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Abstract VO2 films have been prepared on normal

microscope glass slides by reactive rf magnetron sputtering

of vanadium target in a mixture of argon and oxygen.

Optical properties of the films were investigated by the

UV/Vis/NIR Perkin–Elmer Lamda 9. Transmission elec-

tron microscope and atomic force microscope were used to

investigate the structure of the films. Correlation between

structural and optical properties of VO2 thin films is

investigated with respect to the dependence of both to

substrate temperature.

Introduction

Over four decades have passed now since Morin, 1959 [1],

reported a phase transition in vanadium dioxide (VO2) for

the first time. The following years saw an intense growing

interest on the material, both from scientific and applica-

tion points of view [2–4]. Vanadium dioxide is a first order

phase transition material that displays temperature depen-

dent changes in structural, electrical and optical properties,

making it lie in a large class of materials that show large

temperature induced changes in optical properties; a

property known as thermochromism.

VO2 can reversibly change from semiconductor to

metallic phase when its temperature is raised beyond a

critical point sc, reported to be ~68 �C [4–7]. As such VO2

films have a potential to be used as thermo switch in energy

efficient windows. Thus for example, glass windows coated

with vanadium dioxide film will transmit both the luminous

and the heating components of the solar radiation at lower

temperature, but will be almost opaque especially to the

heating component of the solar radiation when its tem-

perature is raised above the critical point.

For VO2 films to be used for practical window appli-

cations, several requirements need to be satisfied. Some of

these requirements are higher switching magnitude in the

near infrared wavelengths; increased sharpness in switch-

ing, switching effectively at near room temperature and

lowering thermal hysteresis width during switching.

In this paper we investigate the correlation between

optical and electrical properties of VO2 films with its

structure in an attempt to optimize optical and electrical

performance of the films.

Experimental procedure

VO2 thin films were deposited on quartz glass slides by

reactive magnetron sputtering method. A 50 mm water-

cooled vanadium target (99.9% purity) was sputtered in an

Ar–O2 discharge to form oxide films. The rf power of

150 W and working pressure of about 3.8 · 10–3 was

maintained. Gas flow meters controlled precisely the flow

rates of oxygen and argon at about 1.4–3.0 and 76 ml/min

respectively. A radiant heater was used to heat the samples

to between 250 and 400 �C. These deposition conditions

were comparable to those from an earlier work [8] and that

done by Jin et al. [7]. Both produced stoichiometric VO2

films as observed by X-ray Diffraction (XRD) and Ruth-

erford Backscattering Spectroscopy (RBS). Samples for

microstructure analysis in the transmission electron
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microscope was sputtered onto 3 mm carbon covered cop-

per grids simultaneously with those on quartz glass slides.

Carbon covered copper grids were used because they have

good electrical properties, high transparency to electrons

and good stability when placed under the electron beam.

The optical transmittance measurements were made near

normal incidence using Perkin–Elmer Lambda 9 (UV–Vis–

NIR). Wavelength dependence transmitance was measured

in the range 300–2,500 nm at constant temperatures of 20

and 100 �C corresponding to semiconductor and metallic

states of VO2 films. Transmittance as a function of tem-

perature taken at 2,500 nm, a wavelength at which most of

the samples show the largest contrast in transmittance on

switching, was recorded. A critical temperature, sc, was

obtained at the mid-point of the transmittance–temperature

curve during cooling.

Sheet resistance of the films as a function of temperature

was measured by two point-probe method in the tempera-

ture range of 20–120 �C corresponding to semiconductor

and metallic phases of the films.

The surface morphology characterization was done by a

Digital Instruments Nanoscope IIIa Multimode Atomic

Force Microscope in tapping mode.

A roughness (Ra) value was defined as the mean value of

the surface relative to the central plane,

Ra ¼
1

LxLy

XLy

0

XLx

0

f x; yð Þ½ �dxdy

where f(x,y) is the surface relative to the central plane and

Lx and Ly are the dimensions of the surface.

Bulk, structural analysis was performed using the LEO

910 analytical transmission electron microscope (TEM).

Diffraction patterns from the TEM were used to judge the

order of crystallinity of the films.

It was not possible to perform structural characterization

at high temperature phase because of lack of heating

facility in the electron microscope and the atomic force

microscope.

The Quartz Crystal Thickness Monitor incorporated in

the sputtering unit was used to monitor film thickness

during deposition. Time durations used to achieve several

sets of film thickness was recorded during monitoring

deposition. These time periods were then used to estimate

thickness of samples deposited under high temperature.

Results and discussion

Optical properties

Films deposited at 350 �C showed the best switching

behaviour. Figure 1 shows a graph of transmittance against

temperature at k = 2500 nm, the wavelength at which the

sharpest contrast is observed between the two temperature

phases. It was observed that samples deposited at 350 and

400 �C had curves with sharp knee especially during cooling.

Samples deposited at 250 and 300 �C however showed weak

thermochromism, where the difference in transmittance DT

between the high and low temperature phases is small.

The curves in Fig. 1 showed an increase of DT with

increase in deposition temperature, from DT < 10% for

samples deposited at 250 �C to DT > 50% for samples

deposited at 350 �C. Hysteresis width of the films depos-

ited at higher substrate temperature was found to be thinner

than that for films deposited at low temperature.

For bulk VO2, the transition temperature occurs at

~67 �C with a narrow switching interval (between trans-

parency and opaque) of 0.1 �C and a thermal hysteresis

width of 1.4 �C [4, 9]. For thin films on the other hand it is

difficult to apply the concept of transition temperature

because transition usually occurs at fairly wide temperature

intervals and relatively wider hysteresis width [10].

Even though, an effective phase transition temperature

proposed by Begishev et al. [9] defined as either the tem-

perature at the mid point at the transmittance–temperature

(T–s) curve on the heating portion, or more exactly, as the

maximum of the derivative of the temperature dependence

of transmittance, i.e., dT(s)/ds, was used to evaluate the

phase transition of VO2 films, as has been done by many

authors [7, 8, 11].

The transition temperature was found to be 68 �C,

which is in a good agreement with that reported elsewhere

[2, 7] and also consistent with the value for bulk VO2 [12].

Electrical properties

The change in resistivity with temperature for VO2 films

deposited under different substrate temperatures is shown
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Fig. 1 Temperature dependence of transmittance at 2,500 nm for

~1,000 Å VO2 films deposited at (a) 250 oC (b) 300 oC (c) 350 oC

and (d) 400 oC.
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in Fig. 2. Sheet resistance of the films showed strong

dependence to the deposition temperature. Samples

deposited at 350 �C showed the highest ratio of resistivity,

~103, between the semiconductor and metallic phases of

the films, a value corresponding well with that reported by

other authors [5, 7, 13, 14]. The films show (Fig. 3) a

sharper resistivity change close to the transition tempera-

ture. At 300 �C the ratio was only one order of magnitude

with gentler slope close to transition temperature, where as

those deposited at 250 �C had resistivity ratio of less than

an order of magnitude (Fig. 2).

Structural properties

Transmission Electron Microscopy of VO2 thin films

revealed a marked dependence of the film structure on the

deposition temperature, Ts. The TEM microstructure of

films deposited at 250 and 300 �C showed very small

grains, less dense surfaces with a lot of voids through the

surfaces (Figs. 4a, 5a). The micrograph of the film

deposited at ~350 �C (Fig. 6a) showed well-crystallized

grains with mean diameter of ~25 nm. The grains were

faceted with grain boundaries of about 5.5 nm. For films

deposited at Ts~400 �C, the grains seemed to have

agglometed, forming almost a continuous film (Fig. 7a).

For all the films there were no indication of any ordered

structural defect, which suggests that the films were

homogeneous.

The electron diffraction patterns for samples deposited

at 250 and 300 �C showed spotted ring patterns (Figs. 4b,

5b) that suggest development of regions of localized

crystallinity. For the films deposited at 350 and 400 �C,

Fig. 6b, 7b, the diffraction patterns are very ordered sym-

metrical spot patterns typical of single-crystal VO2.

AFM images of VO2 films revealed strong dependence

of the surface morphology and grain formation on the

substrate temperature. The morphological change corre-

sponding to the evolution of crystallization is observed in

these AFM images. The images of samples deposited at

250 and 300 �C correspond well with the TEM micro-

structure, the surfaces were less dense with spacey grains

of mean (lateral area) sizes of ~115 and ~946 nm2

respectively. The surface roughness (Ra) was found to be

5.36 and 2.6 nm respectively for samples deposited at 250

and 300 �C (Figs. 8a, 9a). Figures 8b, 9b show the cross

sections of the films deposited at 250 and 300 �C, the

sections revealed maximum peaks (of grains) of 13.8 and

10.8 nm respectively.

Figures 10, 11 show AFM micrographs and cross-sec-

tion for films deposited at 350 and 400 �C respectively. At

350 �C the film has large tall forest of grains of mean size

1,431 nm2 with mean roughness (Ra) of 5.2 nm. Maximum

cross sectional (grain) height is ~37.3 nm. At 400 �C the

grains seem to have coalesced forming larger grain clusters

about semi-spherical with mean grain size of 5,840 nm2

and roughness of 5.0 nm. There is a positive evolution of

grains with increasing substrate temperature. These results

are supported by other authors [15, 16].

Deposition temperature of 250 �C for VO2 lies in the

region with Ts/Tm < 0.3 which lies in zone 1 of the

Thorntons Model of film structure growth (melting tem-

perature for VO2 is 1800 K [17]), this zone is characterized

by small grains with many voids in the film. A sharp jump

in grain size is observed at 400 �C, this temperature lies in

the range T/Tm = 0.5 wich is zone 2 of the Thorntons

Model, a zone at which the grains penetrate through the

whole thickness of the films, forming large and sometimes
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Fig. 2 Resistivity ratios of VO2 films deposited at different substrate
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columnar grains. At this temperature grain boundary

migration and recrystallization within grains is dominant

[18–20]. This leads to fewer crystal defects and better

crystallinity as the AFM and also TEM results show.

It has been argued that optical transition is controlled by

the number of individual grains that has transformed,

where as resistance change is strongly dependent upon the

nature of the grain boundary structures and percolation

Fig. 4 TEM micrograph (a)

and electron diffraction image

(b) of VO2 film deposited at

250 �C

Fig. 5 TEM micrograph (a)

and electron diffraction image

(b) of VO2 film deposited at

300 �C

Fig. 6 TEM micrograph (a)

and electron diffraction image

(b) of VO2 film deposited at

350 �C

Fig. 7 TEM micrograph (a)

and electron diffraction image

(b) of VO2 film deposited at

400 �C
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Fig. 8 AFM image (a) and

cross-section (b) of VO2 film

deposited at 250 �C.

Fig. 9 AFM image (a) and

cross-section (b) of VO2 film

deposited at 300 �C

Fig. 10 AFM image (a) and

cross-section (b) of VO2 film

deposited at 350 �C

Fig. 11 AFM image (a) and

cross-section (b) of VO2 film

deposited at 400 �C
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effects [13, 21]. As the results indicate, decrease in Ts

result in a significant decrease in crystallite size and vice

versa. The reduction in crystallite size increases crystal

imperfections, that include the number of atoms distributed

randomly near the crystallite boundaries at which the

ordered zigzag chains of the V–V pairs characteristic of

the low temperature phase are destroyed, leading to the

destabilization of the semiconductor phase and the

decrease in sc and also the transition sharpness [7]. This has

been demonstrated in our results.

Conclusions

Deposition temperature was found to have great influence

on the structure growth of VO2 thin films. Higher deposi-

tion temperatures resulted in films with better crystallinity.

Growth of the films was found to fit well with Thorntons

film growth model.

The study found a very strong dependence on optical

and electrical properties to the structure of the films. The

films with larger grain sizes and smaller surface roughness

as determined by the AFM revealed better thermochro-

mism. These films were observed to be rather continuous,

with diffraction patterns taken within single grains showing

very orderly spots arrangement like those in single crystals.
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