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Abstract

We report on the crystal structure and morphology of VO2 nanostructures synthesized by pulsed-laser deposition

on  soda  lime  glass.  The  VO2 nanostructures exhibit sharp a-axis diffraction peaks, characteristic of the VO2

monoclinic phase, which implies that highly a-axis textured VO2 was formed. A detailed description of the

growth mechanisms and the substrate/film interaction is given, and the characteristics of the electronic transition

and hysteresis characteristics of the phase transition are described by the morphology and grain boundary

structure. The sharpness of the transition and the hysteresis upon heating and cooling are found to be a strong

function of crystal structure and microstructure (grain size, and shape).
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1. Introduction

Vanadium dioxide is a strongly correlated transition metal oxide with a first-order insulator-to-metal transition

(IMT) at 67 ° C [1] and its potential applications ranging from femtosecond optical switching [2] to thermal-

management coatings [3]. The IMT exhibits large changes in resistivity and near-IR transmission accompanied

by a nearly simultaneous structural change from low-temperature monoclinic form with band-gap of about 0.7

eV [4] to a high temperature, tetragonal rutile phase. The phase transition is generally agreed to arise from the

Mott mechanism [5, 6]. High-quality thin films are crucial for technologies that capitalize on the IMT. It is well

known that film microstructure [7] film/substrate interface [8] and localized strain [9] of VO2 can  affect  the

hysteresis characteristics of the phase transition. VO2 synthesis is also complicated by the narrow temperature-

pressure window in phase space, due to multiple valence states of vanadium [10].

Due to the small compositional differences between numerous phases of vanadium oxides, VO2 preparation

requires a stringent controlled process that provides a desired oxygen stoichiometry and correct crystalline

structure. In search of such a process, VO2 films were produced by a number of methods, including dc and rf

reactive magnetron sputtering [11–16] reactive ion-beam sputtering [17–21], reactive evaporation [22, 23],

chemical vapor deposition (CVD) [24–26], pulsed laser deposition (PLD) [27–31], electrochemical

(anodic) oxidation [32-33] and sol-gel process [34-36].

Within the requirement for an accurate optimization to obtain the correct VO2 polycrystalline structure due to

the multiple V electronic valences and its high affinity with oxygen, it is challenging to synthesize large

thermochromic VO2 based coatings, with such techniques. In an effort to produce large efficient and Ultraviolet

radiation stable thermochromic coatings in addition to the cost effectiveness, pulsed laser deposition technique

is also known for its dedication to the rational fast growth and its steochiometry transfer of advanced metal

oxide particulate thin films and multi-dimensional arrays.

The resultant films structures varied depending on the crystallographic relationship between the growing VO2

and the substrate, as well as on other factors, such as the growth temperature, some of the synthesis methods

produced amorphous or quasiamorphous, others polycrystalline, and still others oriented epitaxial films. The

best films [i.e., films with the highest ratio of resistivities in insulating and metallic phases and the smallest

hysteresis width (DTIMT)] were prepared at 500–600 ° C on single-crystalline substrates having epitaxial

relationship to the growing VO2 [8-9]. Yet nonepitaxial, polycrystalline VO2 films also exhibit the phase

transition, although with a smaller RR and wider hysteresis. Surprisingly, the transition persists even in nearly

amorphous films, such as in films obtained by anodic oxidation of vanadium. The transition in VO2 is



apparently quite tolerant to the loss of long-range order. Of course, it ultimately depends on the intended

application whether a film with a given transition is satisfactory or not, and often, when epitaxial growth is

impossible or impractical, one has to compromise. Study of the literature shows that more often than not,

initially obtained VOx films were subsequently annealed in various atmospheres in air, in O2,  in  Ar,  in  N,  in

order to obtain or to improve the VO2 phase [18–22]. Once post annealing is employed, it appears logical to

make a clean separation of metal deposition and subsequent oxide-forming annealing. Some films were

produced in this way, by oxidation of vanadium metal precursor film and plates in air and in oxygen-argon

mixtures [37–44].

This is the type of process we are using in this communication after a pre-depositing VOx film via PLD using a

Vanadium metallic target in pure background of oxygen. We found that upon proper optimization of the cooling

substrate rate, good textured crystalline VO2 films with a preferred orientation is synthesized. In the past, many

films prepared by this method were found to have different layers such that from the upper surface, VO2 was

found to have a compositional gradient in z direction, with V in the bulk of the films, and lower oxides such as

VO0.5–1.0 near the lower interface [43]. A similar oxygen variation in z direction was found in anodic films [32-

33]. It should be noted that precursors other than a metallic V were occasionally used. An interesting attempt to

reduce or eliminate the z gradient by annealing a more complex V2O5/V/V2O5 precursor sandwich structure is

described in reference [44]. In some publications the precursor is not a metal, but the highest V oxide, V2O5, and

subsequent annealing is performed in vacuum rather than in O2 in  order  to  reduce  it  to  VO2 [45]. The latter

requires performing oxidation in reduced pressure O2. Slow oxidation of a vanadium precursor films in reduced

air pressure was described previously in reference [41]. It appears that these films can be of a somewhat higher

quality; possibly due to a replacement of air with oxygen.

In this paper we report on the PLD a-axis oriented VO2 grown thin films influenced by substrate cooling rate in

vacuum and in low pressure oxygen atmosphere which seems to affect the crystal structure, particle size and

shape as well as the IMT characteristics of VO2 films. It  turns out that the growth of a-axis oriented VO2 thin

films on the glass substrate, have a direct bearing on the characteristics of the VO2 thin films.

2. Experimental details

Films were deposited on soda lime glass substrate held at a temperature 600 0C in pure oxygen pressure of 15

mtorr at deposition time of 45 minutes. An excimer laser, wavelength of 248 nm, fluence of 1.7 J/cm2, repetition

rate of 10 Hz, and 30 ns pulse duration, was incident on V metal target. The substrates – target distance was kept



at 65 mm and the laser was focused to ablate the off-centre of the rotating target. After deposition the samples

were cooled in vacuum by switching off the inlet oxygen gas at the same time pumping to vacuum at different

cooling rate ranging from 5 oC/min to 25oC/min.   X-ray  diffraction  data  of  the  same  VO2 specimens were

collected on a laboratory D8 ADVANCE powder diffractometer in Bragg-Brentano geometry, operated at 40 kV

and 40 mA using a Cu Ka  radiation. The Goniometer set up including a Vantec-1 detector with N-filter and 4

degrees Soller slit providing narrow and symmetrical instrumental profiles (IP) over the required angular range.

The XRD patterns of the samples were recorded in the range (2q=12°–80°) using a step size of 0.02° and a

counting time of 20s per step in each case without moving the sample. Qualitative phase analysis (search match)

was  done  using  the  PANAlytical  X'pert  Highscore  plus  software  employing  the  ICDD  PDF  database.  The

surface  morphology  was  characterized  via  a  Nova  NanoSEM  230  scanning  electron  microscope  (SEM)  in

secondary electron mode to investigate the surface morphology of the films after deposition and the UV-Vis-

NIR  spectroscopy  data  of  the  VO2 samples were collected in the wavelength range of 350–1100 nm using a

CECIL 2000 Spectrophotometer incorporated with Peltier thermoelectric heating and cooling stage.

3. Results and discussions

The XRD pattern  characteristic  of  VO2 thin films deposited on soda lime glass substrate and cooled down to

room temperature at different rate of 5 oC/min to 25 oC/min under vacuum are presented in Fig 1. The pattern

shows peaks due to thin layer at angles of 18.48, 27.97, 37.18, 39.98, and 57.048. Following the calculated

pattern description of the monoclinic structure of VO2 (JCPDS No: 43-1051), these peaks can be indexed as the

reflections on (1 0 0), (0 1 1), (2 0 0), (0 2 0) and (0 2 2) planes respectively. The major diffraction peaks of the

five samples are the same. The only difference lies in the relative intensity of the diffraction peaks. This is

clearly indicated in Fig 2 where relative intensity of the (011) plane with respect to the (100) is plotted as a

function of cooling temperature.

The preferential orientation along (1 0 0) of the VO2 films deposited on soda lime glass substrate, is not clearly

understood and have not been reported into the literature so far. G. Garry et al. [46] have controlled the

crystallographic structure of VO2, they reported an a-axis textured VO2 thin films deposited on R-plane

sapphire, where they observed all the (l 0 0) planes of VO2. They suggested that the observation of all the peaks

should be a stress developed into the interface between the substrate and the film. T.-W. Chiu et al. [47] have

attempted to control the crystallographic orientation of VO2 on glass. They reported VO2 thin films deposited on

a glass substrate and also on a 5 nm thick ZnO buffer layer deposited on a glass substrate both at 500oC. On



their results, when VO2 film was directly deposited on glass substrates, polycrystalline VO2 films formed on the

amorphous substrate surface and showed a preferential orientation along the (011) plane located at 27.87° in the

XRD chart. When VO2 thin films were deposited under 5.33 and 6.67 Pa O2 pressure on 5 nm thick ZnO buffer,

the polycrystalline random oriented VO2 thin  film  formed,  and  only  VO2 (011) peaks located at 27.90 were

observed. Their results reveal that b-axis oriented VO2 film can be prepared under 1.33 Pa O2 ambient using a c-

axis oriented ZnO buffer but they were not able to grown VO2 a-axis oriented on glass neither on the ZnO buffer

layer. As they reported [47] the crystalline orientation of VO2 thin  films  deposited  on  ZnO  buffer  was  more

sensitive to O2 pressure during deposition. Even though the O2 pressure  was  controlled  within  the  range  in

which the pure VO2 phase could be formed on c-cut sapphire and glass substrate, the crystalline orientation of

VO2 thin films was drastically changed because of the formation of an interface layer between VO2 and ZnO. As

a result in their experimental conditions no VO2 a-axis oriented on glass were observed.

As reported in Fig 1, the extra peaks in some of the samples indicated by * at Bragg reflection at 2θ = 38.23°,

could be associated with the presence of impurity phase. It should be noted that because of the multiple valence

states  of  vanadium  ions,  can   lead  to  several  vanadium  oxide  phases  such  as  Magneli  phases  (VnO2n−1) and

Wadsley phases (V2nO5n−2), no other peak corresponding to any other vanadium oxide phases mentioned is

present in the XRD spectra. H. Zhou et al.  in their work [8] have identified a similar Bragg reflection at 2θ =

38.6° which they attributed as the (0006) reflection of V2O3. However, after a qualitative phase analysis (search

match),  done  using  the  PANAlytical  X'pert  Highscore  plus  software  employing  the  ICDD  PDF  database  the

only closest phase that could probably much the peak indicated by * is Na1.80V2O5 (400) (JCPDS 0020-1167).

Therefore we could speculate that this reflection at 2Ѳ= 38.23o also could indicate the presence of small amount

of Na1.80V2O5 phase in the thin films on soda-lime glass substrates, resulting from a diffusion of Na+ into thin

films from substrates due to high substrate temperature. S. Lu et al. [48], reported on the same impurity in their

films of VO2 with two small peaks at angle of 2q = 12.1o and 2q = 29.1o indicating the presence of small amount

of NaxV2O5 (with the value of 0.3<x>1.0) phase in the thin films on soda-lime-silica glass substrates. Wang

Xue-Jin et al: [49], strongly concluded that sodium ions would diffuse from soda-lime substrate to film surface

when sputter performed at high substrate temperature (580 oC in their experiment), which was in agreement with

other authors who claimed that VO2 film could not be deposited on soda-lime glass because of sodium

contamination. Therefore we could suggest that, the peak at 2Ѳ= 38.23o indicate the presence of Na1.80V2O5

phase in the thin films on soda-lime glass substrates, and is resulting from a diffusion of Na+ into thin films from

substrates during the thermal treatment of the substrate. But this conclusion does not account for the sample



cooled at 25 oC/min in which we can’t see the peak marked by (*), this may be due the fact that in this sample

the VO2 thin films are highly crystalline and the intensities of the peaks (200) and (020) are too intense so that

the (*) peak is absorbed and therefore can’t be read on the XRD chart.

Fig.3A and 3B report on the evolution of the d-spacing along (100) and (011) planes respectively as function of

the cooling rate. The crystallite grains sizes as function of the cooling rate along the same planes are depicted in

Fig. 3C and 3D respectively. The reported values for the d-spacings agree with those of the monoclinic structure

of VO2 (JCPDS No: 43-1051). The influence of the cooling temperature is seen to have opposite effects when

looking at the evolution of the crystalline size along the (100) and (011) planes as function of the cooling

temperature (see Figs. 3C and 3D), while the influence on the d100 and d011 seems to have almost the same trend

(see Figs. 3A and 3C).

Fig.4 reports the surface morphology of the deposited VO2 on  glass  and  cooled  to  room  temperature  with

different cooling rate. It is observed that at low cooling rate, it is possible to synthesized different VO2

nanostructures with different shape and sizes parallel to the substrate surface. However an increase in the

cooling rate leads to a granular morphology type. The observed variation of the surface morphology of the VO2

nanostructures with cooling rate as reported in Fig.4 may be due to the nucleation of the glass substrate which

happens around 575oC and followed by the  process  of  crystallization  of  the  VO2 which follows the so called

active fundamental structure forming phenomena well known in materials science and solid state physics

(nucleation, crystal growth, grains growth) [50-54]. It is observed that the grains growth and the preferential

texturation (crystal growth) are going to the opposite direction when increasing the cooling rate; this is

supported by Figs. 1 and 3. Increasing the cooling rate lead to a preferential crystal growth along (100) plane

while a longitudinal grains growth that lead to very well dispersed nanorods and naodisks-like parallel to the

surface of the substrate is observed when decreasing the cooling rate.

 The morphology and the growth direction of these nano-grains indicate that the surface crystallization starts off

in a preferential direction. It is well known that the growth of thin films proceeds through consecutive stages

characterised by specific processes of structure evolution: nucleation, island growth, coalescence of islands,

formation of polycrystalline islands and channels, development of continuous structure and thickness growth.

The evolution of the structure in polycrystalline thin films is a very complex phenomenon and exhibits different

features in different stages of film growth.

By taking into account the structure evolution of real polycrystalline thin films [50–54] and that of the effects of

the deposition parameter on the structure and on the appearance of peculiar structural features lead to the



conclusion that the comprehensive description of the formation of this peculiar structural features is possible by

selecting the basic structure forming phenomena well known in materials science and solid state physics

(nucleation, crystal growth, grain growth) [50–54]. These phenomena are composed of elementary atomic

processes, and can give account for the global effects of the atomic processes on the structure evolution. It  is

important to note that the atomic processes are controlled directly not only by the temperature but also by the

structural conditions characteristic of the actual growth stage.

The present results show that, as supported both by the SEM, XRD and the evolution of the crystalline growth

along the (100) plane, the growth mechanism that can be considered here is the competitive texturation. The

nucleation starting the growth of individual islands takes place on the substrate surface at the very first stage of

the condensation (primary nucleation), and/or later on the bare substrate surface area developing upon liquid

like coalescence (secondary nucleation). The primary nucleation starts the condensation and the film growth on

the whole substrate surface simultaneously, while the secondary and the repeated nucleation initiates the starting

of the growth locally in later stages of film formation. It is important to note that on amorphous substrates the

nuclei are randomly oriented. The kinetics of nucleation is discussed in review articles in details [55–60].

Crystals growing from the nuclei are randomly oriented due to the random orientation of the nuclei. The

complete coalescence of the crystals touching each other is a grain coarsening resulting also in the development

of discrete single crystals and connected to some changes in the orientation controlled mainly by the

minimisation of the substrate–crystal interface energy. The intersection lines of the crystal side faces and the

substrate present a structure precondition specific for the growth of these crystals.

When a crystal becomes part of a polycrystalline structure, it might have various grain sizes and orientations as

well as surface conditions. These structure conditions will determine its behaviour in the collective crystal

growth characterising the polycrystalline film structure. The growing faces of a crystal are parts of the free

surface of the film. These crystal faces correspond to the equilibrium crystal shape and are determined by the

orientation of the crystal at high purity conditions. A growth competition can start among the neighbouring

crystals in case of different orientation according to the types of their growing faces, i.e., to their orientation

[61–63]. For example, the faster growing crystals will grow over the slower growing ones developing V-shaped

crystal forms; this growth is illustrated in Figs. 2. This competition is terminated when only crystals exhibiting

the same type of crystal faces proceed to the free surface.



This competitive crystal growth represents an orientation selection among the crystals resulting in the so called

competitive growth texture [64]. The consequence of this competitive growth is the development of a changing

morphology and texture as illustrated by Figs.1 and 4. This is very pronounced at substrate temperatures where

grain boundary migration is negligible. In that case, a small grained structure (corresponding mainly to the

nucleation density) of random orientation exists in the substrate-near part of the film. It is followed by a part of

V-shaped grains accompanied by an increase of the volume of preferentially oriented crystals [65]. This process

could be concluded later in the development of a columnar structure with a nearly unique crystal orientation.

The intersection lines of grain boundaries with the free surface can be active (this is the high purity case). Or

passive (this is the case of the contaminated grain boundaries) in the monolayer nucleation. Consequently, in the

presence of impurities, the property of the grain boundaries will determine the surface area where the segregated

surface covering layer will develop [51].

The above analysis indicates that the higher cooling rate promotes the growth of (100) oriented VO2 grains. This

preferred growth orientation of VO2 films has an important bearing and quite often may modify the physical

properties. The above observations are important in correlating the growth and structure with the morphological

and physical properties of the films.

The thermochromic properties of the films were studied by measuring the optical transmittance spectra and

hysteresis loops for the samples (see Figs. 5 and 6). As shown in Fig. 5, all of the films show a transmittance of

about 30% in the visible and a switching in the NIR. It is clearer observed at a temperature above the transition

temperature there is an enhancement on the transmittance in the visible while on the infrared region there is a

drop in the transmittance. The influence of the cooling rate on the sharpness of the drop of the transmittance in

the infrared is seen to be around 15% for the samples cooled at a rate of 5 and 25 oC/min while for the samples

cooled between 10 and 20 oC/min the transmittance dropped in the infrared about 11%.

To evaluate the transition temperature as well as the hysteresis width as function of the substrate temperature

cooling rate, the derivatives of the transmittance (Tr) dependence of temperature (dTr/dT) were extracted for the

VO2 films at different temperature. A plot of (dTr/dT) was obtained from the transmittance (Tr)–temperature (T)

data at different temperature from 25 oC to 100 oC. The maximum temperature corresponding to (dTr/dT) was

defined as the phase temperature in the heating and cooling cycle, Theating and  Tcooling, respectively. The IMT

temperature (TIMT) was defined as ( ) 2CoolingHeatingIMT TTT += . The hysteresis width can be defined by

CoolingHeatingIMT TTT -=D  .



Fig. 7 reports on the transition temperature of the VO2 thin films as function of cooling rate, while Fig. 8 reports

on the hysteresis widths as function of the cooling rate. For films grown at higher temperature cooling rate, the

transition temperature (TIMT) increased, but a minimum hysteresis of 4.8 oC for the samples prepared at a

cooling rate of 25oC/min appeared. However, films grown at a cooling rate of 5oC/min showed a large hysteresis

of 26.5 oC with a much smaller transition at a cooling rate of 10oC/min. The films of VO2 on the glass substrates

presumably have random nanocrystalline grains with high defect densities, and the properties are certainly

correlated to their structural and microstructural properties. The difference in orientation, texturation and

morphology as observed in the XRD and SEM results respectively for the different preparation conditions are

making it likely that cooling rate has a great effect on the optical switching properties of the films. These

differences in morphologies and orientations of the films lead to distinctive IMT characteristics seen in curves

of Figs. 7 and 8. The changes of thermo-optical properties of VO2 thin films are usually explained as results of

the competing effects between grains size, nucleation defects, grains boundaries and crystal imperfections. Suh

et al. [66] studied carefully IMT transition of VO2 films on (100) silicon substrates as a function of annealing

time where films microstructure changed from nanocrystalline nearly amorphous to 200 nm diameter. In early

stages,  the  films  showed as  the  grain  size  increased,  the  IMT decreased, but hysteresis continued to increase.

Brassard et al. [16] studied the effect of grain size of random VO2 polycrystalline films on amorphous Si3N4/Si

(100) substrates. As the random grain size increased, the transition became sharper or DT decreased because of

decreased defect content. However, hysteresis remained large because the boundaries stayed large angle, only

their number density was reduced with increasing grain. As a result, we could conclude that the changes in the

thermo-optical properties as reported in Figs 7 and 8 is a competition effect of the nucleating defects,

dislocations, grain boundaries, grains sizes and crystal structure of the VO2 films with the cooling rate.

4. Conclusion

The thin films of VO2 were deposited onto the Soda lime glass by using the pulsed-laser deposition technique in

which the control of post-deposition parameters promoted the quality of films structure. We have focused our

attention on the influence of the cooling rate of substrate temperature under vacuum after deposition, on the

structure, surface morphology and the optical switching properties. XRD data suggest that the VO2 thin films

exhibited a predominantly (100) orientation. It is observed that the crystallinity of the film increases with

increasing the cooling rate. However, it was showed that a recrystallization process took place when the



temperature cooling rate is increased that lead to a preferential growth along the a-axis of the monoclinic when

cooled to room temperature. A detailed description of the growth mechanisms and the substrate/film interaction

is given, results on the surface morphology and grain boundary structure and the texturation are also presented.

This study show that a-axis VO2 textured can be gown on glass resulting from the nucleation of the substrate

temperature of 600 oC followed by a recrystallization process.

The sharpness and the hysteresis width DT of T-dependent insulator-to-metal hysteretic phase transition in VO2

were our most immediate and relevant quality indicators of the quality of the deposited a-axis oriented VO2 on

glass substrate.
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Figure Caption

Fig.1: XRD pattern characteristic of VO2 thin films deposited on soda lime glass substrate and
cooled down to room temperature with different cooling rate under vacuum.

Fig.2: Evolution as function of the cooling rate of the intensity ration of the (011) plane to the (100)
Plane.

Fig.3: Evolution as function of the cooling rate of: (A) The d(100)-spacing; (B) The d(011)-spcaing (C)
the Crystallites size along the (100) plane; (D) the Crystallites grains size along the (011)
plane.

Fig.4: 2D SEM images of the VO2 samples as function of substrate cooling rate.

Fig.5: Optical transmittance (%) vs. wavelength at two different temperatures of VO2 thin films
deposited on soda lime glass substrate and cooled down to room temperature with different
cooling rate under vacuum,

Fig.6: Optical transmittance (%)’s hysteresis loops vs. wavelength of VO2 thin films deposited on
soda lime glass substrate and cooled down to room temperature with different cooling rate
under vacuum.

Fig.7: Evolution as function of the cooling rate of: the transition temperature characteristic of VO2
thin films deposited on soda lime glass substrate and cooled down to room temperature with
different cooling rate under vacuum.

Fig.8: Evolution as function of the cooling rate of the hysteresis characteristic of VO2 thin films
deposited on soda lime glass substrate and cooled down to room temperature with different
cooling rate under vacuum.
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Fig.3:
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Fig.4:
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Fig.6
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Fig.7
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