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Abstract 

 

Present work focuses on the influence of different substrates on the morphological, 

compositional, phase purity, structural and transport properties of vanadium pentaoxide (V2O5) 

thin films. Thin films of V2O5 were fabricated on different substrates: glass, quartz, Si, and 

alumina, (hereafter these films are refereed as V2O5:G, V2O5:Q, V2O5:Si and V2O5:A 

respectively), using inorganic sol gel with V2O5 power and hydrogen peroxide (H2O2) as 

precursors by spin coater. Films deposited on glass substrates were found to be amorphous in 

nature with smooth surfaces, whereas films deposited on quartz, silicon, and alumina substrates 

exhibited polycrystalline nature having orthorhombic structure with space group Pmmn. The 

crystallinity improves from quartz to silicon and best crystalline films were fabricated on 

alumina. Electrical measurements as a function of temperature and substrate are investigated and 

characterized by measuring the resistivity, Hall and Seebeck coefficients. Negative values of 

Hall and Seebeck coefficients reveal that all the films are of n-type semiconductors. Electrical 

resistivity as well as charge carrier density decreases from the films on glass to quartz to silicon 

and to alumina. Carrier mobility decreases in the following order V2O5:G > V2O5:A >V2O5:Si> 

V2O5:Q, where as Seebeck coefficient varies in the reverse  order. Variation of these transport 

parameters has been understood on the basis of scattering and trapping of charge carriers along 

the grain boundaries. Further a model based on thermodynamics is proposed to explain the effect 

of substrates on crystallinity of thin films. Interactions between sol and substrate (adhesive 

forces) are determined by  the thickness, phase purity, structural and morphological properties of 

thin films. As the magnitude of adhesive forces increases, both film thickness as well as 

crystallinity increases.  
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1. Introduction 

 

 Vanadium oxides offer many convenient physical effects which can be used for different 

microelectronic device applications [1]. Vanadium is a multivalent element and as a result forms 

variety of oxides upon reacting with oxygen such as VO, V2O3, VO2, V6O11, V2O5 etc. V2O5 is 

the saturated (highest oxidation state) in the V-O system and consequently the most stable one 

among these vanadium oxides [2-3]. It has a lamellar, or sheet like structure [4]. It is a distorted 

orthorhombic structure, and this deformation creates its sheet formation. V2O5 in the form of thin 

films has attracted much attention due to its unique electronic, chemical and optical properties 

[5-8]. Thin films of V2O5 have been prepared by different techniques including: vacuum 

evaporation [9], sputter deposition [10-13], thermal oxidation [14-15], pulsed laser deposition 

[16],chemical vapor deposition [17-19], sol-gel processes [20] and spray pyrolysis [21]. Due to 

the advantages of high purity, homogeneity, stoichiometry, simplicity of equipments involved 

and cost effectiveness for large scale production, the sol gel process has become one of the best 

approaches to deposit metal oxide thin films.  

          Recently, it was reported that the metal to insulator transition (MIT) at approximately 

280
◦
C in V2O5 is due to lattice distortion and a structural inhomogeneity due to the vanadyl-

oxygen vacancies [22–24] and this makes V2O5 a promising material for thermoelectric devices. 

V2O5 exhibits highly anisotropic electrical and optical properties due to its orthorhombic 

structure [25] and these properties have been extensively investigated by many researchers [25-

28]. On the other hand, the thermo-physical properties including thermal conductivity (κ), 

Seebeck coefficient (s), and dynamic heat capacity have received less attention [29-31]. One of 

the important parameters for characterizing the thermo-physical properties of materials is a 

power factor (s
2
/ ρ), where s the thermoelectric power (Seebeck coefficient), ρ is the electrical 

resistivity. Thus to be a better thermoelectric material, a large value for s, and small values of ρ 

are required. Surprisingly, the s and electrical resistivity (ρ) vary in a opposite way, preventing 

power factor from an excellent improvement, and both the values are also dependent on each 

other with carrier density (n). Generally, the s value of a semiconductor or an insulator decreases 

with increasing temperature. The variation of s with temperature is very important for 

thermoelectric applications.     
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In the present work, we investigate the effect of substrates on the microstructural 

evolution, crystal phase, and surface morphology, electrical and thermo-electrical properties of 

V2O5 thin films fabricated by sol-gel method. Crystallite size, surface morphology and film 

thickness were observed to vary from substrate to substrate which in turn affects the transport 

properties of thin films.  

2. Experimental details 

Clear yellow solution, containing 0.3 grams of V205 (Sigma Aldrich, purity >99.9 %) dissolved 

in 30 ml, 30% hydrogen peroxide H2O2 (Sigma Aldrich), was formed at room temperature with 

vigorous stirring. This yellow solution was then heated at 60 
0
C with continuous stirring to 

evolve excess oxygen by decomposition of H2O2. Immediately, the solution turned into red 

brown viscous gel. After aging for 24 hours, the V2O5 gel was ready for coating. The mechanism 

of reaction is given in reactions (A) and (B) following Ren et al. [32]. 

       V2O5 + 2H2O2                   2HVO4+ H2O                         (A) 

 2HVO4+ (n-1) H2O               V2O5. nH20 +O2                                (B) 

The spin coater (Spin-NXG-P1: made by Apex Instruments, India) was used to deposit thin films 

on glass, quartz, Si, and alumina substrates. Prior to deposition, these substrates were cleaned in 

dilute sulphuric acid for 30 minutes and then thoroughly rinsed with ethanol, acetone and de-

ionized water. Five coatings of V2O5 gel were performed on each substrate with the rate of 3000 

rpm for 30 seconds and after each coating the films were dried at 80
0
C for 15-20 minutes.  

Finally these V2O5 gel films were crystallized by annealing at 400 
0
C for 4 hours in the ambient 

atmosphere in programmable tubular furnace (Nabertherm GmbH Tube furnace: RHTC80) with 

heating and cooling rate of 3
o
C per minute. Rutherford backscattering (RBS) with He

+
 ions of 

energy 2 MeV was used to characterize stoichiometry, thickness and uniformity of the films. X-

ray diffraction (XRD) measurements at room temperature in the 2θ range of 20–60
o
  was 

performed to identify the crystalline phases and structure of the films using a Bruker D8 advance 

diffractometer with Cu Kα (0.15406 nm) X-ray source at a scan speed of 0.5
o
/min. Raman 

studies of these films were carried out and the spectra were measured in back scattering 

geometry using an Ar excitation source having a wavelength of 488 nm coupled with a Labram-

HR800 micro- Raman spectrometer equipped with a 50X objective, appropriate notch filter, and 

a Peltier cooled charge-coupled device detector. The surface morphology of films was 
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characterized by SEM (Model: MIRA II LMH, TESCAN). The electrical resistivity, Seebeck 

coefficients of the films were measured in the temperature range (300-400K) using a standard 

DC four probe technique and bridge method respectively. The Hall Effect measurements were 

carried out in the same temperature range by Ecopia HMS-3000 Hall Measurement System to 

evaluate charge carrier density and mobility. 

 

3. RESULTS AND DISCUSSION  

3.1. Morphological studies 

Figure 1 shows the surface morphology of V2O5 thin films deposited on glass, quartz, Si, and 

alumina substrates investigated by SEM and these films hereafter will be referred as V2O5 :G, 

V2O5:Q, V2O5:Si,  and  V2O5:A respectively. As evident there is a significant change in the 

surface morphologies. Film deposited on glass substrate have relatively smooth surfaces with 

few compact structures revealing amorphous nature of the film and also some cracks are 

observed on the surface of this film which may be due to shrinkage of sol during the annealing of 

the film. Films deposited on quartz posses irregular nanostructures with varying sizes. The 

bigger particles grow due to agglomeration of smaller ones to reduce the surface energy under a 

thermodynamic driving force when two particles merge at high temperature. Surface of films 

deposited on Si and alumina posses cubic growth characteristics resembling a spiral like features 

which may have emanated from screw dislocations. The average crystallite size was found to be 

increased while moving from quartz through silicon to alumina. Further grain size distribution 

was found to be more random for V2O5 films deposited on quartz than those deposited on silicon 

and alumina substrates. This may be due to the difference in sticking coefficients and strains 

developed in the films grown on amorphous background. The average grain sizes of V2O5:Q, 

V2O5:Si and V2O5:A is approximately about 70nm, 135nm and 180 nm respectively. Larger 

grain size was observed in V2O5:A compared to V2O5:Si due to lattice mismatches of V2O5 and 

Al2O3 then V2O5 and Si. 
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Figure 1:- SEM images of (a) V2O5: G (b) V2O5: Q (c) V2O5: Si and (d) V2O5: A. Films deposited on glass are 

amorphous in nature with smooth surfaces. Films deposited on quartz, Si and alumina are crystalline in nature and 

average crystallite size increases from quartz to Si and to alumina. 

 
3.2. Compositional analysis 

As mentioned above, oxides of vanadium can exist in a wide range of stoichiometries. The RBS 

measurements with SIMNRA Program were used to determine composition and thickness of 

films. RBS spectra (with SIMNRA simulation) of the four samples (V2O5:G, V2O5:Q, V2O5:Si, 

and V2O5:A) are shown in Figure 2 (a), (b), (c) and (d) respectively. The simulated results are 

summarized in the Table 1. This simulation suggests that the V/O ratios for all the samples are 

2/5 within simulation errors indicating good stoichiometries of all these four thin films. 

Thickness was found to be ~ 46.7 nm, 85.5, 118.4 and 130.3nm for the films V2O5:G, V2O5:Q, 

V2O5:Si, V2O5:A respectively. Increase in film thickness from glass to quartz to Si to alumina 

may be due to increase of magnitude of cohesive forces in comparison to adhesive forces from 

V2O5:G, V2O5:Q, V2O5:Si, and V2O5:A. It is also clear that the RBS results indicated that there 

was no contamination during the film deposition. 
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         Table 1 Simulation results on composition of thin films on various substrates 
 

Substrates composition of film Thickness 

(nm) 
V O 

Glass 0.286 0.714 46.7 

Quartz 0.286 0.714 85.5 

Si 0.286 0.714 118.4 

Alumina 0.286 0. 714 130.3 

 

 

 
 

Figure 2:- RBS Spectra of (a) V2O5:G,  (b) V2O5:Q,  (c) V2O5: Si,  and (d) V2O5:A. Thickness 

of film increases from glass (46.7 nm) to quartz (85.5nm) to silicon (118.4) to alumina (130.3 nm). 
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3.3. Phase Study 

Figure 3 shows the XRD pattern of the V2O5 thin films deposited on glass, quartz, Si, and 

alumina substrates. The X-ray diffraction spectrum of V2O5 films deposited on glass substrate 

indicates amorphous nature as diffraction pattern is diffused and non characteristic. Films 

fabricated on quartz, Si, and alumina substrates are comprised of V2O5 phase within detection 

limit of XRD without any other phases of vanadium oxide. Intensity of diffraction peaks 

demonstrate that crystallinity increases from quartz through Si to alumina. Peaks are indexed 

according to standard pattern [JCPDS file no. 85-0601] for polycrystalline orthorhombic V2O5. 

The relative high intensity of the (001) peaks demonstrates the growth of films oriented along the 

c-axis perpendicular to the surface of substrate. In addition to (001) Bragg reflection, the 

subsequent appearance of other characteristic orientations such as (101), (110) and (002) reveals 

the existence of in-plane organization of V-O-V chains. The evaluated lattice parameters on the 

basis of measured d spacings for films on quartz, Si, and alumina are found to be 

  and  nm, these are in good agreement 

with previous, reported values in the literature [33]. Even though the (001) peak is the strongest 

in a polycrystalline XRD powder pattern of V2O5, the intensity ratios (I(001)/I(hkl)) in the sol-

gel prepared films is larger than in polycrystalline V2O5 powder, indicating a strong (001) 

texture. This preferred orientation in the sol-gel films can be understood from the properties of 

the starting material. The gel is formed due to the hydrolysis and condensation of molecular 

precursors. The chemical control of these reactions allows the formation of V2O5 gels directly 

from the solutions at lower temperature than by standard solid state process [33-35]. Therefore, 

the sol-gel films are comprised of V2O5.nH2O, before annealing at 400 C [37]. These have a 

V2O5 layered structure with trapped water molecules and are characterized by a strong structural 

anisotropy. 
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Figure 3:- XRD Spectra of (a) V2O5:G, (b) V2O5:Q, (c) V2O5:Si, and (d) V2O5:A. The ‘*’ 
indexed peaks correspond to substrates. 

 

3.4. Raman measurements 

Figure 4 displays the Raman spectra of V2O5 thin films fabricated on glass, quartz, silicon, and 

alumina substrates in the wavelength range of 100-1100 cm
-1

. The broad and non-characteristic 

Raman spectrum reveals the amorphous nature of V2O5 when deposited on glass substrate. The 

Raman spectra of films deposited on quartz, silicon and alumina substrates exhibit 

distinguishable and characteristic assignable Raman peaks indicating polycrystalline nature of 

these films. Peak intensities clearly demonstrate that crystallinity increases from films fabricated 

on quartz through silicon to alumina.  Raman measurements of the films can be described using 

the shape and frequency of peaks. 

             V2O5 crystallizes in the orthorhombic system with the group Pmmn ) according to 

Bachmann et al. [32]. The structure of V2O5 is built up from VO5 square pyramids sharing edges 

to form (V2O4)n zigzag double chains along [001] and cross linked along [100] by corner sharing 

and thus forming sheets in the xz plane [37-38]. Thus in each layer V is five-fold coordinated; 
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with three V-O bonds involving three fold coordinated oxygen (Oc) belonging to (V2O4)n chains, 

one V-O bond involving two fold coordinated oxygen(OB) constituting bridges between two 

chains and one involving vanadyl oxygen (Ov). The successive layers are kept together by an 

equal number of weak Vander Waals bonds and much stronger double bonds [39]. The unit cell 

contains two formula units (V4O10) yielding a total number of 39 optical zone centers. Due to the 

inversion symmetry and according to D2h factor group analysis, the modes split into IR (odd) and 

Raman (even) active modes. All the 21 g modes are Raman active while 15 Bu modes are IR 

active. Beattie and Gilson [40] indicated that a convenient way to describe vibrations in binary 

oxide lattice is to treat oxygen atom as vibrating against an array of immobile metal atoms. Each 

oxygen species is then considered first as vibrating according to its site symmetry and, following 

this, the unit cell modes are generated by symmetry operations. 

            Table 2 depicts principal Raman active modes with corresponding motion of V2O5 thin 

films. Each spectrum consists of two groups of peaks located at high-frequency region known as 

internal modes and at low frequency region known as external modes. The internal modes that 

are observed in high frequency region are assigned to stretching and bending of V-O bonds. The 

high-frequency Raman peak at 1,006 cm
-1

  gives the structural quality of the films and can be 

ascribed to the stretching mode related to the Ag symmetry vibrations of the shortest vanadium 

oxygen bond which is V=OV). Unlike the other O atoms this atom is strongly bonded to only one 

V atom and for this reason is called terminal oxygen [41]. The frequency shift of this mode 

measures the deviations from stoichiometry. The frequency shift to lower values of this mode is 

due to softening of the V
5+

=O bond in oxygen deficient V2O5 films resulting from vacancies 

created by removing Ov with some of the V
5+ 

reduced to V
4+

 for charge balance. Negligible 

frequency shift of this mode to the value 995 cm
-1

 demonstrate good stoichiometry of all the 

three crystalline samples which is in good agreement with RBS and XRD results. This is also 

evident as no peak corresponding to V
4+

=O near 932 cm
-1

 is observed as reported by Lee et al. 

[42].  The second peak at 702 cm
-1

 is assigned to the doubly coordinated oxygen (V2-OB) 

stretching mode which results from corner-shared oxygen common to two pyramids. The third 

peak at 529 cm
-1

 is assigned to the triply coordinated oxygen (V3-OC) stretching mode which 

results from edged-shared oxygen atoms common to three pyramids. The two peaks located at 

404 and 283 cm
-1

 are assigned to the bending vibration of the V=OV bonds. The peaks located at 
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481 cm
-1

 and 304 cm
-1

 is assigned to the bending vibrations of the bridging V-OB-V (doubly 

coordinated oxygen) and V3-O (triply coordinated oxygen) bonds, respectively. 

          The external modes can be viewed as relative motions of structural units with respect to 

each other, i.e. translations    and librations      . These vibrations occur at low 

frequencies because each unit is considered heavier than constituent atoms while the restoring 

force has the same order of magnitude [43]. The external low frequency Raman modes at, 146 

and 198 cm
-1

 correspond to the relative motions of V2O5 layers with respect to each other [42]. 

These two peaks at 146cm
-1

 and 198 cm
-1

 are strongly associated with the layered structure and 

only appear when there is long range structural order. The presence of these low frequency 

modes in the films deposited on quartz, silicon and alumina substrates  suggest that these films 

posses a layered structure and are well crystallized. The films grow preferentially with c-axis 

oriented perpendicular to the substrate plane [44].   

                Table 2:-Raman active modes of orthorhombic V2O5 thin film. 

Symmetry and assignation of modes are mainly based on refs. [42-43]. Frequency values are 

derived from present measurements. 

 

Wave number 

(cm
-1

) 

Symmetry Assignment Remarks 

146 B3g,  B2g Ty, Rz Relative motions of V2O5 layers 

with respect to each other. 

198 B1g Tx, Ry Relative motions of V2O5 layers 

with respect to each other. 

283 B2g, B3g δ(V=O)b. Bending vibration of the V=OV 

bonds. 

304 Ag δ(V3-O)b Bending vibrations of the V3-O 

(triply coordinated oxygen) bond 

404 Ag δ(V=O)b Bending vibration of the V=OV 

bonds. 

481 Ag δ(V-O-V)b Bending vibrations of the bridging 

V-OB-V (doubly coordinated 

oxygen) 

529 Ag ν(V3-O)s. Triply coordinated oxygen (V3-

OC) stretching mode. 

710 B2g, B3g ν(V-O-V)s Doubly coordinated oxygen (V2-

OB) stretching mode. 
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Figure 4:- Raman scattering spectra of (a) V2O5:G, (b) V2O5:Q, (c) V2O5:Si and (d) V2O5:A. The ‘*’ indexed peaks 

corresponding to substrate. 

 

3.5. Transport Measurements: 

Temperature dependence of resistivity (ρ) of V2O5:G, V2O5:Q, V2O5: Si and V2O5:A thin films in 

the temperature range 300-400 K is shown in fig 5(a). All the samples show semiconducting 

behavior as electrical resistivity decreases with temperature. Further electrical resistivity 

decrease in the following order V2O5:G >V2O5:Q > V2O5:Si > V2O5:A. Hall measurements of 

samples demonstrate that all these films are n type semiconductors. Fig. 5 (B) displays variation 

of carrier density (n) and carrier mobility (µ) in the temperature range 300-400 K of the samples. 

Carrier concentration increases with temperature but the mobility decreases with temperature. 

Decrease in  µ values may be caused by increase in carrier scattering due to thermal phonons. 

Comparison of n and µ of V2O5:G, V2O5:Q, V2O5:Si, and V2O5:A films demonstrate that carrier 

concentration increases in the following order V2O5:G >V2O5:Q > V2O5:Si > V2O5:A where as 

1006 Ag ν(V=O)s Stretching mode vibrations of the 

shortest vanadium oxygen bond 

V=OV). 
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mobility increases in the following order V2O5:Q, V2O5:Si, and V2O5:A to V2O5:G in the whole 

temperature range. Further the differences become more enhanced with temperature. Variation of 

resistivity, carrier concentration and mobility in these orders can be explained on the basis of 

thickness and crystallinity differences of the films. Both film thickness and crystallinity increases 

from V2O5:G to V2O5:Q to V2O5:Si to V2O5: A. As a film thickness decreases stacking defects 

increases and these defects trap the carriers and lower the free carrier concentration [46-47] and 

thus carrier concentration increases as we go from V2O5:G to V2O5:Q to V2O5:Si to V2O5:A.   In 

additional film grown on glass substrate is amorphous in nature where as films deposited on 

alumina, silicon and quartz are crystalline in nature. The crystallites formed in V2O5:A, V2O5:Si 

and V2O5:Q  produce a number of grain boundaries and these boundaries acts as scattering 

centers for the flow of charge carriers and thus cause reduction in the µ values as we go from 

amorphous  film fabricated on glass to the crystalline films fabricated on alumina, silicon and 

quartz. Further as one goes from V2O5:A to V2O5:Si to V2O5:Q grain size decreases thus number 

of grain boundaries increases which results increase in  carrier mobility from V2O5:A to V2O5:Si 

to V2O5:Q.  Fig 5(C) displays Seebeck coefficient (s) of V2O5:G, V2O5:Q, V2O5: Si and V2O5:A 

thin films in the temperature range 300-400 K. Negative value of s also demonstrate that all films 

are n type semiconductors. The s value increases significantly over the entire temperature range 

from amorphous V2O5:G to crystalline V2O5:Q, V2O5:Si and V2O5:A thin films. The s value 

increases with decrease in crystallite size from V2O5:A to V2O5:Si to V2O5:Q. This can be 

understood as: the energy barrier formed at the grain boundaries acts as an additional trap centers 

and traps low energy charge carriers and this filtering of charge carriers by grain boundaries 

enhance average energy of carriers taking part in transport mechanism [48]. The value of 

thermoelectric power depends on the mean carrier energy relative to the Fermi level [49].
. 

Therefore, this phenomenon of filtering of charge carriers also leads to increase in s value from 

V2O5:A, V2O5:Si, to V2O5:Q. Further with increase in temperature average energy of charge 

carriers taking part in transport mechanism increases, results an increase in s value with 

temperature.   
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(a)                                                                               (b) 

 
(c) 

Figure 5:- (a) Electrical resistivity, (b) Carrier mobility and Concentration, and (c) seebeck coefficient of V2O5: 

Glass (b) V2O5:Q (c) V2O5: Si and (d) V2O5: Alumina thin films as a function of temperature. 

 

4. Model for crystallization of V2O5 thin films on different substrates 

Lattice mismatch between the substrates and the V2O5 and the underlying surface strongly 

affects nucleation and growth processes. In this section we model for the effect of substrates on 

the crystallization of V2O5 thin films.  Figure (5) shows the schematic diagram of spherical 
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nuclei that nucleated on the hetero-substrate. The driving force for nucleation is Gibbs free 

energy [50,51]. The Gibbs free energy change for the nucleation of spherical nuclei of radius r on 

the hetero-substrate [50] is given by. 

 
Figure 6:- Schematic diagram displaying the spherical nuclei nucleated on the hetero-substrate. 

 

                                                                                         (3) 

 

                                                                (4) 

 

                                                                                                        (5) 

 

Where V is the volume of the spherical cluster,  the Gibbs free energy of molar volume, 

 the interface area and the interface energy of embryo-liquid interface, 

the interface area and the energy of embryo–substrate interface, and  is 

the interface area and the energy between substrate-liquid interfaces. According to geometry 

                                         

                                                                                                      (6)    

 

                                                                                                     (7) 

 

                                                  )                                                  (8) 

 

Where r is the radius of spherical cluster and m describes the interaction between liquid embryo 

and solid substrate and has been described in the classical model with the help of young equation 

[51].  

  

                                                                                                              (9) 

Page 14 of 22RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Where θ is the contact or wetting angle between the substrate and liquid embryo as shown in 

figure 5. Thus, we can obtain 

 

                                                          (10) 

 

                                                                      (11) 

   

Where the factor 

                                                                                                   (12) 

 

is called heterogeneous factor, and its value lies in the range of 0-1. Its value is 1, when clusters 

nucleated on the homo-substrates. The critical nucleus radius, r
*
, found by setting , 

with the result 

                                                                                                             (13) 

It is important to note that the critical radius r* remains unchanged for heterogeneous nucleation 

and homogeneous nucleation. However, the volume (V) can be significantly less for 

heterogeneous nucleation due to the wetting angle affecting the shape of the nucleus. The 

associated energy barrier for nucleation is found by substituting r
*
 in equation (8) 

 

                                                                                (14) 

 

                                                                                     (15) 

 

                                                                                                           (16)                              

                                        

                                                                                                            (17) 

 

The nucleation rate J, which is the number of critical nuclei formed per unit time per unit volume 

is usually written in Arrhenius activation form as. 

                                                                                                        (18) 

Where D is a kinetic pre-exponential factor which is correlated to encounter frequency between 

the molecules and consequently dependent on their diffusion coefficients, KB is the Boltzmann 

constant, and  is the reversible work of formation of critical nucleus. The diffusion 

coefficient D is observed to depend upon temperature as [52]. 

                                                                                                    (19). 
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Where Ed is the activation energy for diffusion, KB is the Boltzmann
’
s constant, T is the absolute 

temperature, and D0 is a temperature-independent factor which depends upon the choice of 

material and deposit. Equation (18) together with equation (17) and (19) defines the rate of 

heterogeneous nucleation of liquid embryos on the heterogeneous substrate.  Thus rate of 

nucleation depends upon the nature of material of the substrate, temperature of substrate and the 

contact angle between substrate and liquid embryo. Hence maintaining all the substrates at fixed 

temperature during deposition of V2O5 and post annealed at same temperature, nucleation of 

V2O5 varies from substrate to substrate. The main parameter that may determine the growth of 

V2O5 thin film on a substrate at fixed temperature is the contact angle and this contact angle 

characterizes the interactions between the sol and substrate known as adhesive forces, measures 

the wettability of solid surface by liquid. The work of adhesion, Wad, is defined as [53]. 

                                                                                         (20) 

 

A high work of adhesion indicates good wetting; whereas, a low work of adhesion indicates poor 

wetting. Fig 6 (a), (b), (c) and (d) show the wetting and spreading phenomena of water on glass, 

quartz, silicon, and alumina substrates respectively. Glass substrates are most wetted and 

alumina substrates are least wetted. Magnitude of contact angle increases from 19
0
 for glass to 

35.4
0
 for quartz to 38.5

0 
for silicon to 46.5

0
 to alumina substrates. Similar trend of increase of 

contact angle from glass to quartz to silicon to alumina substrate is expected for V2O5 sol. This 

indicates that magnitude of adhesive forces between sol and substrate decreases from glass to 

quartz to Si to alumina substrate. Thus V2O5 sol spreads more on glass and least on alumina. As 

a consequence of this, nucleation barrier increases from glass to quartz to silicon to alumina as 

shown in Fig. (7) and thus the nucleation rate J, which is the number of critical nuclei formed per 

unit time per unit volume decreases from glass to quartz to Si to alumina substrate. Thus the 

number of critical nuclei that gets formed on the surface of the substrates decreases from glass to 

quartz to Si to alumina and hence the thickness and crystallinity of V2O5 thin film increases from 

glass to quartz to silicon to alumina substrate. 

 

 
 

Fig. 6:- Images of water contact angle on (a) Glass, (b) Quartz, (c) Si and (d) Alumina substrates. 

 

 

 

 

Page 16 of 22RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 
Fig. 7:- Schematic diagram showing variation of Gibbs free energy with radius of nuclei. 

 

5. Conclusion 

 

The nature of substrates determines the properties of V2O5 thin films. SEM images showed a 

change in surface morphology of V2O5 films from substrate to substrate. Films deposited on 

glass substrates are amorphous in nature with smooth surface, whereas films deposited on quartz, 

Si and alumina substrates are crystalline. Degree of crystallization increases from quartz to Si to 

alumina. RBS results show thickness of film increases from glass to quartz to silicon to alumina 

substrate. XRD and Raman results displays that films fabricated on glass substrate are 

amorphous in nature where as films fabricated on quartz, silicon, and alumina are crystalline and 

crystallinity increases from quartz to silicon to alumina. Basically these are the interactions 

between sol and substrate (adhesive forces) that plays significant role to elucidate the thickness 

and degree of crystallization of V2O5 thin films. As the magnitude of adhesive forces between sol 

and substrate increases, both film thickness and crystallinity enhances. Electrical and 

thermoelectrical properties were found to be functions of crystallization and thickness. As film 
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thickness and crystallization increases from V2O5:G to V2O5:Q to V2O5:Si to V2O5:A, both 

carrier concentration and conductivity increases. Carrier mobility decreases from amorphous 

film to crystalline film and increases with increasing crystallite size.  Seebeck coefficient shows 

a strong dependence on crystallization. Seebeck coefficient increases from amorphous film to 

crystalline film and then decreases with increase in crystallite size. This behavior of µ and s with 

crystallization is due scattering and tapping of charge carriers along the grain boundaries and 

stacking defects. 
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