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A B S T R A C T   

Microcrystals orientation distribution in triclinic vanadium dioxide VO2 (T) films was investigated by polarized 
Raman scattering with a resolution of few μm and confirmed by electron backscatter diffraction. Euler angles 
used to describe the orientation of the crystal were determined by two different techniques and good agreement 
between the values was achieved. Finally, it was demonstrated that Raman scattering could be used to identify 
the direction of the lattice vector c for (002) crystals in consequence of the triclinic nature of VO2 (T).   

1. Introduction 

Raman spectroscopy is routinely used to analyze the phase compo-
sition of unknown samples, including biological molecules, [1] carbon 
materials [2], minerals [3,4], oxides [5,6], gases [7] and others. Every 
molecule or crystal has its own set of vibrations or phonon modes and 
their energies and relative intensities directly obtained in Raman spec-
trometer provide easy identification of the sample structure. Unfortu-
nately, simulating Raman spectra requires complex DFT calculations 
and usually it is not possible to predict phonon energies for a sample 
with known structure accurately due to limitations of existing theories 
[8–10]. Thus the database of experimental reference spectra is required. 
Besides simple structural identification, Raman spectra may be used to 
determine different physical or chemical properties of the sample. 
Simple equations or correlation curves may be derived to find the 
dependence of Raman line positions, widths or relative intensities on the 
sample temperature [11,12], stress [13,14], chemical composition 
[15–17], lengths or orders of chemical bonds [18], size of crystals [19]. 

Raman spectrometers are usually equipped with linearly polarized 
lasers. Interaction of polarized light with anisotropic media depends on 
the orientation of the polarization vector. For single crystal samples, this 
leads to the significant dependence of relative Raman peak intensities on 
sample orientation. [20,21], This dependence can be described in terms 
of Raman tensor R [22]: I ∼ eiRes, where I is the Raman intensity and ei 
and es are the unit polarization vectors of the incident and scattered laser 
beams, respectively. R depends on crystal orientation as R =

Φ(φ, θ, ψ)RcrΦ− 1(φ, θ, ψ), where Φ is the transformation matrix of 

Euler’s angles (φ, θ, ψ) required to bring the crystal into coincidence 
with principal axes directions and Rcr is a Raman tensor expressed in this 
axes directions (Φ− 1 corresponds to the inverse matrix of Φ). If crystal 
orientation is known (angles φ and θ) and a set of measurements 
including in-plane crystal rotation is done (dependence of Raman mode 
intensity I on Euler angle ψ), one can determine Raman tensor elements 
Rcr. It has recently been done for some important materials including 
BaTiO3 [23], CrPS4 [24], black phosphorus, [25,26], SnSe [27], gra-
phene [28], AlN [29], VO2 (M1) [30] and many biological systems [31]. 
Similarly, if Raman tensor Rcr is known and I(ψ) is measured, it is 
possible to determine the orientation of the crystal. The most advanced 
systems can do this automatically yielding an accuracy better than 1 ◦. 
[32] An important advantage of this technique is the capability to build 
full three-dimensional orientation maps of the grains. 

Vanadium dioxide (VO2) demonstrates sharp near room temperature 
metal-insulator transition from an insulating monoclinic low- 
temperature M1 phase to a conductive tetragonal high-temperature R 
phase. [33] The mechanism of this transition is debatable [34] and may 
involve the formation of intermediate phases such as triclinic VO2 (T). 
[35] Recently, we produced a VO2 (T) film with micrometer-sized single 
crystal domains and used polarized Raman scattering measurements to 
determine tensor elements for this phase. [36] In this work, we use 
values of these elements to build orientational maps of VO2 (T) micro-
crystalline film. We also build similar maps applying the conventional 
technique for it, electron backscatter diffraction, and compare the 
results. 
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2. Material and methods 

Vanadium dioxide films were deposited by a cathodic arc sputtering 
of a vanadium target in an oxygen atmosphere as described in our pre-
vious work. [36] The substrate was (001)-oriented Al2O3 and VO2 (T) 
film thickness was about 80 nm. 

An X-ray diffraction (XRD) pattern of the film in θ–2θ geometry was 
acquired using a Bruker AXS D8 DISCOVER setup with a Cu Kα (0.15418 
nm) radiation. 

Raman scattering study was done using a Horiba Jobin Yvon micro- 
Raman spectrometer LabRam HR800 with an x100 magnification 
objective (numerical aperture of 0.9). Measurements were conducted at 
room temperature in the air environment. A He-Ne laser with a 632.8 
nm wavelength was used to excite Raman scattering. Laser power on the 
sample was 0.5 mW, and a spot diameter was about 2 μm. Raman 
mapping was done with a resolution of 2.5 μm. The spectra were 
collected in the range of 100–360 cm− 1. After subtracting the linear 
background, 8 pseudo-Voigt functions were used to fit the spectrum. The 
intensity of each Raman band was calculated as the area of the corre-
sponding pseudo-Voigt peak. The total acquisition time for each point of 
the map was 2 min. All polarized measurements were done in the par-
allel (XX) configuration. 

Scanning electron microscopy (SEM) images of VO2 films were ac-
quired using a Hitachi SU3500 SEM electron microscope operated at 20 
kV. Additional higher resolution SEM images were obtained in a 
TM4000Plus microscope operated at 15 kV. In both cases, we used a 
backscattered electron detector since it provided the highest contrast for 
our samples. 

Electron backscatter diffraction (EBSD) patterns were collected using 
a Hitachi SU3500 / Model3500 SEM electron microscope. The sample 
tilt was 70 ◦, and the distance between the sample and the detector was 
about 22 mm. The mapping was done with a resolution of 128 × 96 
pixels on the area of 130 × 280 μm. Acquired maps were automatically 
analyzed by Bruker ESPRIT 2.1 software. For calculations, VO2 (T) lat-
tice constants and atomic positions were chosen according to ref [37]. 

3. Results and discussion 

3.1. VO2 (T) film overview 

Vanadium oxide films consisting of micrometer-sized VO2 (T) do-
mains were investigated in detail in our previous work. [36] Briefly, the 
film contained two different regions: large flat crystalline domains 
(point I in Fig. 1a) and zones consisting of nanocrystalline grains (point 
II in Fig. 1a). Raman scattering (Fig. 1b) and X-ray diffraction (Fig. 1c) 
results demonstrated that the produced vanadium oxide phase is 
triclinic VO2 (T). The crystals have two different orientations: (201) and 
(002). Detailed investigations revealed that (002) crystals are epitaxial, 
while (201) are not. 

3.2. EBSD mapping 

Crystal orientation in EBSD analysis is described in terms of three 
Euler angles (EA) (φ1, φ, φ2), where φ1 is the first rotation is around Z, φ 
is the second rotation around X, and φ2 is the third rotation around Z. 
Since VO2 (T) phase can be described as a slightly distorted highly 
symmetric rutile structure, its automatic indexing using EA is ambig-
uous. Some examples are given in Fig. S1 (Supporting Information), 
where different crystal orientations correspond to nearly identical EBSD 
patterns. As a result, the EA map automatically generated by ESPRIT 
does not give any evidence about grain distribution [Fig. S2a (Sup-
porting Information)]. We developed a simple algorithm to correct this 
(see Supporting Information for details). The resulting corrected map is 
shown in Fig. S2b (Supporting Information) and it was stretched and 
blended with SEM image (Fig. 2). Five different domains of VO2 (T) 
(around points 1, 2, 3, 4 and 6) can be clearly seen. Sapphire substrate 

gives the dark red area at the bottom of the map (point 7). The area 
around point 5 does not give any good pattern due to the nanocrystalline 
character of the material. 

For each domain, we chose the point with the best EBSD pattern and 
analyzed it manually. Since we expect only (201) and (002) orientations 

Fig. 1. (a) SEM image of the VO2 (T) film. (b) Raman spectrum of a VO2 (T) 
crystallite. (c) XRD pattern of the VO2 (T) film (intensity is given in logarith-
mic scale). 

Fig. 2. EBSD map of VO2 (T) film blended with SEM image. Red, green and 
blue channels are proportional to EA φ1, φ and φ2 respectively. 
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of VO2 (T), we tried to fit experimental patterns using simulations with 
EA of (φ1, 45 ◦, 90 ◦) and (0, 0, φ2) [or (0, 180 ◦, φ2)]. The results are 
presented in Fig. 3 and Fig. S3 (Supporting Information) and summa-
rized in Table 1. Three non-epitaxial (201) VO2 (T) crystals (points 2, 4 
and 6) and Al2O3 substrate (point 7) give very good agreement between 
experiment and simulation. On the other hand, the fit is not very good 
for epitaxial (002) VO2 (T) crystals (points 1 and 3). It might be 
explained by the epitaxial stress or some out-of-plane misorientation of 
these domains. 

3.3. Raman mapping 

Raman map of the area similar to that shown in Fig. 2 was built based 
on intensities of Raman modes located around 222, 226, 309 and 340 
cm− 1 (Fig. 4). These particular modes were chosen to generate the false- 
color map since they are especially sensitive to crystallographic orien-
tation highlighting the contrast between differently oriented crystallites. 
EBSD and Raman maps give similar pictures with a resolution of few μm. 
In contrast to EBSD mapping, Raman scattering gives a good signal from 
nanocrystalline VO2 (T) areas (point 5). On the other hand, the Raman 
contrast between crystals 4 and 6 in Fig. 4 is faint. 

To determine the orientation of VO2 (T) at a certain point, additional 
Raman measurements involving full in-plane crystal rotations were 
applied. The intensity of each Raman mode depends on crystal orien-
tation [36]: 

IXX
Ag(i)(201)

∝
(

1
2
(ai + ci − 2di)cos2ψ + bisin2ψ +

1̅
̅̅
2

√ (ei − fi)sin2ψ
)

2 (1.1)  

IXX
Ag(i)(002)∝

(
aicos2ψ + bisin2ψ + eisin2ψ

)2 (1.2)  

where ai, bi, ci, di, ei and fi are Raman tensor elements for i-th mode and ψ 
is the third EA. Note that EA for Raman tensor formalism are determined 
as (φ, θ, ψ), where φ is the first rotation is around Z, θ is the second 
rotation around Y, and ψ is the third rotation around Z. Equations (1) 
were plotted in polar coordinates, where azimuth equals to ψ and radial 
vector equals to Raman mode intensity. Fig. 5 shows such plots for a few 
selected modes for three points of the map, while a complete set of data 
is presented in Fig. S4 (Supporting Information). Experimental curves 
are shifted relative to simulation depending on the initial orientation of 

the crystal in the spectrometer. This shift (dψ) is equal to the third EA 
and its average value for each crystal is given in Table 1. Fig. 5c and 
Fig. S4e (Supporting Information) show only experimental dependence 
with nearly constant intensities of all lines, which is consistent with 
nanocrystalline nature of the film at point 5. 

The initial position of the sample in Raman spectrometer is shown in 
Fig. 6, and once we know dψ, we can determine the directions of lattice 
vectors. For both (002) and (201) crystals the angle between the laser 
beam polarization vector and the lattice vector b equals 90 ◦ – dψ. 

To match the optical image (Fig. 6) with the electron image (Fig. 2 or 
4) we have to apply a rotation by an angle of 81 ◦. So, the angle between 
the lattice vector b and horizontal axis in Fig. 2 can be calculated as 
αRaman = 99◦ − ψ . 

Now we can compare this value with the results from EBSD mea-
surements. EBSD map is slightly rotated with respect to Fig. 2 (by 5 ◦), so 
the angle between the lattice vector b and horizontal axis in Fig. 2 can be 
calculated as αEBSD = 85◦ − φ2 for (002) crystal and αEBSD = 85◦ −

(270◦ − φ1) for (201) crystal [since (φ1 = 270 ◦ – α, φ = 45 ◦, φ2 = 90 ◦) is 
equivalent to (φ = 0, θ = 45 ◦, ψ = α), where α is an arbitrary angle]. 
From Table 1 we can see a reasonably good agreement between crystal 
orientations determined by EBSD and polarized Raman measurements. 

Triclinic VO2 (T) may be considered as a continuously distorted 
variant of the VO2 (M1) monoclinic phase and it exists at a wide range of 
lattice strains. [38] Our sample consists of many individual VO2 (T) 
crystals and each of these crystals has its own structure with individual 
lattice constants and atomic positions. Experimentally, it was observed 

Fig. 3. Left: experimental EBSD patterns for points from Fig. 2: (a) 7 (Al2O3), 
(b) 4 and (c) 1. Right: simulated EBSD patterns for certain EA (φ1, φ, φ2). 

Table 1 
EA describing orientations of different VO2 (T) crystals with respect to the Al2O3 
substrate measured by EBSD (φ1, φ, φ2) and polarized Raman spectroscopy (φ, θ, 
ψ).  

# (φ1, φ, φ2) (φ, θ, ψ) αRaman – αEBSD 

1 (002) (0, 180, 42 ◦) (0, 180 ◦, 74 ◦) 18◦

2 (201) (191 ◦, 45 ◦ , 90 ◦) (0 ◦, 45 ◦, 105 ◦) –12◦

3 (002) (0, 0, 0 ◦) (0, 0, –2 ◦) 16◦

4 (201) (284 ◦, 45 ◦ , 90 ◦) (0, 45 ◦, 7 ◦) –7◦

6 (201) (274 ◦, 45 ◦ , 90 ◦) (0, 45 ◦, 7 ◦) 3◦

7 (Al2O3) (0, 0, 19 ◦) – –  

Fig. 4. Raman map of the VO2 (T) film blended with SEM image. Red, green 
and blue channels are proportional to intensities of Raman lines (Ix is the in-
tensity of the line near x cm− 1, Isum is the integral intensity of the ac-
quired spectrum). 
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by XRD (the splitting of certain peaks into many narrow components) 
and by Raman spectroscopy (the shifting of certain peaks). [36] The 
variation of crystal structure leads to uncertainty in Raman tensor ele-
ments and although in most cases the deviation is not too significant, 
this is true not for all elements and all phonons. For instance, the fit for 
the mode at 309 cm− 1 in Fig. 5b is made assuming 1

2 (a + c − 2d) =

58.5, b = 23 and 1̅ ̅
2

√ (e − f) = 0.7. The best fit will be achieved if we use 
the values of 54, 36 and 0.6, respectively. Thus, the value of b should be 
modified significantly, but the same behavior was observed for some 
elements in our previous work. [36] Also, if we apply the rotation of 
dψ = 7 ◦ (the average angle for the crystal, instead of 17 ◦, the angle for 
the mode at 309 cm− 1), the coefficients to achieve the best fit will be 54, 
37 and –2.5. Thus, the small variation of e and f tensor elements can 
cause significant angular uncertainty. This explains the misorientation 
on the order of ±15 ◦ observed in Table 1 and the large deviation of 
dψ for different lines of the same crystal. 

Experimental dependencies of Raman mode intensity on sample 
rotation angle for crystal 1 can not be fitted by equation 1 using roughly 
the same values of dψ for all modes. During the measurements, we 
discovered that spectra for crystal 1 are similar to those for crystal 3 but 
they appear in the reverse order (as if the crystal is counterrotating) 

Fig. 5. Dependencies of Raman modes intensity on the sample rotation angle for points from Fig. 2: (a) 3, (b) 4 and (c) 5. The plots are given in polar coordinates. 
Theoretical fits based on equations (1) for (002) crystal (a) and (201) crystal (b) are given as solid red curves. Black open circles are experimental data after 
additional rotation by an angle of dψ. 

Fig. 6. Optical image of the area around points 3 and 4. Laser polarization is 
vertical. Lattice vectors are drawn based on Raman scattering measurements. 
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(Fig. 7). It is possible if crystal 1 has EA θ = 180 ◦, i.e. lattice vector c is 
directed toward the substrate. Such crystal can be described by Eq. (1.2) 
if we assume the transformation of ψ → –ψ or, equivalently, ei → –ei. The 
fact that we can determine θ for (002) crystal (θ = 0 or θ = 180 ◦) by 
Raman scattering results from the triclinic nature of our material. If we 
had monoclinic symmetry of VO2 (M1), we would have ai = bi = 0 or ei =

0. In both cases, I(ψ) = I(–ψ) and we would never observe the behavior 
similar to that shown in Fig. 7. 

4. Conclusions 

Triclinic vanadium dioxide films with micrometer-sized grains were 
mapped using EBSD and polarized Raman spectroscopy. Both methods 
could be used to distinguish differently oriented grains with a resolution 
of few μm. Euler angles determined by two different techniques showed 
relatively good agreement, verifying the results for VO2 (T) Raman 
tensor element values obtained previously. We demonstrated that the 
triclinic nature of the sample could naturally remove the ambiguousness 
of some EA identification [θ = 0 or θ = 180 ◦ for (002) grains]. Overall, 
we show the capabilities of polarized Raman spectroscopy performed on 
the ordinary spectrometer on the real-life sample (crystals having 
varying lattice constants and epitaxial stress, the film morphology 
affected by the dewetting process). Our work is one of a few examples of 
polarized Raman investigation of crystals with the lowest (triclinic) 
symmetry. 
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