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Abstract. In this paper, pulsed laser deposition (PLD) at low partial oxygen pressure
(∼ 10 mTorr) was used to obtain VO2 thin films. During the PLD, the deposition temperature
and number of pulses were varied in order to obtain a good sample crystallinity. It was
showed by atomic force microscopy (AFM) micrographs that the mean grain size increased
from ∼ 40 nm to ∼ 90 nm at a variation of the deposition temperature from 400 ◦C to 500 ◦C.
Further, by increasing of both substrate temperature and number of pulses, the mean grain
size increases to 220 nm. According to the Rietveld refinement of the experimental X-ray
diffraction (XRD) pattern, within the grain size increasing, the mean crystallite size increased
from 14 nm to 22 nm, as well as a decreasing of the lattice strain from 0.29% to 0.20%.
These dependencies further imply a decreasing of the dislocation density of 2.3 to 0.9 ×
1012 cm−2. At the same time, the optical band gap decreased from 0.72 eV (400 ◦C) to
0.66 eV (500 ◦C), reaching 0.60 eV (600 ◦C). Further investigations performed by X-ray
photoelectron spectroscopy (XPS) showed the vanadium oxide presence, by the spin-orbit
splitting of approximately 7.5 eV between V 2p3/2 and V 2p1/2 orbitals. Finally, the electrical
measurements done in the range of 250 − 370 K reveal a close relationship between the
dislocation density and the observed resistance-temperature dependence.

Key-words: Pulsed laser deposition; resistance-temperature curves; Rietveld refinement;
vanadium oxide; X-ray diffraction.
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1. Introduction

Vanadium oxide (VOx) compounds give unique properties that can be further exploited for
a wide range of applications, such as charge storage, photodetectors, sensors, smart windows or
photocatalysis [1, 2]. Due to the multioxidation states and various crystalline structure (+2 for
VO, +3 for V2O3, +4 for VO2, and +5 for V2O5), vanadium oxide properties are strongly linked
with the actual oxidation state. For example, vanadium dioxide (VO2) demonstrates a significant
change in resistance (for microbolometers) or in the transmission spectrum (for thermochromic
coatings) with varying temperature. On the other hand, the layered crystal structure of vanadium
pentoxide (V2O5) leads to the reversible lithium-ion insertion/extraction processes, becoming
suitable for electrochromic coatings and charge storage devices. Moreover, vanadium trioxide
(V2O3) has been used extensively in energy related applications due to the oxygen deficiency
which provide more active sites and gives a high specific capacity [3]. Metal-to-insulator phase
transition (MIT) is a peculiar feature in VOx and can be achieved by variation of temperature,
pressure or doping. In particular, by temperature changes can induce large changes in the struc-
tural, electronic and optical properties. During the transition, a critical temperature (Tc) can be
defined for which the crystal structure undergoes from a monoclinic insulator phase to a tetrag-
onal metallic phase. Due to the Tc ∼ 340 K, VO2 has been subject of intensive research in the
last decades, from both a fundamental and applicative point of view. Below Tc, VO2 exhibits
a monoclinic structure with P21/c space group in which the partially filled d-band is split into
an unoccupied part pushed past the π∗ band and the filled part of the d-band. Above the Tc,
VO2 transforms to a tetragonal (rutile) phase with the partially filled d-band located at the Fermi
level and the material is metallic [4–6]. Recently, a detailed analysis using in-situ synchrotron
X-ray diffraction unveiled subtle fingerprints of this complexity in the structure of epitaxial films.
During the phase transition, the crystal structure progressively transforms from monoclinic (∼30
◦C), to a monoclinic-tetragonal mixt phase (∼45 ◦C), and then to tetragonal phase (∼60 ◦C) [7].
Concomitantly, with increasing the temperature from 25 ◦C to 70 ◦C, a change of resistivity of
more than two orders of magnitude took place. In this regard, MIT have aroused a great interest
due to the multiple applications, such as sensors, memories, ultrafast switches, thermochromic
coatings or microbolometers. Unfortunately, despite of multiple practical applications, obtaining
phase pure VO2 remains still challenging because of its narrow range of stability in the VO2

phase of V-O phase diagram [8]. Several deposition techniques have been adopted in literature to
obtain high quality VO2, such as chemical vapor deposition [9, 10], reactive magnetron sputter-
ing, DC/RF magnetron sputtering [11, 12] or pulsed laser deposition [13–17]. In addition to other
methods, PLD affords to fabricate materials by stoichiometrically transferring target material, as
well as a highly directional plasma plume towards the substrate can be created [18]. Moreover,
high quality VO2 thin films or nanostructures can be easily obtained, since it can be performed
under considerably high background pressure. During the growth, the partial oxygen pressure is
one of the major parameters which dramatically alter the stability of VOx due to the multivalent
states of vanadium. Also, the deposition temperature plays a crucial role in the formation of dif-
ferent phases and polymorphs. Bukhari et al. reported that the gas flow rate affects the resistivity
contrast between the metallic and insulator phase, the temperature ranges of transitions and the



Microstructure of VO2 Thin Films Synthesized by Pulsed Laser Deposition 231

width of hysteresis [17]. Koussi et al. showed that by modifying the annealing temperature, both
the transition temperature and hysteresis parameters can be controlled [16].

Moreover, the phase transition characteristics are strongly linked to the nature of the de-
posited material, especially in terms of grain size and defects. In general, many thin films proper-
ties have been demonstrated to have an influence on the insulator-to-metal transition parameters,
such as surface morphology (roughness, defects), epitaxial lattice match, grain size and nature
of grain boundaries. For instance, Suh et al. [14] showed that the width and shape of the hys-
teresis cycle are determined by the competing effects of crystallinity and grain size in VO2 thin
films on Si (100). Later, Narayan & Bhosle [19] showed that the sharpness and amplitude of the
MIT transition and the hysteresis upon heating and cooling are found to be a strong function of
the crystal structure and averaged crystallite size [11, 10]. According to [20], the narrowing in
the band gap enhances the electron-electron interaction, that further facilitates Mott transition in
VO2. Thus, it is essential to develop suitable growth procedures, capable of crystalline VO2 syn-
thesis, preferably without post-annealing treatments. In the meanwhile, a detailed understanding
of the relationship between the growth parameters and the resulted microstructure is necessary
in order to explain different optical and electrical properties.

In this paper, we start from our previous work, where the deposition of VO2/SiO2/Si by PLD
in one-step process was optimized, without any post-thermal processes [21]. Our findings clearly
indicate that the obtaining of VO2 layers with high crystal quality (low dislocation density) need
the use of high deposition temperatures. Also, our results showed that the optical band gap is af-
fected by the dislocation density, being reported a decrease from 0.9 eV to 0.6 eV, at a decreasing
of dislocation density from 3 to 0.9× 1011 cm−2. Also, the electrical measurements pointed out
that the dislocations in VO2 induce different features in the dependence of the resistance with
temperature.

2. Experimental Details

2.1. Synthesis of VO2

The samples were grown on low-resistivity Si(100)/SiO2 (3nm) substrate from a V2O5 target
with high purity by PLD using a KrF excimer laser (Lambda Physik COM-Pex 201, λ = 248
nm wavelength). Film growth conditions were 10 mTorr gas pressure of pure O2, laser fluence
of 1.6 J/cm2 and target-to-substrate distance of 54 mm. The substrate temperature was modified
from 400 ◦C to 500 ◦C, and then to 600 ◦C. The number of pulses was 3000 for the first two
samples and 8500 pulses for the latter one. The cool rate was kept at 20 ◦C/min in each case.
For these films, the repetition rate was set at 5 Hz and the resulted thicknesses according to XRR
are: 90 nm (400 ◦C, 3000 pulses), 140 nm (500 ◦C, 3000 pulses) and a thicker film at (600 ◦C,
8500 pulses).

2.2. Characterization
The microstructure of the growth films was evaluated by X-ray diffraction using a MRD

X’Pert Pro diffractometer from Malvern-Panalytical with CuKα1 radiation with wavelength,
λ = 0.15406 nm. The AFM micrographs have been acquired using Ntegra Aura (Nt-MDT)
equipment, operated in semicontact (intermittent-contact) mode. The diffuse reflectance spectra
of the films were collected at room temperature using an integrating sphere mounted inside Cary
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5000 spectrophotometer (Agilent Technology, Santa Clara, CA, USA). The diffuse reflectance
spectra (DRS) spectra were collected from 200 nm to 1600 nm by 1 nm intervals. All spectra
were baseline corrected with 100% R baseline collected over the same spectral domain using
a white polytetrafluoroethylene standard sample. Further, the Tauc function was applied to the
recorded DRS spectra. X-ray photoemission spectroscopy (XPS) spectra were recorded on a
Sigma Surface Science photoelectron spectrometer equipped with a 160-mm hemispherical en-
ergy analyzer with a 1D detector (ASPECT) and using a poly-chromatic Al X-ray (with Kα=
1486.6 eV) source at 13 kV at a power of 200 W. The area of interest was 1.3 × 1.3 mm2. The
analysis was performed by CasaXPS software with in advance subtracting the satellites due to the
Kβ radiation. All spectra were fitted using a Shirley type background and a Lorentzian-Gaussian
peak shape.

2.3. Electrical measurements

Current – voltage (I-V) measurements were acquired on test samples using an electrical char-
acterization system for wide ranges of temperature. It consists of a Keithley 4200 semiconductor
characterization system and a Janis closed cycle refrigerator able to cool down up to 14K and to
heat up to 500K. I-V characteristics were performed on a voltage interval between -2 – 2V, with a
step of 10 mV. The 250 – 370K temperature interval was chosen for investigating our fabricated
samples, acquiring at each 5K step a new I-V curve. Using the above-mentioned electrical mea-
surements, we calculated the resistance obtained at each measure temperature, from the revers of
the slope. Finally, we plotted the resistance variation as a function of temperature.

2.4. Results and discussion

Figure 1a presents the AFM images of the grown samples on 2 × 2 µm scan size. One can
observe that the microstructure of these samples consists from grains distributed uniformly on
the whole investigated area.

The grain size was analyzed using the open-source software ImageJ [22]. As can be observed
in Fig. 1b, the grain size is dependent by the growth conditions. At low deposition temperature
of 400 ◦C, the grain size was evaluated at ∼ 40 nm. Further, by increasing the deposition temper-
ature at 500 ◦C, the grain size reaches two-fold higher values (e.g. ∼ 90 nm). For the last sample,
the deposition temperature was increased to 600 ◦C, and concomitantly the number of pulses was
modified to 8500 pulses in order to achieve higher grains, as well as a thicker film. In this case,
big grains with diameter above 300 nm were detected. In the following, X-ray reflectivity (XRR)
patterns were recorded to get the thickness of the deposited layers. In Fig. 2a, one can notice the
presence of the Kiessig interference fringes at 3000 pulses.
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Fig. 1. a) AFM images for the obtained samples by PLD and b) distribution of the grain size
according to the ImageJ analysis on ∼ 100 grains.

Fig. 2. a) XRR patterns and b) GI-XRD and Rietveld data with corresponding fitting parameters
Rwp and S on the investigated samples.
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Generally, these fringes appear only in the films with small surface roughness and result from
the interference between the reflected X-ray beam from the surface and the one from the interface
to the substrate [23]. By analyzing the period of the fringes (labeled as ∆θ in Fig. 2a), the film
thickness, t may be determined with the following equation [24]:

t =λ /∆θ (1)

where λ = 0.15406 nm is the X-ray wavelength for CuKα1. Based on eq. (1), it was determined
that the thickness ∼ 90 nm (400 ◦C, 3000 pulses), ∼ 140 nm (500 ◦C, 3000 pulses), while for
the latter sample (600 ◦C, 8500 pulses) no interference fringes can be obtained in XRR pattern.
An explanation for this could be given considering the rougher surface of this sample, as showed
by AFM above. Further, in Fig. 2b are shown grazing incidence XRD spectra in the range of
2θ = 10− 70◦. In order to gain a deep understanding of the crystal quality for each sample, the
experimental XRD patterns were fitted in the framework of the Rietveld analysis in thin films,
that enables calculation of the unit cell parameters, mean crystallite size and the lattice strain. The
fitting of the experimental data is performed over a broad angular range, based on information
about the crystal system and lattice constants [25], [26]. In order to resolve a real structure, it
requires to have a reasonable initial approximation of some parameters, i.e. unit cell dimensions,
or coordinates of all atoms in the crystal. In the present study, the refinement was initialized
starting from the initial approximation of monoclinic VO2 from ICDD (International Centre for
Diffraction data) database with a = 0.54 nm, b = 0.45 nm, c = 0.53 nm, α = 90◦, β = 122.61◦,
γ = 90◦ that belongs to P21/c space group. During the refinement, the background was modeled
using a B-spline function, the peak shift using the shift axial displacement model, the peak shape
with the pseudo-Voigt fits, while the preferred orientation by March-Dollase function. During
the least squares fit of the calculated data against the experimental ones, five numerical Fig.s of
merit (FOM’s) were used: reliability factor (Rp), the weighted parameter (Rwp), the expected
profile residual (Re) and the goodness of the fit, χ2 with S scale factor, showing the reliability
of the fit. In Fig. 2b, one can observe that the experimental patterns are well-fitted with the
calculated intensity (red line). According to the Rietveld data, the diffraction peaks located
at: 26.92◦, 27.91◦, 36.93◦, 39.70◦, 42.36◦, 44.80◦, 51.35◦, 55.69◦, 57.50◦ and 65.11◦ can be
unambiguously attributed to (–111), (011), (–202), (002), (210), (–121), (–221), (220), (022) and
(031) reflections of monoclinic VO2. Accordingly, the successful deposition of VO2/Si, without
any secondary phase is confirmed for each sample. In Table 1, are summarized the obtained
results for the mean crystallite size, as well as for the lattice strain. In addition, the dislocation
density calculated based on the Williamson-Smallman formula [27] is tabulated. According to
the results, it is clear that the deposition temperature plays a key role in the size of the crystalline
domains, since increased from ∼ 14 nm to ∼ 18 nm by increasing the temperature from 400 ◦C
to 500 ◦C, keeping the same number of pulses. Further, an additional growth of the crystalline
domains was achieved by increasing both the number of pulses and the deposition temperature.
In this case, the mean crystallite size reached to ∼ 22 nm. These findings are supported by the
AFM analysis, which indicated that the grain size increased from ∼ 40 nm, to ∼ 90 nm, reaching
to 230 nm in the latter case.
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Table 1. Mean crystallite size, lattice strain and dislocation density for the investigated samples

Sample Mean crystallite size,
τ (nm)

Lattice strain, ε (%) Dislocation density,
∼ x 1011, ρ (cm-2)

400 ◦C, 3000 pulses 14.1 +0.29 2.32

500 ◦C, 3000 pulses 17.8 +0.22 1.34

600 ◦C, 8500 pulses 22.1 +0.20 0.95

At the same time, within the increasing of the mean crystallite size, the lattice strain, de-
creased from +0.29% to +0.20%, which indicate that the unit cell parameters of the deposited
film are closer to the bulk VO2. The dislocation density can be expressed as a function of the
mean crystallite size and lattice strain using the following equation [27]:

ρd =

√
12ε

τd110
(2)

where d110 = 0.32 nm. According to eq. (2), the samples contain different dislocation densities:
∼ 2.3 × 1011, 1.3 × 1011 and 0.9 × 1011 cm−2, as function of different growth parameters. In
the following, diffuse reflectance spectroscopy (DRS) was employed, in order to establish the
impact of the crystal quality in the band gap values. Since the band structure is very sensitive
to microstructure, different microstructural features, such as grain size, defect density or lattice
strain result in the changing of the band gap [28], [6]. For instance, the optical band gap has
a slight red shift in the presence of small grains, which gives rise to the quantum confinement
effects [29]. Also, the point defects could have localized states within the band gap, and the
crystal stress may also result in the shift of band edge. Gosh et al., obtained an empirical formula
in ZnO thin films, which provides the empirical dependence of the band gap energy with the
lattice strain [30]. It indicates that for negative strain, band gap increases, while for positive
decreases. Therefore, it is expected a variation of the band gap for the investigated samples since
different dislocation densities are involved. Figure 3a shows the DRS spectra of VO2 films, for
which one can note some important differences. Quantitatively, the optical absorption coefficient
is related to interband transition near the band-gap and can be described as [31]:

αhv = C(hv − Eopt
g )n (3)

where v is the frequency of the incident radiation, h is the Plank’s constant, C is a constant,
Eopt

g is the optical energy gap of the material, while the exponent n determines the type of
interband electronic transition. In Fig. 3b is shown the spectral dependence of the film absorption
coefficient in the plot of (αhv)1/n versus photon energy hv, in the assumption that an indirect
transition (n=2) is responsible for interband transitions.
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Fig. 3. a) DRS spectra for the investigated samples and b) Tauc plot in the assumption of an
indirect interband transition (n = 2).

The band gap of VO2 was determined from DRS spectra analyzed with Tauc method, through
extrapolation of the linear trend observed in the spectral dependence of (αhv)1/n. Accordingly,
it was obtained a decrease of the bandgap energy from ∼0.72 eV (400 ◦C) to ∼0.66 eV (500 ◦C)
and down to ∼0.60 eV (600 ◦C). Luo et al. found that the best plot was obtained for direct al-
lowed transitions and the optical band gap was about 0.62, 0.57 and 0.65 eV at gas pressure of 0.2,
0.3 and 0.4 Pa, respectively in VO2 thin films prepared by reactive sputtering [10]. Goltvyanskyi
et al. reported a band gap of 0.7 eV, 0.4 eV and 0.45 eV for low, medium and high deposition
temperatures in reactive DC magnetron sputtering deposition [12]. In our case, the calculated
band gap decreases with increasing the crystal quality (i.e. smaller dislocation density), towards
the corresponding band gap of bulk VO2 (e.g. ∼ 0.6 eV) [32].

Further investigations were performed to show the actual oxidation state of vanadium ions by
XPS.

Fig. 4. Experimental XPS spectra and the corresponding fits using mixed Lorentzian–Gaussian
function.
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It is revealed the presence of V 2p doublet and the fitting were performed using a mixed
Lorentzian–Gaussian function. The V 2p peaks show no metal V component and only high
oxidation states V5+ and V4+. The V 2p3/2 and V 2p1/2 were deconvoluted using V4+ (binding
energy, BE = 515.5 and 523 eV) and V5+ (BE = 517.1 and 524.7 eV) oxidation states.
Vanadium oxide presence is proved by the spin-orbit splitting of approximately 7.5 eV between
V 2p3/2 and V 2p1/2 orbitals [33]. Vanadium oxidation states distribution was calculated from
V 2p3/2 states. The results demonstrate that the ratio of V4+ (%), V 4+(%)/V 4+(%)+V 5+(%) is
dependent by the growth conditions. Whereas the sample obtained at 400 ◦C presents a percent
of ∼ 67% of 4+, the samples obtained at higher temperatures have a smaller percent of V4+ (e.g.
∼ 50%). Thus, different band gap values could be explained considering different percent of
V4+ and V5+ in the synthetized samples. According to Moatti et al., a narrowing of the band
gap facilitates the Mott transition in VO2 [20].

The electrical measurements were performed on the samples to study the evolution of the
normalized resistivity with temperature. In Fig. 5 is shown the normalized resistance vs. tem-
perature data for the investigated samples on heating and cooling, in the range of 250–370 K.

Fig. 5. Normalized resistivity-temperature curves on heating and cooling in the range of 250 –
370 K.

No variation of the resistance was seen in the case of the sample obtained at 400 ◦C. This
could be explained considering the small intensity of the diffraction lines, in comparison with
other two samples. According to the Rietveld data, this sample presents a small crystallite,
accompanied by a higher lattice strain, which further implies a higher dislocation density. As
the temperature increases to 500 ◦C, the decreasing of the resistance becomes visible, reaching
to ∼ 0.15. Also, for the sample with the lowest dislocation density, the normalized resistance
decreased to ∼ 0.10. At the same time, the hysteresis curve width became narrower in the
presence of a smaller dislocation density. Also, it was showed that the resistance-temperatures
are sluggish for poor crystalline quality, and the resistance drop becomes steeper at high quality
of crystallinity [17].
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3. Conclusions

These preliminary investigations in vanadium oxide films obtained by PLD at low oxygen
pressure pointed out the possibility to obtain crystalline VO2 thin films in a one-step process,
starting from the ablation of a pure V2O5 target by PLD. The XRD results indicate that the unit
cell parameters are not affected by the substrate temperature or number of pulses. On the other
hand, the mean crystallite size, lattice strain or dislocation density are affected by the PLD growth
parameters. At the same time, the optical properties, as well as the distribution of the vanadium
oxidation state are modified. Corroborating the electrical measurements with the Rietveld re-
finement data, it was pointed out that the crystal quality plays a central role in the explaining of
different features of resistance-temperature curves, such as the resistance drop or the hysteresis
width.
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