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Abstract

Various types of TiO2/VO2 multilayer structures have been prepared on sapphire (117.0)

substrates by a low-pressure metal-organic chemical vapor deposition process. X-ray diffraction

and transmission electron microscopy techniques were used to study the crystallinity and

epitaxial relationships of the deposited films. High resolution elex:tron microscopy was used to

examine the microstructure of the overlayers and interfaces. Electrical resistivity measurements

were performed to investigate the metal-semiconductor phase transition of VO2 layers in

multilayer structures.

• *Work supported by the U.S. Department of Energy, BES-Materials Sciences, under contract
#W-31-109-ENG-38.



Thin oxide films in the form of single-crystal, as opposed to amorphous or polycrystal,

are required or at least preferred fox'many potential technological applications [ 1-5]. In some

cases [5], one needs to layer a few different oxide materia_.s together on the same substrate not

only in single-crystal form but also in controlled crystallographic orientations. Research in this

area is in its infancy [6].

In our recent work [7], we selected titanium and vanadium oxide systems to study the

growth of epitaxial films in the metal-organic chemical vapor deposition (MOCVD) process.

Single-crystal films of TiO2 and VO2 have been successfully obtained on sapphire (ct-AI203)

substrates with various surface orientations and seven distinct epitaxial relationships have been

observed [7].

A crystal of VO2..will undergo a phase-transition, which involves only a slight shift of

cations relative to anions, from low temperature monoclinic phase to high temperature tetragonal

phase at approximately 340 K [8,9]. The tetragonal phase of VO2 has the rutile-structure and its

lattice constants are fairly close to that of rutile TiO2. Therefore, it is conceivable that high

quality multilayer or superlattice structures made of TiO2 and VO2 may be achievable under

appropriate conditions. In this work, various types of TiO2/VO2 multilayer structures have been

fabricated and characterized.

E_._eriment_l

The films were grown in a cold-wall horizontal low-pressure MOCVD system. Detailed

description of t'he apparatus and the sample preparation procedure has been given elsewhere [10].

Various double-layer, sandwich, and superlattice structures have been fabricated. In the case of

superlattice structure, we always grew a buffer layer of rutile TiO2, approximately 30 nn_ in

thickness, on top of the substrate surface prior to the subsequent deposition of sutx_rlattice. The

substrate used in this study is sapphire (1120),



X-ray diffraction study of the films was performed using a Rigaku X-ray diffractometer

...... anti a Huber four-circle dif'fractometer. Both diffractometers were equipped with a rotating

anode with Cu Kct radiation. Transmission electron microscopy (TEM) and high resolution

electron microscopy (HREM) were employed to study the microstructures of the films and the

interfaces. Resistance of the film was measured by an a-c signal at 10 kHz and 100 mV using an

HP 4192A Impedance Analyzer. Electrical contact was made with indium solder.

Results and Discussion

Single-layer TiO2 and VO2 films grown on sapphire (1120) have been studied in detail

['7,10]. Within a wide range of growth conditions, the epitaxial relationships between the rutile

TiO2 (R), monoclinic VO2 (V), and sapphire substrates (S) have been determined, by both X-ray

and TEM, to be (101)[010]R//(1120)[0001] S and (200)[010]v/I(11-20)[0001] S. Ali the samples

studied in this work follow these epitaxial relationships.

A double-layer film was prepared by growing TiO2 at 800°C for 30 min and then VO2

at 500°C for 20 rain. The thicknesses of TiO2 (bottom layer) and VO2 (top layer) are 200

and 150 nm, respectively. X-ray G-20 scan data of this sample are shown in Fig. 1. In addition

to the substrate peak, which is off-scale due to its strong intensity, the two film peaks at

20 = 36.12 and 37.2° correspond well to the rutile (101) and VO2 (200) reflections, respectively.

scan:_ of this sample were performed in the four-circle diffractometer and the result has

shown that the epitaxial relationship follows those in the single-layer configuration, i.e.,

(200)[OlO]V//(lO1)[OlO]R//(11-20)[0001Is. A good number of samples have been fabricated in

various types of double-layer and sandwich configurations and they all show the above epitaxial

relationship. Figure 2(a) shows the cross-sectional TEM micrograph of a double-layer film with

a --33 nrn bottom layer of TiO2 (grown at 8_)°C) and --115 nm top layer of VO2 (grown at

500°C). The TiO2/VO2 interface looks flat at this magnification. A further magnified high

resolution image of a part of the interface is shown in Fig. 2(b). A s can be .seen, the interface is
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coherent and shows no misfit dislocation. However, the interface roughness is in the order of a

few rim.

In superlattice configuration, we have prepared three samples with different modulation

lengths. The three samples ali consist of a ,-.30 nm TiO2 buffer layer (grown at 800°C) and, on

top of that, 40 layers of alternating VO2 and TiO2 (20 layers for each, grown at 750°C). The

growth conditions for the three samples are the same except for the deposition time. The

deposition cycling times for the three samples, designated as A, B, and C, were 1 rain/1 min,

5 rain/5 min, and 10 min/10 min, respectively, lt should be mentioned that the growth rates of

TiO2 and VO2 are different. At this point, we do not know the thicknesses of individual layers

of TiO2 and VO2. But they mas, be quite different although the deposition time for the two

constituent materials is the same. The X-ray 0--20 ,scan data of sample A, B, and C are shown in

Fig. 3(a), (b), and (c), respectively. Note that data for sample A (Fig. 3(a)) show one strong

diffraction peak located at 20 = 36.4 °. Data for sample B also show one diffraction peak but the

line width (full width at half maximum or FWHM) of this t_ak are substantially larger than that

for sample A (F"WHM = 0.5 ° in Fig. 3(b) as compared to 0.2° in Fig. 3(a)). Data for sample C

show two diffraction peaks located at 20 = 36.25 and 36.91 o. One possible explanation for these

data is that, at the growth temperature of 750°C, there was severe atomic interdiffusion between

TiO2 and VO2 during deposition. In the case of sample A, because both TiO2 and VO2

individual layers were so thin that the atomic mixing between them was thorough and uniform

and the resulting film was therefore a solid solotion TixV 1-xO2. This solid solution film still

possesses rutile structure but its lattice constants are between that of rutile TiO2 and tetragonal

VO2 and, therefore, the X-ray diffraction pe_ (20 = 36.4 °) appears between 36.1 ° and 37.2 °.

For sample B, since the individual layers are thicker, the atomic mixing is not uniform. The

diffraction peak is broad, indicating a distribution of atomic spacing. As for sample C, which

consists of the thickest individual layer, substantial parts of TiO2 and VO2 (away from the

interface) remain only slightly mixed with each other and they yield diffraction peaks

(2f) =: 36.25 ° and 36.91 °) close to that of pure TiO2 and VO2 _20 = 36.1 ° and 37.2°).



In order to further investigate the above speculation, we have grown a superlattice at a

much lower temperature to see whether atomic intermixing effect can be minimized. The sample

consists of 20 layers of alternating TiO2 and VO2 (10 layers for each, grown at 500°C) on top of

a buffer layer of TiO2 (-28 nm in thickness, grown at 800°C). The thicknesses of individual

layers of TiO2 and VO2 are about 14 and 5 nm, respectively. The X-ray 0-20 scan data of this

sample are shown in Fig. 4. The diffraction spectrum looks very similar to that of sample C.

The electron diffraction pattern and the cross-sectional TEM micrograph of this sample are

shown in Fig. 5(a) and (b), respectively. A number of weak superlattice spots between the bright

substrate spots can be seen in the diffraction pattern, indicating a reasonably good periodic

structure due to the presence of alternating layers of TiO2 and VO2.

From the TEM data shown in Fig. 2 and 5, it does not look like there is severe atomic

intermixing at the TiO2/VO2 interfaces when the samples were grown at 500°C. If indeed there

is no or little atomic intermixing at the interfaces, then, to explain the peak shifts in Fig. 4, Jt is

possible that the shifts of the X-ray diffraction peaks are due to strain in the individual layers

rather than solid solution mixing. However, in order to explain the strain effect on the X-ray

diffraction peak shifts (i.e., atomic plane d spacing change), our TiO2I'VO2 interface has to be a

rough one. Figure 6 schematically shows a rough TiO2/VO2 interface. As shown in the figure,

interface consists of vertical and horizontal parts. Since the lattice constants of r-atile TiO2

(a = 4.594 ,/_, c = 2.959 ]k) are slightly larger' than that of tetragonal VO2 (a =4.54 ,_,

c = 2.88 A), the atomic plane matching along the horizontal part of interface tends to decrease

the d spacing of VO2 (200) and increase the d spacing of TiO2 (101). This would shift the rutile

(101) peak toward smaller 20 value and VO2 (200) peak toward larger 20 value which would

contradict our experimental results. On the other hand, the atomic plane matching along the

vertical part of interface will do the opposite and shift the two peaks (20 = 36.1 ° and 37.2 °)

toward each other which is what we observed. The effect of vertical matching may dominate in

the ca_ of rough interfaces. For the same reason, this type of strain in TiO2 and VO2 layers can

also explain the X-ray data of the 750°C superlattice (Fig. 3).
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Resistance vs. temperature (R-T) measurements were performed on the superlattice

samples to study the metal-semiconductor phase transition for those thin layers of VO2. Figure
f

7(a) shows the R-T curve obtained fi'om a typical single-layer VO2 film (unstrained). As shown,

the transition curve is very much like that of a bulk VO2 crystal: a four orders of magnitude

change in resistance, and sharp transition at about 336 K. The R-T curve of sample C

(10 min/10 min superlattice) is shown in Fig. 7(b). Interestingly, the transition temperature shifts

rather substantially to about 300 K and there is only a two orders of magnitude change in

resistance. The R-T curve of sample A (I min/I min superlattice) is shown in Fig. 7(c). There is

hardly any "transition" that can be seen over the entire temperature range (100 to 400 K).

Whether the absence of phase-transition is due to finite size or strain effect or atomic mixing is

not clear at this point.

.Conclusion

Various types of TiO2/VO2 multilayer structures have been prepared by the MOCVD

technique. The epitaxial relationships in these multilayer configurations follow those observed

in single-layer films. The TiOJVO2 interface roughness is typically in the order of nra.

Superlattice was successfully obtained if individual layer thickness is greater than approximately

10 nm. TiO2 and VO2 layers are possibly highly strained or intermixed in the superlattice

configuration. It is interesting to note that the strain or the mixing of TiO2 in VO2 layer can

drastically change the behavior of metal.-semiconductor transition.
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Figure Captions

1. X-ray 0-20 scan data of a double-layer film which consists of a VO2 layer (150 nm) on top

of a TiO2 layer (200 nm) grown on sapphire (1120) substrate.

2. (a) Cross-sectional TEM micrograph of a VO2/q'iO2/Sa(1120) double-layer film; (b) HREM

image of a part of the VO2/TiO2 interface.

3. X-ray 0-20 scan data of sample A(a), B(b), a_,d C(c).

4. X-ray 0-20 scan data of a TiO2/VO2 superlattice.

5. (a) Electron diffraction pattern and (b) cross-sectional TEM micrograph of the sample of

Fig. 4.

6. Schematic of a rough TiO2/VO2 interface.

7. Resistance vs. temperature curves for (a) a typical single-layer single-crystal VO2 film,

(b) sample C, and (c) sample A.
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