band distortion phenomenon can 
be induced by the substrate strain for VO2 film grown on (0 0 
1) TiO2 substrate [19, 20]. The degree of the energy band dis-
tortion gradually changes with strain. In addition, the position 
of the antibonding band and the bonding band will be changed 
together under the role of the strain. In the present study, the 
strain is relaxed for the VO2 film grown on a (0001) Al2O3 
substrate. However, the energy shift phenomenon still exists. 

Figure 5. (a) The temperature dependent electronic transition of E1 
for the VO2 films with thickness of 39, 57 and 84 nm, respectively. 
(b) and (c) is the transition energy of E2 for the three films. The 
transition energy of E3 for the three films was shown in (d)–(f).
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Therefore, it is plausible that the similar energy band distor-
tion can be induced by the crystal orientation. Furthermore, 
it is found that the condition of the energy band is nearly 
the same for the VO2 film with thicknesses of 39 and 57 nm.  
The result also illustrates that the transformation of crystal 
orientation can induce the energy band change. From the tran-
sition energy, the shift of the d//, π, π* and σ* band is observed 
in the present work. It is found that the E3 energy decreases 
by about 0.8 eV for the VO2 film with a thickness of 84 nm. 
Therefore, a lower V 3d filled d// band and the empty σ* shift 
to EF simultaneously. E1 is the transition from the filled d// 
band to the empty π* band, which is nearly unaffected by the 
transmutative monoclinic structure. Therefore, the empty π* 
band will keep away from the EF while the d// band is close to 
that. The filled π band will shift away from EF, which can be 
reflected by the larger E2 energy in the thickest film. It is cer-
tain that the empty σ* shifts to EF according to the E3 energy, 
whereas the condition of the filled σ band is vague. This is 
because there is no transition directly related to the filled σ 
band in the present study.

4. Conclusions

In conclusion, the effects of crystal orientation on electronic 
transitions have been studied by temperature-dependent 
optical transmittance. The XRD results reveal that the twin 
crystal structure can be induced by the high-energy (1̄ 1 1) 
plane. The temperature-dependent Raman results indicate that 
the VO2 films display the representative characteristics of the 
monoclinic phase, confirming that the present VO2 films are 
in good crystalline structure. The VO2 film with a thickness of 
84 nm shows an abnormal higher electronic transition in the 
vicinity of MIT. This can be attributed to the redistribution of 
the filled π band, the empty π* band and the empty σ* band as 
well as the crystal structure transformation. It is claimed that 
the energy band structure can be distorted by the structural 

deviation. It is found that the empty σ* band is more sensitive 
to the variation of the crystal structure. The results may be 
helpful to identify the relationship between the distortion of 
energy band structure and the variation of crystal orientation.
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