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Abstract
We deposited thin dioxide films by atmospheric pressure chemical vapor decomposition (APCVD) with tin tetrachloride as precursor in a flow of methanol and dry nitrogen on various substrates. The deposition was done at 430°C on alumina, soda lime glass and glass ceramic (Schott-Ceran) substrates, the thickness of the films varied between 80 and 2400nm. Unlike the films on alumina, which were mechanically stable, the films on glass ceramic showed cracks and caused an increase of the sheet resistance. The SnO2 films showed good adherence on all substrate types before and after 5 weeks of heat cycling up to 500°C. The observed crack behavior of films on glass ceramic substrates is explained in terms of tensile stress. 
Key words: atmospheric pressure CVD, thermal stress, tin tetrachloride, cracks, expansion coefficient.
1. Introduction
Research and development on tin oxide are continuously increasing because of its application as oxidation catalyst, transparent conducting oxide in displays and solar cells, solid state gas sensor, transparent heating element and as material in thin film batteries. We are interested in fabricating heating elements of thin films of SnO2, because SnO2 is chemically inert against acids, scratch resistant and has a suitable resistivity to be applied as thin film heater. SnO2 thin films are manufactured by using several techniques like spray pyrolysis, chemical vapor deposition (CVD), reactive sputtering and sol-gel methods. Large area coating is mainly done with sputtering and CVD [1-5].
CVD is capable to produce uniform coatings of SnO2 on arbitrarily shaped substrates at low cost. In this study we made thin films of SnO2 on various substrates by atmospheric pressure chemical vapor deposition (APCVD) using tin tetrachloride (SnCl4) and methanol (CH3OH) as precursors and nitrogen as carrier gas.
The formation of SnO2 from SnCl4 and methanol by APCVD using dry nitrogen as carrier gas has been described by A. P. Mammana et al. [6, 7] and others [8, 9]. It is a simple and reliable method for fabricating thin films of SnO2 at temperatures of ~400C with a high transparency and high conductivity.
Apart from the long-term stability of SnO2 at high temperature in air, the matching of the thermal expansion between film and substrate needs to be addressed for an application as heating element. This point did not receive much attention in the scientific literature up to now. For this reason we started a study of SnO2 made by CVD on various types of substrates with different expansion coefficients. The linear expansion coefficient of SnO2 is reported to lie between 3.7x10-6/K and 5.7x10-6/K [10-14]. We have selected substrates with linear expansion coefficients that are lower, almost equal and higher than the reported range for SnO2. Preliminary results of our work were presented at LatinDisplay 2009, São Paulo [15].
This paper is organized as follows. Section 2 describes the experimental methods. Section 3 shows the experimental results of optical microscopy of the films before and after heat cycling and resistance measurements. Section 4 describes the analyses of the thermal stress of the SnO2 films. Finally, section 5 summarizes the conclusions.
2. Experimental methods
2.1. Thin film deposition
Thin films of SnO2 were prepared by APCVD using SnCl4 and methanol as starting materials. We constructed an experimental CVD equipment to deposit SnO2 films on hot substrates and used dry N2 as carrier gas. The principle of our coating equipment is depicted in Figure 1.
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Figure 1. Lay-out APCVD equipment: 1 = reducing valve; 2 = measuring gauge for pressure; a = SnCl4-branch; b = methanol (CH3OH) – branch; 3 = valves to adjust flow rates in the two branches individually; 4 = flow meters; 5a = bubbler for SnCl4; 5b = bubbler for CH3OH; 6 = cold-wall reaction vessel.
The valves, indicated by 3 in figure 1, were used for adjusting the flow rates in the two branches. The carrier gas was saturated with vapor of the fluids in both bubblers, SnCl4 (5a) and absolute CH3OH (5b). SnCl4 (industrial grade, purity 99.5%) was bought from Quirios, Brazil. The temperature of the bubblers was kept at 25C in order to control the evaporation rate of SnCl4 and CH3OH. The reaction chamber was a cold wall Pyrex conical jar of 22 cm height with two gas inlets.  This vessel was mounted over a horizontally rotating (at 10 rpm) stainless steel hot-plate holding the substrate. The temperature of the substrates was adjusted and controlled with thermocouples.
We made experiments to study the influence of the substrate. We deposited SnO2 on Ceran, being a glass ceramic material with a very low linear expansion coefficient, on sintered alumina and on soda lime glass. The size of the sintered alumina and soda lime substrates was 15x15mm2 and that of the glass ceramic substrates was 150x150mm2.The substrates were ultrasonically cleaned in a neutral detergent, then rinsed with de-ionized water and finally flushed with isopropyl alcohol before inserting in the reaction vessel.
The SnO2 films were grown at temperatures in the range between 330 and 430C, using deposition times between30 seconds and 30 minutes in N2 flow rates of 750sccm for CH3OH and 250 sccm for SnCl4. By varying the deposition time, we made films with thicknesses between 40 and 2400nm. The film thickness was found to be linear with the deposition time. 
The SnO2 layers were contacted with commercial Ag-pastes that were baked at high temperature. For temperatures up to 500C we used Ticon 9070/1 (Brazil) and for temperatures >500C we used ceramic based Ag-pastes, Ticon 4081BLA and Ticon 1150 resp. These Ag-contacts enabled Joule heating of the SnO2 layers in ambient air and conducting heat cycling experiments without placing samples in a furnace.
 2.2  Thin film characterization and testing
The SnO2 films and the connecting silver contacts were investigated with an optical microscope, before and after heat cycling tests. The thickness of the thin films was measured with a stylus type apparatus, DEKTAK 3030. Steps in the SnO2 films were made by etching the thin films with Zn-powder in HCl.
The electrical resistance of the SnO2 films was measured with a 4-points probe before and after heat cycling.
Heat cycling was done by applying 90V (60Hz AC) voltage to the silver contacts. One heat cycle was 5 minutes on and 5 minutes off. For the prolonged tests, heat cycling was continued for 5 weeks. The temperature of the films during the heating tests was measured with a thermocouple (to 400C) and two types of IR-sensors, Minolta Cyclo 33CF for temperatures 400-600C and Raytek Model MX for temperatures > 600C.
The resistance of the silver contact films was checked separately before and after heat cycling.
3. Results
Figure 2 shows the resistivity of the SnO2 films on sintered alumina and glass ceramic substrates as a function of thickness. The films were deposited at 430C. The resistivity of the SnO2 films on alumina is 2x10-3cm for a film thickness of 2400nm. The resistivity of the thin films on both substrates was 4x10-3cm between 400 and 1200nm, whereas at thickness >400nm the resistivity increased to 7.5x10-3cm. 
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Figure 2. Resistivity of SnO2 thin films on sintered alumina (1) and glass ceramic without shelf life (2) and after 96 hours of shelf life (3).
The behavior of the resistivity of the SnO2 films on alumina and glass ceramic substrates for small thicknesses can be explained in terms of the Fuchs-Sondheimer theory [16, 17]. This theory describes the effect of scattering of conduction electrons in (very) thin films. This scattering becomes important when the ratio of the film thickness to the electronic mean free path becomes small. In other words, it is to be expected that the resistivity increases at small thickness, say at thickness smaller than 400nm.
In the case of glass ceramic we observed an effect of shelf life for large thicknesses: the resistivity of the thick films increased substantially during storage in ambient air. However, the resistivity of the 2400nm SnO2 film on glass ceramic directly after depositing (and cooling down to ambient temperature) is also significantly larger than the resistivity of the corresponding film on alumina. 
The behavior of the resistivity of the SnO2 films on glass ceramic is ascribed to the formation of cracks. We chose deliberately glass ceramic material from Schott for our experiments, because it has a very low thermal expansion coefficient of -0.01x10-6/K [18]: therefore, it is a popular material to be used in cook tops. Figure 3 shows optical microscope pictures of SnO2 on glass ceramic.
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Figure 3. Optical microscope pictures of SnO2 thin films on glass ceramic.
It can be seen that films >1280nm show cracks. This result differs strongly from the experiences described by Auding et al. [10] regarding the mechanical stability of SnO2 on quartz glass and glass ceramic. In contrast to glass ceramic substrates, the SnO2 films on alumina did not show cracks, not even after a heat cycling test with a top temperature of 500C that was continued for 5 weeks.
The adherence of the SnO2 films to the various substrates was investigated with the tape and scratch (sapphire point with 25mg force) tests. These tests indicated a good adherence to all substrates and high resistance against mechanical loads.
4. Analysis of stress
The total stress  in a thin film can be written according to Campbell [19] as:

	(1),
where e is the external stress due to external forces, t is the stress caused by thermal effects and i is the intrinsic stress, caused by nucleation and growth of the thin film. In the following analysis we shall neglect external and intrinsic stresses and only consider thermal stress t. The thermal stress t in a thin film cooled down from the temperature of deposition Th (no stress situation) to room temperature Tr can be written as [20]: 

		(2),                  
where f is the linear expansion coefficient of the thin film, s is the expansion coefficient of the substrate, Ef is Young’s modulus of the thin film and f is Poisson’s ratio of the film. This equation refers to a thin film of an isotropic and linearly elastic material on an isotropic and linearly elastic substrate. Because of slight texturing, our thin SnO2 films were not completely isotropic; however, we shall neglect this in the following consideration.
Table 1 shows the relevant data for SnO2 and the various substrates used in our study. The last row of table 1 shows the thermal stress, calculated in the tin oxide film upon cooling down from the deposition temperature of 430C (no stress) to 25C. 
Table 1: Mechanical properties of SnO2 and substrates
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When αf > αs, σ is tensile (σ > 0) after cooling down: this will be the case for glass ceramic. In the case of soda lime glass and alumina, the thermal stress in the thin film is negative and the film is under compression after cooling down. 
While a compressive stress will not immediately lead to cracks, a tensile stress of 0.5-1GPa usually does [20]. Our experiments with SnO2 films on alumina did not show any cracks, neither after cooling down after depositing nor after repeating heat cycling up to 500C. This may be understood, because the rather small compressive stress in the film is well below the fracture limit. However, on ceramic glass we observed cracks in the films with a thickness >1280nm after being cooled down to room temperature. The calculated thermal stress in the layer of 0.62GPa is rather large and this large stress caused the crack pattern as shown in figure 3. In thin (<1280nm) SnO2 films on glass ceramic, we could not detect cracks. It should be noted that after two weeks of heat cycling of a SnO2 film on alumina to 650C some cracks were observed in the thin film. As our films show excellent adherence to all substrates, one may expect that very thin films may withstand high tensile stress without cracking as is indeed observed in our experiments with glass ceramic. Nevertheless, from our experiments it can be concluded that glass ceramic is not a preferred substrate for thin film heaters made of SnO2.
From the foregoing analysis we conclude that we have fairly good agreement between a theoretical evaluation of the stress in thin SnO2 films and our experimental observation of cracks after heat cycling.
5. Conclusions
We found that thin films of SnO2 made by APCVD from a SnCl4 precursor in a flow of methanol show low resistivity. The resistance of the thin films is stable upon prolonged heat cycling in air, indicating that they can be applied in heater elements up to 600C. 
The mechanical stability of the SnO2 films on alumina substrates is good and does not show any mechanical or electrical degradation after heat cycling tests. This indicates that alumina is a good substrate to be used with thin films of SnO2 in heater applications.
The thermal stress in SnO2 films thicker than 1280nm on glass ceramic (Ceran) causes cracks: glass ceramic is therefore not a good substrate for heater applications with SnO2 films. The crack formation in SnO2 films on glass ceramic substrates can be understood by evaluating the tensile stress in these films.
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Soda Lime | Tin Alumina | Glass

Glass oxide Ref[24] | ceramic

Ref[15] Ref[15] Ref[21]
Young’s Modulus (GPa) | 72 263 416 92
Poisson’s ratio 0.23 0.29 0.24 0.24
Linear Expansion 8.3 4.13 53%) -0.01
coefficient (10-9/K)
Thermal stress in SnO, -0.63 na. -0.18 +0.62
film (GPa)

*) The expansion coefficient of alumina increases with temperature. At 25°Citis
4.6x10%/K and at 500°C it is 7.1x10-9/K. For the calculation of the thermal stress we
use an average value of 5.3x10-9/K for the temperature range of 430 to 25°C.




