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Abstractǰ 
Vanadium dioxide (VO2) is a very interesting transition metal oxide as it undergoes structural-phase 

and insulator-to-metal transitions just above room temperature (~340 K). Synthesizing VO2 on top of graphene 
to enhance the performance of VO2 has long been practiced; however, the quality of the obtained films is 
usually degraded. In this research, the layer order was switched, with bilayer graphene fabricated via graphite 
exfoliation lying on top of VO2/Al2O3 of 2 different VO2 thicknesses, 50 nm and 100 nm. The obtained hybrids 
were studied via Raman spectroscopy to see how the materials affect one another. The hybrid of the thicker 
sample was further investigated using temperature-dependent Raman spectroscopy to observe the change in 
transition temperature and compared with the graphene-absent sample and bilayer graphene on silicon 
dioxide. From graphite exfoliation, there are only bilayer-graphene flakes available on both 50-nm and 100-
nm VO2. The Raman results clearly indicate thatǰbilayer graphene induces theǰin-plane tensile stress in VO2, 
and the VO2 thickness influences the compressive strain in bilayer graphene due to a smaller lattice 
parameter of the sapphire substrate compared with that of graphene. From the temperature-dependent 
Raman experiment, the structural transition apparently takes place before the electrical transition. Although 
the effect of bilayer graphene on the transition temperature cannot be deduced from this experiment, for 
which the countereffect of electron injection from graphene might account, some interesting features are 
observed: the transition is direct with no M2 intermediate state, and the G-band of bilayer graphene blue 
shifts for someǰincreasing temperatures, as opposed to a usual red shift seen in bilayer graphene on SiO2. 

 

Keywords: vanadium dioxide, graphene, Raman spectroscopy
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1. Introduction 
1.1 Motivation 

VO2 has acquired a lot of attentions due to its reversible metal-insulator transition (MIT) at ~340 K 
accompanied by a structural phase transition (SPT) and change in opticalǰand electrical properties. Several 
attempts have been made to optimize its properties for possible applications. One interesting method is to 
couple it with graphene, a 2-D material known for its high strength, bendability, and excellent electrical 
conductivity. However, a usual hybrid structure is VO2 on top of graphene, of which inevitable drawbacks 
could dull the practical uses. Additionally, there is no research in the inverse structure of graphene/VO2 

previously reported, leaving many questions as to how the new structure might be and what properties might 
be affected.  

In this project, the layer order would be switched to avoid the defects from a normal VO2/graphene 
synthesis and to study the properties of both materials after the hybridization. VO2 deposited on Al2O3 
substrate was previously prepared via reactive bias target ion beam deposition (RBTIBD) at University of 
Virginia, and exfoliated graphene would be transferred onto VO2/Al2O3 using an adhesive tape. Al2O3 is 
favoured as the substrate due to its hexagonal crystal lattice which is similar to that of graphene. The 
microstructure of different-VO2-thickness (50 and 100 nm) hybrid films would be studied via Raman 
spectroscopy in order to determine the effect of graphene on VO2 and vice versa. Besides, (100 nm)VO2/Al2O3, 
graphene/(100 nm)VO2/Al2O3, and graphene/SiO2 would be further analyzed via temperature-dependent 
Raman spectroscopy to investigate the effect of graphene on VO2 transition temperature (TMIT) and the effects 
of the substrates on graphene as the temperature changes. The TMIT of (100 nm)VO2/Al2O3 obtained from 
Raman spectroscopy would also be compared with that from resistance-variation-with-temperature method 
in case of different electrical and structural transitions. Provided that VO2 has good crystallinity, the possible 
change of TMIT from temperature-dependent Raman together with Raman shifts after hybridization would also 
help clarify the contribution of graphene-induced strain to the VO2 transition.  

1.2 Objectives 
a. To synthesize thin film of graphene deposited on VO2/Al2O3 by exfoliation method 
b. To analyze the microstructures of graphene/VO2/Al2O3 with different VO2 thickness (50 and 100 

nm) via Raman spectroscopy and compare them to graphene-absent VO2/Al2O3 
c. To analyze the phase-transition properties of graphene/(100 nm)VO2/Al2O3 via temperature-

dependent Raman spectroscopy and compare them to graphene-absent (100 nm)VO2/Al2O3 
d. To analyze the effect of VO2 on graphene structure compared with graphene on SiO2 
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2. Background 
2.1 Vanadium dioxide 

   

Fig 1. The crystal structure of VO2. (a) R phase (Red and blue atoms correspond to vanadium and oxygen atoms 
respectively.) (b) M1 phase.[1] 

For decades, vanadium dioxide (VO2) is well known for its reversible metal-insulator transition (MIT) at 
~340 K along with its structural phase transition (SPT). Consequently, there are abrupt changes in electrical 
conductivity and optical transmittance in the infrared region of VO2. These near-room-temperature transition 
properties make VO2 a perfect material for various technologies such as thermochromic coating, memory 
devices, phase-change switches, sensors and field-effect transistors.1 

Above the MIT temperature (TMIT), VO2 conducts electricity and reflects IR. It possesses a rutile 
structure (R phase) as indicated in Fig 1(a). It has a body-centered tetragonal unit cell with lattice constants ar 
= br = 0.455 nm and cr = 0.286 nm.2 Each of the vanadium atoms is surrounded by six oxygen atoms forming 
an octahedral compound. As the temperature falls below TMIT, the crystal structure becomes monoclinic (M1 
phase) accompanied by a significant drop in the carrier density and an upsurge in IR transparency. As shown in 
Fig 1(b)., the vanadium atoms dimerize along the original cr-axis tilting with respect to the cr-axis, while the 
oxygen atoms stay roughly at the same positions. To include both vanadium atoms of the dimer, the new 
unit cell is twice as large as the original rutile primitive unit cell. The insulating phaseĴT lattice parameters are 
aM1 = 0.575 nm, bM1 = 0.452 nm, cM1 = 0.538 nm, and β = 122.6°.2 

It is also worth pointing out that the TMIT and TSPT are very sensitive to a substrate type, crystallinity 
of VO2, doping, and the interfacial strain between VO2 and the substrate.2,3 

(a) (b) 
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Fig 2. (a) The UV-VIS-IR percent transmittance of VO2. The yellow background indicates solar irradiance at sea level.4 
(b) Resistance as a function of temperature of VO2.5 

2.2 The metal-insulator transitions of VO2 
2.2.1 The electronic band structures of R-VO2 
In the R phase, there are 2 vanadium cations V4+ and 2 oxygen anions O2- per unit cell.6 The electron 

configurations of vanadium and oxygen are [Ar] 3d3 4s2 and [He] 2s2 2p4 respectively.7 Each vanadium atom 
forms 6 sigma bonds with its oxygen octahedron, leaving 3d1 electron behind. For the whole crystal, these 3d 
orbitals become a 3d band. Since oxygen has a full 2p6 orbital and each VO2 molecule contributes only 1 
valence electron, the 3d band is partially filled and hence allows electrical conduction in the R phase.  

 
Fig 3. The orientations of degenerate d orbitals in the R phase. The red atoms are vanadium and the blue atoms are 

oxygen.1  

(a) (b) 
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 Taking a closer look into the d orbitals, they are 5-fold degenerate unless vanadium and oxygen 
atoms reside together in a crystal. (Spin degeneracy is excluded.) As depicted in Fig 3., each d orbital 
experiences a different array of point charges of oxygen ligands in space. The first 2 orbitals, namely d3z2-r2 (Fig 
3(a).) and dxy (Fig 3(b).), have maximum charge density in the direction of ligand vertices. According to crystal 
field theory, the electrostatic repulsion between these ligands and the d3z2-r2 and dxy orbitals is stronger than 
that with other d orbitals. Consequently, an energy level of the original degenerate orbitals is split into two 
with the higher level called the eg level (d3z2-r2 and dxy orbitals) and the lower level called the t2g level (dx2-y2, 
dxz, and dxy orbitals). The t2g band is now the conduction band of the crystal.8 

 
Fig 4. A diagram explains crystal field splitting in an octahedral structure.8 

 Furthermore, due to an electron interaction between nearest neighbor vanadium atoms, the t2g band 
is further split. As the lobe of dx2-y2 pointsǰtoward other dx2-y2 orbitals of neighboring vanadium atoms in cr 

direction, a strong sigma bond can be formed. On the other hand, possible orbital overlaps of dyz are a 
weaker sigma bond with its consecutive dyz orbitals in <100> direction and a pi bond with the oxygen ligands, 
while only pi bonding with the ligands is allowed for dxz. This results in lifted degeneracy of 2 overlapping 
energy bands comprising of the higher π* band from the initial dyz and dxz, and the lower dII band from the 
original dx2-y2.1,2,4,7,8

 The Fermi level of this band structure is shown in Fig 5.(right).11 
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Fig 5. The crystal structure of VO2 and its energy band. The red atoms are vanadium and the blue atoms are oxygen. 
(left) M1 phase (right) R phase11 

2.2.2 Peierls phase transition 

Across the MIT, Goodenough assumed that the structural distortion is sufficient to open up a band 
gap. Two components of this structural change are considered to account for the insulating energy band in 
Fig 5.(left): V-V pairing and antiferroelectric distortion.1 The metal-metal pairing within the vanadium chains 
along the cr axis causes splitting of the dII band into filled bonding and empty antibonding states. Additionally, 
the displacement perpendicular to the cr axis and parallel to the rutile <110> directions enhances p-d orbital 
overlap, which in turn levels up the π* band. 

 

 
Fig 6. 1-D electron system (a) Classical electron picture. The open and closed circles display atoms and electrons respectively. 

(b) Band diagram.12 

To understand the effect of the V-V pairing on the split of the dII band, Peierls transition of 1-D crystal 
must be examined. The simplest situation is displayed in Fig 6.(a), where a chain of equally spaced atoms 
with n electrons per site is explained by a tight-binding model. In this tight-binding approximation, the atoms 
are considered weakly interacting and electrons are tightly bound to their atoms, implying that the atomic 
orbitals remain almost intact.13 With a nearest-neighbor approximation, each electron is pictured as if it hops 
fromǰits site to other nearest sites. The Hamiltonian of this system is  

(a) (b) 
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𝐻 ൌ െݐ ∑ ሺ𝑐௜,ఙ
ற

ழ௜,௝வ,ఙ 𝑐௝,ఙ ൅ ݄. 𝑐. ሻ     (1) 

where t (or tII in Fig 4.) is a hopping or overlap integral, <i,j> is a nearest neighbor index, ߪ is spin polarization, 
𝑐†is an electron creation operator, and 𝑐 is an electron annihilation operator. It can be seen from Fig 6.(a) 
and in equation (1) that the overlap integral tII determines the strength of the hopping. If tII is large enough, 
electrons are no longer localized, and hence the electrical conduction. After diagonalizing this hopping 
Hamiltonian, the cosine energy band diagram in the first Brillouin zone with a bandwidth of 4tII can be 
obtained as depicted in Fig 6.(b). As Fermi wave vector kF equals to nπ/2b, the band is partially filled for n<2, 
meaning this 1-D crystal is metal.12 

   
Fig 7. 1-D electron system (a) Classical electron picture. The open and closed circles display atoms and electrons respectively. 

(b) Band diagram.12 

However, this 1-D system is unstable at low temperatures due to the interaction between the 
electrons and the lattices. This phenomenon, prominent when thermal excitation is reduced, stems from the 
greater energy dissipation for the bandgap opening compared with that for ion rearrangement.2 As shown in 
Fig 7.(a), lattice distortion occurs with the new lattice constant 2π/2kF. Since the current unit cell is twice as 
large as the former one and contains 2 electrons, the size of the first Brillouin zone is now 2kF ,and a bandgap 
opens at the Fermi level (Fig 7.(b)). This 1-D crystal becomes an insulator.12  

In summary, the V-V dimerization is believed to open the dII bandgap based on the Peierls phase 
transition. This theory is supported by a correct band calculation using LDA theory14 (Fig 8.), although a 
contradiction of optical-gap values arises. While LDA predicts the gap of -0.04 eV, the actual gap has a much 
higher value of 0.6 eV. Besides, there are other questions regarding the appearance of a metastable phase 
(M2 phase) and the magnetic features of the MIT which are still unanswered by the Peierls transition.2 This 
leads to another proposed mechanism, Mott phase transition. 

(a) (b) 
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Fig 8. The band diagram of the M1 phase computed by LDA.14 

2.2.3 Mott Phase Transition 

In the Peierls transition, the key mechanism is centered at the electron-lattice interaction. On the 
contrary, Mott transition is based on electron-electron correlations. For these correlations, a modified version 
of the Hamiltonian in equation (1) called Hubbard Hamiltonian is considered. The Hubbard Hamiltonian can 
be written as 

𝐻 ൌ െݐ ∑ ሺ𝑐௜,ఙ
ற

ழ௜,௝வ,ఙ 𝑐௝,ఙ ൅ ݄. 𝑐. ሻ ൅ 𝑈 ∑ ݊௜,↑௜ ݊௜,↓    (2) 

where ݊௜,ఙ = 𝑐௜,ఙ
ற 𝑐௜,ఙ and U is Hubbard energy. The additional term on the right represents Coulomb 

repulsion between electrons on the same site. If short-range Coulomb interactions overcome the hopping 
energy (U >> t), electrons are localized and the system is insulator. With this condition, the system is insulator 
even the energy band is half filled. In the case of VO2, Zylbersztejn and Mott suggested that these 
correlations are efficiently screened by the π* band in the metallic phase. Once the π* band is lifted higher 
as a result of V-V zigzagged distortion, the electron-electron correlations come into play and the dII band is 
split. According to this model, a modified calculation called LDA+U yields a satisfying bandgap: the calculated 
band diagram is consistent with that achieved from experiments, and the magnetic nature of M2 phase is 
correctly predicted. 

 All in all, this model proposes the additional Hubbard energy term for the existence of the wide 
bandgap and the intermediate phases. Nevertheless, the conductivity of the R phase and a non-magnetic 
property of both R and M1 phases are still unexplained by this mechanism.2 
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2.2.4 Peierls-Mott Phase Transition 

 The verification of what lies behind VO2ĴTǰMIT is difficult since the structural and electronic transitions 
take place almost simultaneously. Regarding evidence from phonon softening at the high-symmetry R point 
obtained from DFT+U, it can be concluded that the Peierls and Mott mechanisms associate with one another 
in delivering the MIT. To elucidate, the Peierls transition is related to the phonon softening instability which is, 
in turn, believed to bring about the structural transition of VO2. Phonon dispersions in VO2 were realized 
based on DFT and DFT+U, then the results were compared. It turned out that the normal modes at R point 
derived from DFT+U are in accordance with the V-V distortions, confirming the role of electronic correlations 
in the Peierls transition. Moreover, decoupling of the structural and electronic transitions was achieved, 
together with the revelation of a monoclinic-like metallic phase.15 This unusual monoclinic-like metallic phase 
is very significant, as it can be interpreted into 2 different scenarios. One assumption involves V-VĴT 
spontaneous breaking or substantial weakening in the M1 phase, while another ensures the leading role of 
the Mott mechanism. 

2.3 Graphene 

 

 

 

 

 

 

 

 

Fig 9. (a)ǰGSaQIeOeĴTǰIPOeZcPNbǰstructure.16 (b) The unit cell and sp2 bond of graphene. Red and blue atoms highlight different 
sublattices.17 

Graphene is a 2-D honeycomb structure of carbon atoms. The unit cell is not the hexagon itself, but 
the parallelogram which consists of 2 unequal carbon atoms from different sublattices, namely sublattices A 
and B. The lattice parameter is the same for both sublattices, of 2.46 Å. Given that the electron configuration 
of carbon is [He] 2s2 2p2, 3 of the valence electrons would form in-plane sigma bonds with its neighbors via 

(a) (b) 
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sp2 hybridization. The sigma bond length or the interatomic distance between carbon atoms is approximately 
1.42 Å, hence the stability and the mechanical strength of graphene. The fourth electron in an out-of-plane pz 
orbital, on the contrary, would form pi bonds with its adjacent counterparts and allows Van der Waals 
interaction to take place between each graphene layer or graphene and its substrate. Interestingly, it is this pi 
bonding which is responsible for the excellent electrical conduction of this 2-D material.16-18 

  

Fig 10. The energy band diagram of graphene (a) as a function of both kx and ky. The orange line indicates the boundaries of the 
hexagonal first Brillouin zone.17 (b) along some high-symmetry points. The inserted diagram on the top shows the first Brillouin 

zone of graphene. 19 

Since only the 2pz orbitals involve directly with conduction electrons, aǰcaMcVMaUJPOǰPGǰHSaQIeOeĴTǰ
electronic band diagram would mainly focus on these 2pz overlaps and employ 2pz orbitals as a basis set of 
the wavefunction. The method used to derive the band structure is the tight-binding approach with the 
nearest-neighbor approximation. As a result, the dispersion relation is obtained as in Fig 10. The 2 upper and 
lower energy bands, called π* and π bands respectively, originate from the hopping between the equivalent 
sublattices A and B. Due to the fact that there are 2 conduction electrons per unit cell, the π band is 
completely filled and the Fermi energy at 0 K lies at the energy of the K and K′ points. Therefore, graphene is 
a zero-bandgap semiconductor with no available density of states on the Fermi level. Furthermore, looking 
closely at the energy dispersion near the conduction-valence intersection known as the Dirac point (the blue 
conical in Fig 10.(b)), it turns out that the dispersion is linear and the electrons mimic Dirac fermions. The 
Hamiltonian is Dirac-like, 

𝐻 ൌ െ݅ℏݒி࣌ ⋅ સ     (3) 

where vF Őǰ106 m/s is the Fermi velocity and ߪ) = ࣌௫  ௬) are the Pauli matrices. The electrons behave as ifߪ ,
they are massless relativistic particles with an effective speed of light vF. Unlike electrons from other 

(a) (b) 
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conventional metals and semiconductors of which dispersion relation is approximately parabolic, the linear 
spectrum of 2-D Dirac fermions is the source of astonishing quantum electrodynamics phenomena such as 
quantum Hall effects, Klein tunneling paradox, and chirality.16-19  

Fig 11.  Bilayer graphene in (a) AA-stacked and (b) AB-stacked order.17 The energy band diagram at Dirac points of (c) AA-stacked 
and (d) AB-stacked bilayer graphene.20 

 The term graphene can also be reserved for bilayer graphene which is worth investigating in its own 
right. Bilayer-graphene stacking exists in 2 manners: hexagonal or AA stacking, and more stable Bernal or AB 
stacking. While each carbon atom just sits on top of its corresponding atom in AA stacking, the AB-stacking 
layers are rotated 60º relative to each other about an axis perpendicular to the plane and B-sublattice atoms 
are located above the hexagonal holes of the first layer. Both configurations contain 4 carbon atoms per unit 
cell. Obviously, distinct stacking orders greatly influence the interlayer-hopping nature of electrons and the 
dispersion relations. For AA stacking, electrons mostly hop between A1-A2 sites and B1-B2 sites in Fig 11.(a). 
On the contrary, the interplane hopping varies widely for AB stacking as seen in Fig 11.(b): it can happen 
between A2-B1 dimer sites, a non-dimer site to nearest non-dimer sites, or a dimer site to nearest non-dimer 
sites. The resulting band diagrams obtained via tight-binding approach and the nearest neighbor 
approximation are shown in Fig 11.(c), (d) and (e). Although the general features at large energy might appear 
the same for both stacking orders, the subtle structures are very different. The AA-stacked band diagram near 
Fermi level comprises the double monolayer spectra, shifted in opposite direction by the same units. In the 
vicinity of the Dirac points, the linear energy dispersion is preserved with the same Fermi velocity as that of 

(a) (b) (c) 

(d) (e) 
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the monolayer. The hole-like and the electron-like bands coincideǰat the Fermi surface (Fig 11.(d)); in other 
words, the AA-stacked bilayer is metal. Contrarily, for AB stacking, only two bands touch perfectly at the 
Fermi level. At low energy, the dispersion is no longer Dirac-like but parabolic of that normal Schrödinger 
formalism.20-22 

Monolayer and bilayer graphene exhibit fairly similar properties. For any micromechanically deposited 
graphene, the electron mobility at room temperature is extremely high, exceeding 2000 cm2/V.s. Suffering 
from the inhibited carrier mobility, the electrical conductivity is lowered as the layer number increases. The 
thermal conductivity of graphene can reach about 2800 W/m.K. In terms of the mechanical strength of a 
defect-free sheet, it possesses stiffness of the order of 300ı400 N/m with a breaking strength of ~42 N/m. Its 
YPVOHĴTǰNPdVMVTǰis approximately 0.5ı1.0 TPa which is about an accepted value for bulk graphite. It is found 
that these mechanical properties of graphene tend to be affected by temperature changes rather than the 
layer numbers and isotope substitutions. In addition, thanks to the interaction between light and Dirac 
fermions, it is very transparent with decreasing transparency as the layer number grows. Regarding all these 
outstanding properties, graphene offers a wide range of applications in field-effect transistor devices, 
mechanical reinforcement, and optoelectronic devices like solar cells and touch screens.18   

 

 

Fig 12. (a) The conductance of a suspended graphene sample at 40 K as a function of carrier density. The blue and red lines 
represent the sample before and after annealing respectively. (b) The optical transmittance at 550 nm of monolayer and bilayer 

graphene. The inserted graph shows the variation of the transparency with respect to number of layers.18 

 

(a) (b) 
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2.4 Hybridization of VO2 and Graphene 

Despite the potential benefits of VO2, some of its properties hinder practical applications. It is 
obvious that TMIT of bulk VO2  is too high for room-temperature-related devices. On top of that, the visible 
transmittance is too low and the modulation of solar energy is not efficient enough for use in architecture. 
Referring back to Fig 2.(a), as the transmittance in the visible spectrum remains almost unchanged, the solar 
modulation in VO2 mainly relies on the transmittance difference in the near-infrared region which only 
constitutes 43% of solar energy in the solar spectrum.3 Therefore, considering the advantages of both VO2 and 
graphene, it is expected that graphene/VO2 hybrid film would improve the electrical conductivity and the 
luminous transmittance. For flexible thermochromic windows and architectural adaptations, graphene can 
also serve as a flexible-yet-firm base of VO2 and optimize the optical qualityǰof the hybrid film. 

  

 
Fig 13. (a) Transmittance at 550 nm of graphene-laminated (black dots) and VO2/graphene(0ı4 layers)/Al2O3 (blue dots) (b) 

Transmittance at 2500 nm and transition temperature of VO2/graphene(0ı4 layers)/Al2O3, and (c) Raman spectra in the range of 
100ı700 cm-1 (excited by 532 nm laser) of graphene (1 layer) and VO2/graphene(0ı4ǰMaZeST)ǰųMNTǰPOǰTaQQIJSeǰTVbTUSaUeT23 

To this day, there have been several studies regarding the hybridization of these two materials for 
optimized functionalities. In Enhanced Optical Response of Hybridized VO2/graphene Films research by Kim et 
al., a large scale VO2/graphene/Al2O3 was synthesized via chemical vapor deposition (CVD), magnetron 
sputtering and post annealing.23 The optical properties of the films were then characterized as a function of 
the number of graphene layers and temperature. The transmittance of VO2/graphene(1 layer) at 550 nm was 

(a) (b) 

(c) 
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~4.1%, higher than that of bare VO2/Al2O3 (Figure 13.(a)). In the infrared range at room temperature, there 
were an increase in the optical transmittance of VO2/graphene(1-4 layers)/Al2O3 and a decrease in its TMIT 
(Figure 2b). It was believed that the lower TMIT derived from surface strain: negative-thermal-expansion 
graphene versus positive-thermal-expansion sapphire substrate and VO2. The amount of surface strain was 
proportional to the number of graphene layers, meaning TMIT of VO2 could be further lowered down to some 
level. In the range of 100ı700 cm-1, VO2/graphene(1-4 layers)/Al2O3 exhibited well-defined typical Raman 
spectra which were absent for the graphene-only sample (Figure 13.(c)). Moreover, x-ray diffractometer (XRD) 
was applied to analyze the structure of the hybridized films. The result showed that VO2 films on bare 
sapphire substrates possessed a significant peak of (020) plane with a minute (002) plane (Figure 14.(a)), while 
there was a mixed phase with (200), (020), and (011) planes for VO2/graphene(1-4 layers)/Al2O3 (Figure 14.(b)).  

 
Figure 14. XRD analysis of (a) VO2/Al2O3 and (b) VO2/graphene/Al2O323 

Another research by Kim et al., Flexible Thermochromic Window Based on Hybridized VO2/Graphene, 
followed the same preparation procedure as the above VO2/graphene/Al2O3 but with Al2O3 replaced by Cu.24 
To create flexibility of VO2 film for energy-sufficient smart windows, Cu etching process was performed and 
VO2/graphene was transferred to PET film. The control experiment of VO2 transfer to PET film with the 
absence of graphene revealed failure, hence the importance of graphene in the transfer process. For Raman 
analysis, both graphene-free (VOx/Cu) and graphene-supported VO2 (VO2/graphene/Cu) showed several peaks 
corresponding to the characteristic vibration modes assigned to monoclinic VO2 (Figure 15.(b)). However, the 
Raman peaks of VO2/graphene/Cu were much more distinct as compared with those of VOx/Cu, evidently due 
to dense VO2 distribution on the graphene support. Although VO2/graphene showed a typical Raman feature 
of CVD-grown graphene, there was a slight increase in the D-peak intensity of graphene after VO2 formation 
(Figure 15.(a)). Unfortunately, this peak implied high-temperature oxidation of graphene during post annealing 
of VOx at 500 °C under O2 ŴPXJOH.ǰATǰUIeǰUeNQeSaUVSe increased, the characteristic Raman peaks of 
monoclinic VO2 diminished through intermediate phase coexistence regimes and then completely 
disappeared at ~70 °C, indicating a structural transition of the monoclinic phase into the rutile phase. As the 
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temperature decreased, the monoclinic signature reappeared, showing the reverse transition. Therefore, this 
VO2/graphene film confirmed the characteristic of reversible first-order transition.  

 
Fig 15. Raman spectral analysis of VO2/graphene. (a,b) Raman spectra (excited by 532 nm laser) of VO2/graphene in comparison 

with graphene-free VOx. (c) Temperature-dependent Raman spectra of VO2/graphene24 

In addition, the hybridization of VO2/graphene lowered the TMIT to 61 °C. Kim et al. enumerated 2 
causes of this phenomenon: the effect of graphene support on reducing VO2 crystal size to nanoscale and the 
efficient heat transfer from graphene to VO2. The fabricated VO2/graphene films were then integrated into a 
model house and shown to reduce the in-house temperature efficiently, proving its potential as energy-saving 
smart window films. 

           
Fig 16. (a) Raman spectral analysis of VO2/graphene/Ge and (b) Surface topography of VO2/graphene/Ge by AFM25 

In Electron Transfer Induced Thermochromism in a VO2ıGrapheneıGe Heterostructure by Zhou et al., 
VO2/graphene/Ge hybrid was prepared by reactive sputtering and atmospheric pressure chemical vapor 
deposition (APCVD).25 For characterization, it was observed that almost all known Raman modes of 

(a) (b) 
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monoclinic VO2 were present with no irrelative peaks (Figure 16.(a)). From the XRD result, it was found that 
the VO2 film on Graphene/Ge mainly consisted of an amorphous phase. The crystallinity of VO2 was affected 
by the atomic-scale wrinkles of graphene, as indicated by AFM (Figure 16.(b)) and HR-TEM. Furthermore, the 
TMIT of VO2/graphene/Ge appeared to be ~330 K which was lower than that of VO2 films on Ge substrate. 
Apart from the contribution of differences in thermal coefficient between interlayers, Zhou et al. also 
introduced the mechanism of electron injection and doping facilitated by graphene. The electron transfer 
could increase the electron density in VO2 film, destabilize the semiconductor phase, and thus decrease the 
TMIT of VO2 film. 

From these studies, it is evident that a different attempt is required to approach VO2 ı graphene 
hybridized film. In other words, the post-annealing process to obtain VO2 on graphene leads to the oxidation 
of graphene, which in turn decreases the film efficiency. VO2 grown on graphene might also turn up as an 
amorphous phase, exhibiting poor crystallization quality due to the atomic-scale wrinkles of graphene. 

2.5 Raman Spectroscopy  

Raman spectroscopy is one of general tools used to explore crystal vibrations and structures. The 
whole process involves a monochromatic continuous-wave laser irradiating a material, and the detection of a 
relatively weak signal of inelastic scattering of the incident light, called Raman scattering. Generally, a light 
wave can be thought of as a propagating oscillating dipole of which size is usually much larger than a 
molecule (within visible spectrum limit). This dipole then causes distortion of electron cloud or electric 
polarization, forming a very short-lived intermediate state from which the photon is emitted immediately. 
Actually, there are 2 possible scenarios concerning nuclear movement which result in different scatterings. If 
only electron cloud distortion is involved in scattering, the photons are scattered with very small frequency 
changes, as the electrons are light compared with the atomic nucleus. This elastic scattering, named Rayleigh 
scattering, occurs predominantly in the process. On the other hand, if nuclear motion is induced during 
scattering, energy is transferred either from the incident photon to the molecule or from the molecule to the 
scattered photon. In these cases, the process is inelastic and the energy of the scattered photon is different 
from that of the incident photon by principally one vibrational unit. This is the Raman scattering. It is 
inherently a weak process in that only one in every 106 ı108 scattered photons is Raman scattered. A Raman 
spectrum is defined by the intensity of the inelastically scattered light as a function of energy loss from the 
incident light. The energy loss is called the Raman shift, usually given in units of cmŌ1 (1 eV = 8,065 cmŌ1).26 
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Fig 17. A schematic diagram of the first-order Raman scattering. ߱௜ , ߱௦ , and Ω are the frequencies of the radiating field, the 

scattering photon, and the scattering phonon respectively.27 

The induced nuclear motion mentioned above is, in fact, related to phonon creation or phonon 
absorption. At non-zero temperatures, the atoms in crystals vibrate about some equilibrium position. The 
complex vibrations of the lattices in 3 dimensions are a combination of 3N normal modes where N is the 
number of atoms in a unit cell. Moreover, the energy of each normal mode is restricted to integer multiples 
of a quantum of energy called a phonon.28 In first-order Raman scattering, there are three fundamental sub-
processes as shown in Fig 17. Beginning with the photon absorption, an electron is excited from an initial 
state (an occupied electronic state) to the first intermediate state (depicted by ߙ in Fig 17.). Next, the 
photoexcited electron either emits a phonon by losing one phonon energy (Stokes Raman scattering) or 
absorbs a phonon (anti-Stokes Raman scattering), and goes to the second intermediate state (depicted by ߚ 

in Fig 17.). Culminating in electron-hole combination, a photon is emitted as inelastically scattered light. The 
two intermediate states can either be a real electronic state or a virtual state, which is a linear combination of 
excited states. If one of the two intermediate states is the real state, the Raman intensity is enhanced. In this 
case, it is called the resonance Raman scattering which is actually what happens in graphene. For second-
order Raman scattering, there is one more intermediate state added, and 2 phonons are released.29  

The scattering has to obey the energy and momentum conservation rules in (4) and (5). 

ℏ߱௦ ൌ ℏ߱௜ േ ℏ߱௞     (4) 

ℏ࢙࢑ ൌ ℏ࢏࢑ േ ℏሺ࢑ࢗ ൅  ሻ     (5)ࡳ

The variables ߱௦(࢙࢑), ߱௜ and ߱௞ ,(࢏࢑)  correspond to the frequencies (wavevectors) of the scattered (࢑ࢗ)
light, the incident light, and the phonon respectively. The term ℏࡳ represents the crystal momentum which 
takes any values from a set of reciprocal lattice vectors. Since the wavevectors of the incident and scattered 
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photons are approximately the same within the range of 104 -105 cm-1 which are much smaller than the size 
of the Brillouin zone, ࡳ must be chosen zero to fulfill (5).30 Thus, only the phonon modes with wavevectors 
q ~ 0  (Γ point) are allowed in the first-order Raman scattering. Contrarily, since there are 2 phonons present 
in the second-order Raman scattering, possible wavevectors can be extended to the whole Brillouin zone as 
long as the sum of the two phononsĴ wavevectors participating is zero: q1+q2 ~ 0.31  

Despite following energy and momentum conservation rules, not every vibrational mode is Raman 
active mode, which is the one that appears on Raman spectra. There is a selection rule requiring that the 
Raman active modes are those that cause a change in the polarizability of the electron cloud. The 
polarizability is a measure of the degree to which the electrons in the molecule can be displaced relative to 
the nuclei. It is an anisotropic property, thus represented by a rank-2 tensor.32 The polarizability ߙ is related 
to an induced electric dipole ࣆ and the irradiating electric field ࡱ as follows: 

ࣆ ൌ  (6)     ࡱߙ

Moreover, ߙ can be expressed as a Taylor series expansion, and the magnitude of ࡱ and a normal 
coordinate ࡽ can be written as 

ߙ ൌ ଴ߙ  ൅ ௗఈ
ௗ௫

ቚ
଴

ݔ ൅  (7)    ݏ݉ݎ݁ݐ ݎ݄݄݁݃݅

𝐸 ൌ 𝐸଴𝑐ݏ݋ሺ2߱ߨ଴ݐሻ      (8) 

𝑄 ൌ 𝑄଴𝑐ݏ݋ሺ2߱ߨ௩ݐሻ     (9) 

where ݔ is a vibrational displacement, 𝐸଴ JTǰUIeǰeMecUSJcǰGJeMdĴTǰaNQMJUVde, 𝑄଴ JTǰUIeǰOPSNaMǰNPdeĴTǰ

amplitude, ߱଴ is the radiation frequency, and ߱௩ is the normal mode frequency. For each normal 
coordinate 𝑄, ࣆ in (6) then becomes 

ߤ ൌ ሻݐ଴߱ߨሺ2ݏ݋଴𝐸଴𝑐ߙ ൅ ଵ
ଶ
 ௗఈ
ௗொ

ቚ
଴

𝑄଴𝐸଴ሾ𝑐ݏ݋ሺ2ߨሺ߱଴ െ ߱௩ሻݐሻ െ 𝑐ݏ݋ሺ2ߨሺ߱଴ ൅ ߱௩ሻݐሻሿ ൅ ⋯ (10) 

The first term in (10) corresponds to the Rayleigh scattering, and the second term belongs to the Raman 
scattering. Now, it is the second term that determines the active mode condition. The fact is that 
intensities of the Raman transitions are proportional to the absolute square of a vibrational Raman 
transition moment ࡾ between states with wavefunctions ߰ᇱand ߰, which can be calculated from the 
electric dipole: 

ࡾ ൌ ∫ ߰ᇱ߰ࣆ 𝑑(11)     ݔ 
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Substituting (8) into (9), it can be found that the intensity 𝐼 is proportional to 

𝐼 ∝ ଶ|ࡾ| ∝ ሺௗఈ
ௗொ

ቚ
଴

ሻଶ     (12) 

This relation is simply in agreement with the selection rule stated earlier. It should be noted that the 
Raman process relies heavily on the chosen frequency of the laser, as it defines the energy of the 
intermediate state and the extent of the distortion or the polarizability.32,33 

2.5.1 Raman shifts of VO2 

Fig 18. Unpolarized Raman spectra of VO2 at (a) 300 K (M1 phase) and (b) 375 K (R phase).34 

Raman scattering has been favoured to explore lattice vibrations and SPT in VO2 since the large 
incoherent cross section of vanadium and the free-carrier absorption in the metallic phase prohibit inelastic 
neutron-scattering and infrared measurements.34 Based on a group theoretical analysis, the active Raman 
modes of VO2 can be predicted. The space groups of R-VO2 and M1-VO2 are Dସ୦

ଵସ  and Cଶ୦
ହ  respectively.1 

Theoretically, 4 active modes of A1g, B1g, B2g, and Eg are present in the R phase, while 9 Ag and 9 Bg active 
modes should be observed in the M1 phase. However, as seen in Fig 19.(b), it turns out that one Bg mode is 
absent in the M1 phase.35 

For R-VO2, its Raman spectrum is usually compared with that of TiO2. Although they both possess 
similar rutile structure and the equivalent numbers of the active modes, the Raman spectrum of TiO2 is much 
more discernible with stronger and sharper Raman bands. As reported in Fig 18.(b), the Raman spectrum of R-
VO2 consists of several weak and broad lines with a strong fluorescence background.34 Since the mode at 510 
cmŌ1 showed a strong polarization dependence, it was assigned to the A1g symmetry.36 All of these 4 modes 
are associated with the motion of the oxygen atoms only. The Eg mode demonstrates the motion along the cr 
axis of the cell-face oxygen atoms. The motions of the A1g and B2g modes are in the ab‐plane towards the 

(a) (b) 
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axis of symmetry parallel to cr axis. Nonetheless, all atomic pairs move in‐phase for B2g, whereas for A1g, the 
central pair moves of phase. For B1g, vibration still occurs in the ab‐plane but in the direction perpendicular 
to B2g. 

On the contrary, the M1 phase exhibits a set of strong well-resolved Raman bands. Polarized Raman 
measurements on epitaxial M1-VO2 films could determine the symmetries of all the experimentally observed 
Raman modes, as depicted in Fig 18.(a). Unfortunately, Ag and Bg lines are found coexisting near 224 and 393 
cm-1 as they have not been resolved experimentally. The missing ninth Bg mode is probably located at 450 
cm-1. The Bg modes are usually weak in Raman intensity. The modes in the high energy region like 612 cm-1 (or 
618 cm-1 in some research) can be related to the stretching mode of V-O vibration, while those in the 
intermediate energy range are ascribed to be associated with the different bending modes of V-O vibration. 
For the low-energy modes like ~194 and ~224 cm-1, they are assigned to V-V vibration. 30 

 

 

 

 

 

 

 

 

 

Fig 19. Raman shifts and corresponding active phonon modes of (a) M1-phase and (b) R-phase VO2.35 

 Temperature-dependent Raman spectroscopy has long been used to investigate phase change at 
different temperatures and the insight into SPT. According to Huang et al., the temperature-dependent Raman 

Raman shifts (cm-1) Phonon modes 
137 Ag 

143 Bg 
194 Ag 
224 Ag , Bg 

262 Bg 
310 Ag 
340 Ag 
393 Ag , Bg 
442 Bg 
484 Bg 
499 Ag 
582 Bg 
612 Ag 
663 Ag 
820 Bg 

Raman shifts (cm-1) Phonon modes 
240 - 
390 - 
510 A1g 
625 - 

(b) 

(a) 



20 
 

peaks of VO2/ZnO films were observed as shown in Fig 20. (a). It can be seen there was a strong dependence 
of Raman resonance peaks intensity on temperature: the amount of the phonon modes related to the 
resonance peaks decreased together with the scattering peak intensity. It was assumed that there were 2 
factors regarding the disappearance of the Raman modes at high temperature, which were the symmetric 
stretching of V-O-V bond in the tetragonal phase and the increasing of free carrier absorption. Furthermore, 
temperature-dependent Raman peak shifting was observed, presumably the transition into different VO2 
phases. As depicted in Fig 20.(b), the low-energy mode at 192 cm-1 and high-energy mode at 613 cm-1 
experienced red and blue shifts respectively.37  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 20. Temperature-dependent Raman shifts of VO2/ZnO for (a) all observed modes and (b) modes at 192, 223 and 613 cm-1.37 

 In addition, research on VO2/Al2O3 with different orientations of Al2O3 by Nazari et al. yielded the 
same characteristic temperature-dependent peak shifting. In Fig 21., starting at room temperature, it was 
found that VO2ĴT phonon energies depended on the substrate orientation. The blue shift of 615 cm-1 mode 

(a) 

(b) 
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was deemed a consequence of the tensile stress parallel to the sapphire substrate plane, which produced 
compressive strain in the growth direction. In contrast, strain has a weaker effect on the other Raman bands. 
Besides, the tensile strain along the cr direction in VO2/c-Al2O3 caused the V-V vibrations to red shift as seen at 
195, 224, and 309 cmŌ1 bands. For VO2/m-Al2O3, the 262 and 615 cmŌ1 vibrations gradually red shifted, while 
there was just a slight red shift for VO2/r-Al2O3. Normally, strain in these samples had been anticipated to arise 
from lattice-constant mismatches with the substrate and thermal stresses due to the different expansion 
coefficients between 2 materials. In the case of VO2 and Al2O3, VO2 has a much larger thermal expansion 
coefficient than that of Al2O3, especially in the cr direction. However, it was discovered that if the strain origin 
solely relied on these factors, the red shift of the low-energy bands of VO2/c-Al2O3 would be unexplainable. 
In fact, gradual blue shifts from the whole set of 615, 224, and 195 cm-1 modes in VO2/c-Al2O3 had been 
reported when tensile stress was applied along the cr direction as VO2 transformed from M1 to M2 at room 
temperature. To explain the phenomenon, the effect of internal stresses in the M1-VO2 during the phase 
transition was introduced. These stresses were produced by the neighboring regions which had transformed in 
the intermediate temperature range. Partial transformation from M1 to M2 would produce compressive stress 
on the untransformed regions of M1-phase VO2. This internal stress would increase with transformed volume 
fraction to steadily blue shift the V-O vibrations with increasing M2 volume fraction. The obtained blue shift of 
the 615 cmŌ1 band was in agreement with the computed value of 4-6 cm-1 via YoungĴT modulus of VO2 and 
pressure dependence of 615 cmŌ1 phonon. For the case where VO2 transformed directly from M1 to R phase, 
the V-O vibrations would be red shifted due to the contraction along the cr axis, as can be seen from VO2/m-
Al2O3. The impact of these internal strains was not pronounced in the case of 195 and 224 cmŌ1 bands owing 
to their weak pressure cPeGųcJeOts. Furthermore, it became clear that the stress induced by thermal 
expansion mismatch with the substrate was nearly one order of magnitude smaller than the internal stresses, 
implying its irrelevance.38 
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Fig 21. Temperature-dependent Raman shifts of VO2/Al2O3 having different crystal orientations (a) r-Al2O3, (b) m-Al2O3, and (c) c- 
Al2O3. Phonon energies as a function of temperature at (d) 615 cm-1, (e) 263 and 309 cm-1, and (f) 195 and 225 cm-1.38 

2.5.2 Raman shifts of Graphene 

Raman spectroscopy has been prominently chosen as a characterization tool for carbon family owing 
to nondestructive inspection and extensive coverage of structural and electronic features. In order to 
understand Raman features of graphene, its phonon dispersion is firstly considered.  

 

 

 

 

 

 

Fig 22. (a) Phonon dispersion relation of graphene along the high-symmetry points Eigenvectors of (b) iLO and iTO phonons at Γ 
point39 and (c) iTO phonon at K point40 

For the sake of simplicity, phonon modes and Raman shifts which are related to crystal defect would 
be omitted. Since the number of phonon branches is 3N where N is the number of atoms in a unit cell, 

(a) (b) (c) 
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graphene has a total of 6 phonon branches. Among these branches, 3 of them are acoustic, meaning each 
pair of sublattices has an in-phase coordination. The other 3 branches are optical with an out-of-phase 
movement of the 2 sublattices.  

As a result of the peculiar dispersion of the π electrons in graphene, the Raman scattering is always 
resonant. For the first-order Raman scattering, Raman-active modes at Γ are analyzed with the point group 
D6h. It turns out that Raman-active modes in general D6h are in-plane doubly degenerate (E2g ) or out-of-plane 
nondegenerate phonon modes (Ag). However, in monolayer graphene, the Ag mode is not present and there 
are, in fact, 2 groups of E2g. The acoustic E2g of the longitudinal acoustic (LA) and the in-plane transversal 
acoustic (iTA) modes has no Raman shift. Therefore, the only first-order Raman-active mode of graphene is 
that of another E2g, the degenerate in-plane longitudinal optical (iLO) and in-plane transversal optical (iTO). 
This active mode, called G-band, can be observed at ~1585 cm-1 in HSaQIeOeĴT Raman spectrum. The G-band 
is a common Raman feature of sp2 carbon materials with varying scattering intensities and widths. The 
relatively high frequency of the G-band optical phonon (~0.2 eV) enables Raman spectroscopy to examine 
perturbations in graphene such as variations in strain, doping, and temperature.29,39-41 

 

 

 

 

 

 

 

Fig 23. The resonance Raman scattering of graphene. The depicted band diagram is in the vicinity of HSaQIeOeĴTǰWaMMeZT.ǰThe 
solid and open circles represent real and virtual electronic states respectively. Each scattering order comprises the 2 possible 
cases of the incident and scattered resonances. (a) The first-order Raman scattering. (b) The second-order Raman scattering.29 

In the matter of the second-order Raman scattering, another Raman-active mode of iTO branch near 
the K point called Gľ-band (or 2D-band) arises as a result of double resonance Raman scattering. In this 
process, the photoexcited electron emits 2 phonons before recombining with the hole. As seen in Fig 23.(b), 
there are now 3 intermediates state, and the term ĳdouble resonanceĴ simply signifies that 2 of the 3 
intermediate states are to be real electronic states. Moreover, as graphene has 2 valleys at UIeǰKǰaOdǰKľǰ

(a) (b) 
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points, the phonon wavevector q can be chosen either within the same valley or between the two valleys. 
For the Gľ-band, the latter scattering turns out to be the case. 43,44 

 For monolayer graphene, the Gľ-baOdĴTǰJOUeOTJUZǰis much larger than that of the G-band by virtue of 
the intense double resonance Raman and the electron-phonon interaction of the iTO mode at the K point. As 
the number of layers increases, the G-baOdĴTǰintensity becomes dominant, exceeding that of the Gľ-band. The 
explanation traces back to the interlayer interaction which splits the energy bands near the Dirac cones, 
leading to phonon frequency distribution. As a consequence, the Gľ-band broadens and has relatively low 
intensity. On the other hand, the G-bandĴTǰintensity is linearly proportional to the number of layers. 

Raman peak shifts can be attributed to weaker C-C bonds and changing double resonance Raman 
condition. The former is associated with an increase in temperature (phonon anharmonicity) and strain, 
whereas the latter is related to laser photon energy and the layer number. When there is a temperature rise, 
the G-band frequency monotonically decreases. With increasing laser energy, the photoexcited electron is 
excited at a different k state along the electronic energy dispersion of the valence and conduction bands; 
therefore, the double resonance phonon q vector that connects two intermediate real electronic states 
alters. Furthermore, the G-band exhibits redshift with the growing layer number due to band transformation.29 
Unlike most materials, FWHM of G-band is predicted to have a net decrease with temperature.43  

As stated earlier that the Gľ-bandĴTǰintensity and linewidth depend significantly on the layer number, 

the Gľ-band is regarded as grapheneĴTǰlayer number identification. Fig 24.(a) and (b) show the transformation 

of the Gľ-band (2D-band) as the stacking number grows. As opposed to the single sharp 2D-band of graphene, 
the 2D-band of bulk graphite has 2 components of distinct intensities called 2D1 and 2D2 (Fig 24.(c)). For 
bilayer graphene, the 2D-band is composed of 4 peaks of higher-intensity 2D1A and 2D2A, and lower-intensity 
2D1B and 2D2B (Fig 24.(d)). The intensities of 2D1 peaks rapidly diminish as more stacks are added. Moreover, 
these 4 components principally emerge from 2 different mechanisms, namely the splitting of the phonon 
branches and the splitting of the electronic bands. However, DFT indicates that the effect of phonon-branch 
splitting is too small for such 2D splitting. It can then be concluded that the origin of this splitting is the 4 
electronic bands near the Fermi level of bilayer graphene. As shown in Fig 24.(e), the two almost degenerate 
phonons can choose to couple any 2 of 4 bands available, hence the 4 Raman peaks of the phonons with 
different wavevectors q1A, q1B, q2A, and q2B. The 2D1A and 2D2A peaks are higher than the 2D1B and 2D2B 
because the phonons q1A and q2A scatterings are dominant, occurring between bands of the same type. 
Beyond 5 layers, the 2D-baOdĴTǰcharacteristic becomes hardly distinguishable from that of bulk graphite.43,44  
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Fig 24. The Raman spectra of the Gľ-band (2D-band) (a) as a function of the layer numbers for 514 and 633 nm laser43, (b) as a 
function of the stacking orders, the layer numbers, and the excitation energy 45, (c) of graphite and graphene, and (d) of bilayer 

graphene for 514 and 633 nm laser.43 (e) The 4 possible phonon scatterings near the valleys: 1→1, 1→2, 2→1, and 2→2.44 
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3. Experiments 

3.1 VO2 fabrication 

The 50 nm and 100 nm VO2 on c-Al2O3 were previously prepared via reactive bias target ion beam 
deposition (RBTIBD) at University of Virginia, USA. The c-plane sapphire substrates were chosen since the c-
plane contains hexagon lattice corresponding to the hexagonal structure of graphene. As in-plane lattice 
parameters of VO2 are larger than those of sapphire, the film growth on sapphire normally has in-plane 
compressive strain due to substrate clamping effect. The strain would be less in thicker VO2 film due to strain 
relaxation. 

Illustrated in Fig 25., the process involved a low energy ion source that combines a hollow cathode 
electron source (HCES) and an end-Hall ion source. The HCES and the end-Hall ion source are powered by a 
supply with a voltage range 0-100 V and 0-12 A. The HCES is used to eject electrons into the end-Hall ion 
source. The electrons then interact with the magnetic field near the end-Hall ion source causing ionization of 
inert gas, and the ionized gas is accelerated using a separate voltage source. Two gas lines, one Ar and one 
Ar/O2 mixture, are fed into the chamber through the anode of the ion source, and a third Ar gas line is fed 
through the HCES. The Ar/O2 (80/20) mixture is used as the reactive gas instead of pure O2 to give more 
control over the flow rate at low concentrations of O2. The target bias is applied by a pulsed dc voltage 
source which alternates between a large negative bias (900 V) and a small positive bias (20 V) at a controlled 
frequency (71.43 Hz) with a 3 µs positive pulse period. Sputtering occurs only during the negative bias pulse 
period, but not during the positive pulse period or zero bias. The positive bias plays a role in discharging an 
insulating dielectric of oxygen gas on the target surface, avoiding target poisoning. The positively charged inert 
gas ions, attracted by this very large potential difference, accelerate toward the vanadium target surface at a 
near normal incidence angle at high enough energies to induce sputtering. The gaseous vanadium reacts with 
the oxygen gas to form a VO2 thin film by condensing onto a substrate.46,47 (Other growth conditions can be 
found in ref. [47].) 
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Fig 25. Schematic diagram of RBTIBD growth chamber.46 

3.2 Resistance vs temperature 

To investigate the electrical transition, the resistance data of VO2/Al2O3 was collected using a hotplate 
and a multimeter (2-point measurement) from 30 to 110 °C with a 5 °C step and maximum uncertainty of ±5 

°C. Only the heating up process was involved. The TMIT is the temperature where ୢሾ୪୭୥ሺୖୣୱ୧ୱ୲ୟ୬ୡୣሻሿ
ୢሺ୘ୣ୫୮ୣ୰ୟ୲୳୰ୣሻ

  is 
minimum.47  

3.3 Graphite exfoliation  

With an interlayer van der Waals interaction energy of about 2 eV/nm2, the order of magnitude of the 
force required to exfoliate graphite is about 300 nN/μm2. This extremely weak force can be easily achieved 
with an adhesive tape. The micromechanical exfoliation remains the best method in terms of electrical and 
structural quality of the obtained graphene, thanks to the high-quality of the starting single crystalline 
graphite source. However, it is labor intensive and remains unfeasible for a largescale production level.18 

By sticking and peeling a graphite flake on the tape, several flakes of few-layer graphene (FLG) could 
be acquired and later transferred onto the VO2/Al2O3 substrate. Aside from the traditional process, the tapes 
with graphene samples were heated at 100 ºC for 2 minutes before they were peeled off from the substrate 
to enlarge the flakes. Although there was glue residue from the tape left all over the samples, the residue 
neither obstructed the Raman process nor damaged the film quality. Nevertheless, this type of graphene 
productions relies heavily on the choice of the substrate as it depends on the adhesive force and the 
contrast during mapping between graphene and the substrate. Normally, Si/SiO2 is chosen as the substrate 
PXJOHǰUPǰUIeǰNaYJNJ[edǰcPOUSaTUǰaUǰIVNaOĴTǰPQUJNaMǰTeOTJUJWJUZ.18  
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Fig 26. Graphite exfoliation process. (a) After a few times of sticking and peeling, FLG was deposited on VO2/Al2O3. (b) The 
sample was heated at 100 ºC for 2 minutes. (c) Searching for desirable flakes with a green-light mode to enhance contrast. 

 
3.4 Raman spectroscopy 

 
Fig 27. The schematic diagram of micro-Raman spectroscopy.48  

Micro-Raman measurements were performed in backscattering configuration using a Horiba confocal 
modular Raman microscope with an iHR320 imaging spectrometer. A laser wavelength of 532 nm with no 
particular polarization was employed during the experiments. As shown in Fig 27., the light beam was focused 
on the sample via the microscope lens, and the scattered light went into the spectrometer. The notch filter 
would help pass the Strokes Raman scattering while the Rayleigh and anti-Stokes Raman scatterings were 
blocked. A diffraction grating inside the spectrometer then sorted out the scattered light according to the 
wavelengths, and finally a charge coupled device (CCD) detected the light and passed the signals to a 
computer for decoding.  

 

(a) (b) (c) 
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3.5  Temperature-dependent Raman spectroscopy 

 
Fig 28. Temperature-dependent Raman setup. 

 The temperature-dependent Raman characterization was carried out using a thermoelectric couple 
(called a mini-hotplate) which was heated by an electric current drawn from an adjustable-voltage power 
supply. The temperature was observed using a thermocouple which was firmly attached to the mini-hotplate. 
Both samples of bilayer-G/SiO2 and bilayer-graphene/VO2 were measured from 30 °C to 100 °C in 10 °C 
intervals (30-50 °C and 80-100 °C), and 5 °C intervals (50-80 °C). To minimize the difference between the 
surface temperature of the sample and the temperature measured from the mini-hotplate, the sample was 
kept away from disturbing air currents. Since the SPT was very sensitive, the intensity was kept lower than 
usual to ensure that the sample was not overheated. Unfortunately, the mini-hotplate was supplied with 
unstable current which, together with its resistance, resulted in temperature fluctuation, limiting the accuracy 
to േ 3.5 °C. Therefore, the TSPT cannot be accurately calculated from this temperature-dependent 
experiment.  
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4. Results and discussion 

4.1  VO2/Al2O3 samples  

                   

Fig 29. Schematic diagrams of (a) an out-of-plane XRD scan and (b) an in-plane XRD scan. For the out-of-plane XRD scan, the 
sample is placed parallel to the ground; meanwhile the source moves with respect to the sample at an angle ߱ and the 

detector moves simultaneously by an angle 2θ. For the in-plane XRD scan, the sample is tilted at an angle ߰ for a desired 
lattice plane. The angle ϕ is scanned from 0° to 360°.47 

From XRD measurements (characterized right after the deposition), both 50 and 100 nm VO2 films 
deposited on c-Al2O3 exhibit single [010] orientation with respect to the underlying c-plane (0006) sapphire 
substrates (Fig 30.(a) and (b)). From the in-plane scans which can be used to determine the relative 
orientation of the film with respect to the substrate (Fig 30.(c) and (d)), there are 6 peaks of (011), and each of 
the orientations yields the corresponding 2 peaks. In other words, the VO2/c-Al2O3 films are single-crystal like 
in the out-of-plane direction, but they are polycrystalline with 3 preferred orientations in the in-plane 
direction (parallel to the substrate surface). From the AFM results, the rms roughness values of the 50 and 
100 nm VO2 samples are 1.5 nm and 2.6 nm respectively. All in all, the obtained VO2 samples show strong-
textured crystallinity.47  
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Fig 30. Out-of-plane XRD scans, in-plane XRD scans and AFM images of 50-nm (100-nm) VO2 are a (b), c (d) and e (f) respectively. 
The rms roughness is 1.5 nm for 50-nm VO2 and 2.6 nm for 100-nm VO2. 

4.2  Resistance vs temperature 

 
Fig 31. Resistance vs Temperature of 50-nm (black line) and 100-nm (red line) VO2.  

 Across the MIT, the resistance drops by approximately 3 orders of magnitude as VO2 changes 
from small-bandgap insulator to metal with an increase in carrier density.2 (The resistance phase transition is a 
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hysteresis loop as in Fig 2.(b)). The raw data were differentiated directly to find the minimum value of 
ୢሾ୪୭୥ሺୖୣୱ୧ୱ୲ୟ୬ୡୣሻሿ

ୢሺ୘ୣ୫୮ୣ୰ୟ୲୳୰ୣሻ
 . Apparently, both 50 and 100 nm VO2/Al2O3 have the average TMIT value at 70±5 °C. 

4.3  Raman spectra of VO2/Al2O3 

Before graphene deposition, Raman spectroscopy was performed with the 50-nm and 100-nm VO2 
samples. The obtained spectra in Fig 32. are in accordance with the reference spectra, confirming the 
existence of VO2.38 It can be seen that both 50-nm and 100-nm VO2 samples exhibit similar Raman peaks. The 
fitted peaks of the most-pronounced Raman modes are also stated in Fig 32. 

 
Fig 32. Raman spectra of 50 (black line) and 100 nm (red line) VO2. 

4.4  Graphite exfoliation 

In spite of the green-mode light and various exfoliating approaches, low contrast between the flake 
and VO2 made the flake-selection process very difficult and no monolayer graphene was found. However, 
there are some bilayer graphene available on both 50-nm and 100-nm VO2 according to the Raman data. The 
successful bilayer flakes are depicted in Fig 33. 
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Fig 33. The bilayer-G/VO2 (circled in red) hybrid structure with different VO2 thicknesses of (a) 50 nm and (b) 100 nm. 

4.5  Raman spectra of bilayer-graphene/VO2/Al2O3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 34. The Raman spectra of bilayer graphene are (a) and (b) for 50-nm VO2, and (c) and (d) for 100-nm VO2. In (a) and (c), both 
G-band (black line) and 2D-band (red line) are shown. In (b) and (d), the 2D peaks are fitted with 4 Lorentzian sub-peaks. The 

sub-peaks are colored differently in accordance to 2D1A, 2D1B, 2D2A and 2D2B. 
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The G-band position of the bilayer-graphene/VO2 is ~1583.24 cm-1 for 50-nm VO2, whereas that of 
100-nm VO2 is lower at ~1580.22 cm-1. If the lattice parameters of sapphire and graphene are considered, it is 
found that the lattice parameter of sapphire (0.479 nm) is smaller than that of graphene (0.492 nm), leading 
to the compressive strain in graphene. It is clear that graphene on the thinner VO2, which has less strain 
relaxation compared with the thicker one, would be more subject to the compressive strain from the 
sapphire substrate, corresponding to the higher G peak position of bilayer-graphene/(50 nm)VO2. The 2D-
bands depicted in Fig 34.(b) and (d) could be fitted with 4 Lorentzian peaks, correctly contributing to the 
observed peak sums and demonstrating the Raman characteristic of bilayer graphene. Moreover, comparing 
these 2D-bands with the 2D-band of bilayer graphene of 2.33-eV (~532 nm) laser in Fig 24.(b), the 
resemblance is clear, indicating bilayer nature of graphene in the obtained bilayer-graphene/VO2. However, it 
could be observed that the fitted 2D2A intensity of the bilayer-G/(100 nm)VO2 is lower than that of the 2D2B, 
contradictory to the explanation given in ref [43] which stated that the 2D(1,2)A intensity is higher than that of 
2D(1,2)B due to the dominant qA phonon scatterings.  

Furthermore, shifting of the major Raman modes of VO2 is shown in Table 1. All these modes 
experience blue shifts after the graphene deposition. For the low-energy modes at 194 and 224 cm-1, there 
are slight shifts of approximately less than 1 cm-1 for both VO2 thicknesses. In contrast, the high-energy mode 
at 612 cm-1 of 50-nm VO2 blueshifts considerably about ~2.26 cm-1. On the report of Nazari et al., shifting due 
to strain generally affects the 612 cm-1 vibration the most.38 This was deduced from the Raman comparison 
among VO2 on m, c and r sapphire substrates. As the sapphire substrates have different orientations, the 
amounts of strain induced in VO2 are also different. From the experiment by Nazari et al., it turned out that 
the 612 cm-1 peak positions varied distinctly, while 194 and 224 cm-1 modes were approximately the same for 
all 3 orientations. Moreover, they also stated that the pronounced blueshift of 612 cm-1 mode at room 
temperature was attributable to the tensile stress parallel to the sapphire substrate plane, which produced 
compressive strain in the growth direction. Likewise, the blue shift in this case might derive from V-O bond 
shortening from the out-of-plane compressive strain in VO2. Although the 612 cm-1 shifting of 100-nm VO2 
exceeds others in the 100-nm spectrum, it is far less than that of the 50-nm one. 

Mode 
Peak Position 

(cm-1) 
Type of Shifting Δ (cm-1) 

50 nm 100 nm 50 nm 100 nm 
A1g ~ 194 Blue shift Blue shift 0.54 0.65 
A1g ~ 224 Blue shift Blue shift 0.65 0.60 
A1g ~ 612 Blue shift Blue shift 2.26 0.72 

Table 1. Peak shifting after the graphene deposition. Δ represents the amount of peak shifting. 
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4.6 Temperature-dependent Raman spectra of bilayer-graphene/SiO2, (100 nm)VO2/Al2O3, and 
bilayer-graphene/(100 nm)VO2/Al2O3  

 
Fig 35. The bilayer-graphene flake on SiO2.  

Starting with bilayer-graphene/SiO2, from the Raman data in Fig. 36(a) and(b), the red shift and 
decreasing FWHM with increasing temperature are spotted as expected from normal graphene on SiO2 
wafer.29,49 These phenomena are associated with 2 interactions, namely the electron-phonon and the 
anharmonic phonon-phonon interactions. The electron-phonon scattering probability is proportional to the 
difference between the occupations of states below and above the Fermi level of graphene. Since the 
electron occupation transfers from the filled states to the empty states above the Fermi level with rising 
temperature, the scattering probability is lowered and hence the decreasing FWHM. It might also seem odd 
that the red shift of the G-band is present rather than the blue shift from a shorter bonding distance as usual, 
but the fact is that 4-phonon scattering dominates the system, leading to phonon softening.50 Additionally, 
there is no significant change in the intensities for both G-band and 2D-band over the temperature range.ǰThe 
2D1A and 2D2A peaks (the 2 highest peaks in the 2D-band) are more individually pronounced as the 
temperature increases (not peak splitting).  
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SiO2 
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Fig 36. Temperature-dependent Raman spectra of bilayer-G/SiO2. (a) G-band shifting. (b) FWHM as a function of temperature. (c) 

Raman shifts as a function of temperature. The temperatures shown are approximate with ±3.5 °C error. 
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For 100-nm VO2 and bilayer-graphene/(100 nm)VO2, the characteristic Raman shifts of VO2 gradually 
fade with increasing temperature, become indiscernible with luminescence background above 55 °C, and 
completely disappear at 65 °C. It is clear that the intensities of the VO2 spectra between 30-50 °C are more 
pronounced than those of bilayer-graphene/(100 nm)VO2. On the other hand, above 50 °C to the transition 
point, the intensities and the peak shape of bilayer-graphene/(100 nm)VO2 are more obvious than those of 
100-nm VO2. It cannot be seen whether graphene affects the TMIT of VO2 as both 100-nm VO2 and bilayer-
graphene/(100 nm)VO2 undergo transition simultaneously in the temperature range 60-65 °C. Normally, the in-
plane tensile strain would cause an increase in TMIT of VO2 as it leads to the increasing V-V distance along cr 
axis and hence the destabilized metallic phase.51 According to Zhou et al. and Kim et al., a decrease in TMIT of 
VO2 in the VO2-graphene hybrid film is expected to result from electron injection and strain from different 
types of thermal expansion.23-25 Therefore, it is likely that the fact that bilayer-graphene/(100 nm)VO2, which is 
subject to the in-plane tensile strain, exhibiting no increasing TMIT is due to a countereffect from electron 
injection from bilayer graphene. Furthermore, red shifts from all major modes of VO2 with or without bilayer 
graphene are detected and shown separately in Fig 37.(a), (b), and (c). The red shifts of the low-energy 
phonon modes are anticipated according to ref. [38] which explained the effect of the mismatches in the 
UIeSNaMǰeYQaOTJPOǰcPeGųcJeOUT. Moreover, the high-energy mode at ~620 cm-1 of bilayer-graphene/VO2 blue 
shifts a little at first, then it plummets to around the red shift of its VO2  counterpart at 55 °C. Recalling that 
the blue shift of the high-energy mode stems from the compressive stress from the M2 phase at the 
intermediate temperature, it is plausible that there is no partial transformation from M1 to M2 phase in this 
100-nm VO2 sample.  

 As for the G-band of bilayer graphene on 100-nm VO2 (Fig 38.), the FWHM decreases with elevating 
temperature, in accordance with ref. [29], [49] and [50], and the bilayer-graphene/SiO2 clarified earlier. 
Interestingly, the peak position shows the peculiar behavior, beginning with red shift and turning to blue shift 
at ~60 °C. This is unexpected, as the blue shift of the G-band normally originates from the in-plane 
compressive strain in graphene, but VO2 itself has the positive expansion coefficient. Moreover, the intensities 
of the G-band and the 2D-band remain approximately the same through out the experiment. 

 It should be noted that the real sample temperatures would be slightly less than the reported 
values due to air gap interface. 
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Fig 37. Raman shifts as a function of temperature of 100-nm VO2 (solid line) and bilayer-graphene/(100 nm)VO2 (dashed line) at 
(a) ~192 cm-1 mode, (b) ~223 cm-1 mode, and (c) ~620 cm-1 mode. Overall temp-dependent Raman spectra of (d) 100-nm VO2 

and (e) bilayer-graphene/(100 nm)VO2. The temperatures shown are approximate with ±3.5 °C error. 
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Fig 38. Temperature-dependent Raman of bilayer-graphene/(100 nm)VO2. (a) FWHM of G-band as a function of temperature. (b) 
G-band shifts as a function of temperature. (c) Overall temperature-dependent Raman spectra of bilayer-graphene/(100 nm)VO2. 

The temperatures shown are approximate with ±3.5 °C error. 
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5. Summary 

It is evident that the hybrid structure of bilayer-graphene/VO2 is excellent in terms of the crystal 
quality since VO2 samples exhibit strong-textured crystallinity and there are no defect peaks found in Raman 
spectra of bilayer graphene on VO2. There is no post-annealing at high temperature, hence graphene quality 
would not suffer from the oxidation. Moreover, VO2 can be prepared by the RBTIBD method which allows 
highly-oriented crystallinity to avoid the effect of graphene wrinkles. However, the insufficient contrast 
between VO2 and graphene makes it difficult to find few-layer graphene flakes, and almost impossible for the 
monolayer one. If the hybrid is to be developed for a large-scale production, other graphene depositions are 
required.    

Depositing graphene on VO2 clearly affects the strain in VO2. The blue shifts of phonon energy from 
all 3 significant modes of VO2 are observed, especially the largest upshift of V-O vibrations in the thinner (50 
nm) sample. This might be attributable to the in-plane tensile stress or the out-of-plane compressive strain in 
VO2. Simultaneously, the G-band of bilayer graphene on 50-nm VO2 shows larger phonon energy than that on 
100-nm VO2, implying more compressive strain in bilayer graphene on 50-nm VO2. Considering that the lattice 
parameter of the sapphire substrate is smaller than that of graphene and the thinner VO2 sample is more 
vulnerable to the substrate clamping effect, it is reasonable to assume that the higher compressive strain in 
bilayer graphene on 50-nm VO2 originates from the sapphire substrate. Furthermore, from the temperature-
dependent Raman data, the SPT seems to occur before the MIT: the calculated TMIT is about 70±5 °C, while 
the characteristic peaks of 100-nm M1-VO2 vanish in the temperature range 60-65 °C. It cannot be concluded 
as to whether the hybrid with graphene reduces the TMIT since the Raman spectra of both structures disappear 
in the same period between 60 °C and 65 °C. It is possible that the effect of the in-plane tensile strain in VO2 
with bilayer graphene on the increase in the TMIT is overshadowed by the electron injection from graphene, 
the process which potentially reduces the TMIT. For the 2 low-energy modes of VO2, almost similar red shifts 
take place for both structures. However, the trends in the high-energy mode diverge, with the slight blue shift 
at the beginning of bilayer graphene/(100 nm)VO2 before the massive downshift to the vicinity of the red shift 
of VO2. Normally, VO2 with M2 intermediate state would exhibit the high-energy blue shift due to the internal 
stress, so the VO2 sample used in this experiment might be deemed transforming directly from M1 to R 
phase. The intensities of the G-band and 2D-band of this hybrid bilayer graphene/(100 nm)VO2 remain roughly 
the same over the heating period; however, the G-band experiences the large red shift during the first half 
and then blue shift beyond the VO2 approximate transition point. The result is actually in contrast with the 
normal shifting trend of the G-band, as it tends to red shift with the increasing temperature.  
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During the course of this research, VO2 samples were fabricated and characterized via XRD and AFM 
beforehand at the University of Virginia, USA. The author has carried out graphite exfoliation, Raman 
spectroscopy and temperature-dependent Raman spectroscopy. There are many interesting details noted 
from the obtained results: the effect of the choice of substrates on the hybrid layers, the effect of the VO2 
film thickness on graphene, the effect of graphene on VO2 and vice versa as observed from the strain in the 
materials and the transition behavior, and the peculiar blueshift with increasing temperature of graphene on 
VO2.  
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