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1.0 Introduction 

The usefulness of polyimide composites as structural materials in aerospace 

applications, as a substitute for conventional materials, has been studied in recent years 

in various works. Besides having excellent mechanical properties, the high strength to 

weight ratio that polyimides possess make them attractive for use in this area. The weight 

savings that are obtained by the use of composites instead of conventionally used metals 

have made their use increasingly prevalent in not only aerospace applications, but in the 

automobile industry as well, due to the improved fuel efficiency arising therefrom. In 

aerospace applications, the reduction in payload weight is an extremely important quest 

for designers. In addition, the use of polyimide composites has become attractive due to 

the fact that in some instances, their mechanical properties exceed those of conventional 

materials. 

Currently, it is estimated that 4% of commercial aircraft and 10% of military 

aircraft by weight are made up of polyimide composites. In the somewhat more modestly 

budgeted space station Alpha, the solar arrays will use a commercial polyimide called 

~ a ~ t o n " ,  which is made by DuPont (Neogi [I9921 and Gopal [1991]). 

The fundamental problem associated with this material, however, as it is for 

polymer composites in general, is oxidative degradation at the high temperatures that are 

likely to be encountered in aerospace applications. Experiments have confirmed this; 
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polyimide composites degrade completely (the polymer is oxidized and the fiber separated 

from the matrix) after 100 hours at 425OC in an environment of oxygen. In an 

environment of nitrogen, however, strength is retained even after 600 hrs at 425OC 

(Harding [1991]). 

It has been shown that coatings of temperature resistant thin films on polyimide 

surfaces successfully increase the temperature tolerance by preventing oxidation (Harding 

[1991]). In particular, ceramic material coatings protect the polymer surface from attack 

by atomic oxygen (ATOX), which is extremely potent due to its existence in a free radical 

state in low earth orbit (LEO). In this state it is highly reactive and produces stable 

products, attacking not only organics, but also metals, though with a lesser effect (Neogi 

[1992] and Gopal [1991]). 

The choice of a coating must be based on its ability to prevent oxygen from 

attacking the polyimide composite resulting in volatilization and delinking of its molecular 

chains. Application of such a coating should not also result in a significant loss of the 

inherently favorable mechanical properties of the composite. 

Due to the limitation of the temperature that polyimide composites may withstand, 

it is necessary to design a process whereby coatings may be applied at a temperature 

below 450°C and, preferably, even lower if the deposition times involved are large. In 

addition, due to the ultimate application of the coated composite, it is necessary for the 
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film thus deposited to possess excellent adhesion and resistance to thermal cycling, wear 

and acoustical vibration. It must also possess the morphology and microstructure to 

withstand the physical bombardment of particles in low earth orbit as well as the insidious 

damage that can be caused due to oxygen diffusion that occurs due to atomic oxygen 

bombardment. 

It has been found that, in general, ceramic materials are very resistant to oxidation 

at high temperatures. In addition, they are hard and chemically inert substances that have 

been successfully been coated on metals, ceramics and other composites. The Materials 

Research group at the Department of Chemical Engineering at Ohio University has 

attempted to deposit and characterize various ceramic coatings on polyimide composites 

supplied by NASA; among the materials that have been tried as coatings are SiO, (Neogi 

[1992]), Si,N, (Gopal [1991]) and A1,0, (Miller [1991]). A number of techniques have 

been used based upon the individual properties of the coatings involved and the chemistry 

of their precursor materials. 

In this study, silicon carbide (Sic) thin films are deposited and characterized in 

order to examine their viability as heat resistant coatings on polyimides. Silicon carbide 

has already been widely studied as a coating material on silicon and other semiconductor 

and solar cell materials and has been shown to be a hard, temperature-resistant, and 

chemically inert substance. 
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However, there has been very little work done on the deposition of this compound 

on any type of substrates at the low temperatures called for in this situation. In addition, 

there has also been no published research on the deposition of S i c  on polyimide 

composites in particular. 

Given the requirements of the product and the constraints on hand, Chemical 

Vapor Deposition (CVD) is a favored method for deposition of ceramics on polyimides. 

The primary advantages lie in the flexibility of the technique as well as the large varieties 

of ceramics that can be synthesized with small variations in the experimental setup. This 

type of deposition provides for a smooth coverage of rough and irregular substrate 

surfaces. 

In this study, a technique known as plasma enhanced CVD (PECVD) is used, 

since the deposition of S i c  using conventional CVD techniques at temperatures lower 

than 700 - 800°C is considered impossi61e. The plasma generated in the reactor provides 

the additional activation energy to the precursor molecules to decompose to form Sic. 

Subsequent to deposition, a number of characterization tests have been carried out 

to evaluate the properties of the deposited film, such as thickness, adhesion strength, 

composition and the extent of weight loss inhibition of the coated polyimide. The effect 

of changing key parameters in the setup, such as substrate temperature, power of the radio 

frequency plasma, and flow rate of the precursor system into the reactor has also been 
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studied. Finally, a comparison of weight loss inhibition characteristics afforded by Sic  

is compared to those obtained from other ceramic coatings such as A1,0,, SIN and SiO,. 



2.0 Literature Review 

Generally, low pressure chemical vapor deposition (LPCVD) of SIC has been 

carried out in the range of 750 - 1600°C on Si substrates to form satisfactory coatings. 

At temperatures greater than 1 100°C, the deposited films are generally crystalline, while 

they are amorphous at lower temperatures. Conventional CVD methods are unable to 

produce satisfactory coatings at temperatures lower than 700°C. It is therefore necessary 

to provide the system with some source of energy which will lower the reaction 

temperature; this being essential for deposition on polyimides. In this context, carrying 

out the reaction in a plasma state serves this purpose by splitting the reactants into 

positive and negative ions and neutral particles, thus creating conditions more favorable 

for the individual constituents to dissociate or react. The density of the positive species 

is equal to that of the negative ones. Of the many possible routes to generate a plasma 

atmosphere, some commonly used methods use radio-frequency currents or microwaves. 

SIC has also been deposited by using electron cyclotron resonance PECVD, a method 

again involving the creation of a type of microwave plasma. 

Another important factor to be considered is the Coefficient of Thermal Expansion 

(CTE) of the polyimide or silicon substrate and the SIC film. If they differ widely, 

adhesion would be poor due to the varying shrinkage of the two layers upon cooling from 

the deposition temperature to room temperature. However, it has been found (Satou, et 

a1 [1990]) that the range of CTE values for polyimides, from 3 x 1 0e6 to 15 x K", is 
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in the same range as those of silicon and amorphous silicon compounds like silicon 

nitride, silicon carbide and so on. This would indicate that S i c  films either on silicon or 

on polyimide substrates would not easily peel off due to stresses built up on account of 

unequal CTEs. 

2.1 Deposition of protective films on polyimide composites 

There is very little literature available in the area of protective coating of 

polyimide composites by CVD thin films except for the work done by members of the 

Materials Research group at Ohio University. Although significant research is said to 

have been carried out by NASA and by and for the US Air Force, most of the results of 

this effort have been kept proprietary by the latter. An excellent overview of the topic is 

given by Harding [1991]. The considerations involved in the use of polyimide composite 

materials as structural materials are presented as well as a comparison of Chemical Vapor 

Deposition (CVD) and Physical Vapor Deposition (PVD) as techniques available for 

laying down thin film coatings on polyimide composites. Finally, the improvement in 

weight retention as well as the adhesion and morphology of the protective coatings in 

each instance is evaluated. This paper will be reviewed in detail in this section (2.1). 

It was found that amongst a wide range of metal alloys that were deposited on 

PMR-15 - polyimide based polymer matrix composites (PMC) using dc planar magnetron 

sputtering (a typical PVD technique), A1 and AuPd films displayed the best adhesion 
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coupled with a reasonable deposition rate. However, the protection from oxidation 

provided by almost all of the materials deposited was extremely minimal. This may have 

been due to the intrinsic limitation of sputtering and other PVD methods in terms of 

limited throwing distance. Since PVD is a line-of-sight procedure, its use for deposition 

on irregular-surface substrates often yields a non-uniform film. 

Two approaches were utilized in the CVD approach: the first using metal organic 

chemical vapor deposition (MOCVD) with an inorganic precursor (aluminum 

isopropoxide) and the second using PECVD to deposit diamond-like coatings. The 

oxidative resistance and adhesion were observed to be significantly better than that 

provided by coatings made by the PVD approach. Furthermore, the use of a polymeric 

or metallic compliant layer between the polymer material and the coating was seen to 

improve both these properties. With regard to processing conditions, it was noted that 

small carrier gas flow rates (<200 sccm) and high precursor concentrations yielded 

powdery and fragile films with poor adhesion. On the other hand, low precursor 

concentrations and high gas flow rates resulted in slow growth rates and continuously 

amorphous films with good uniformity and adhesion. On prolonged exposure to an 

oxidative environment, it was observed that the weight retention value of the coating 

depended more upon the nature of the stress-relieving compliant layer used and the 

quality of the deposited film (as a result of the processing conditions used) than upon its 

thickness. Coatings that withstood the thermal stresses imposed at the film-substrate 

interface during the cool-down period after deposition and did not buckle reduced the 
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weight loss by as much as 500 percent when exposed to air at high temperatures. 

However, when the coating integrity was suspect, spalling occurred and the protection 

provided was minimal. It was also observed that even thick coatings resisted spalling 

when exposed to prolonged heat treatment in the presence of a compliant layer. 

2.2 Low temperatune PECVD of SIC 

In order to prepare S i c  films at lower temperatures in situations where the 

substrate in question cannot withstand high temperatures, many researchers have used 

plasma enhanced techniques, using both r.f. and microwave plasma. The precursor 

systems used in general belong to the silane family with argon and/or hydrocarbons used 

as the carrier gas. 

Delplancke, et al [I9911 produced amorphous S i c  films using monomethylsilane 

at temperatures as low as 333 K. They used a 13.56 MHz r.f. generator at 50 W power 

with resistive heating of the Si substrate over the 333 K - 723 K range. The r.f. 

electrodes consisted of two horizontal'stainless steel rods separated by a gap of 2 cm. 

The deposition occurred on the lower electrode which was heated. The plasma chamber 

was connected through a differentially pumped middle stage to a mass analyzer to carry 

out mass spectroscopy. Before deposition, the silicon wafers were etched for 5 minutes 

in 49% hydrofluoric acid to remove the oxide layer. Gold foils were prepared for 

deposition by polishing with a paste of alumina and rinsing with acetone and methanol. 
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Profilometry was used to measure film thickness and X-ray diffraction (XRD) was carried 

out to examine its crystal structure. Auger electron spectrometry (AES) and X-ray 

photoelectron spectrometry (XPS) characterization of the films was carried out to evaluate 

the surface composition; argon depth profiling was carried out over 1 cm2 area for XPS 

and a lmm2 area for AES with ion energies of 3 and 5 keV respectively. The following 

conclusions were reached: 

b XRD analysis showed that the films possessed an amorphous structure over 

the entire range of temperatures. 

b Mass spectroscopy studies of the CH,SiH, plasma indicated that no species 

with over 46 a.m.u. was present in the plasma, indicating low 

polymerization in the gas phase. The gas phase predominantly contained 

species with unbroken Si-C bonds; on comparison with a SiH, - CH, 

precursor system, the latter showed the presence of fewer SIC bonded 

species. It was also observed that temperature did not affect the spectra 

obtained. 

b The deposition rate was found to decrease with an increase in substrate 

temperature. This was explained by the increasing self bias on the lower 

electrode due to the process of resistive heating, with a self-bias of 275 

volts being measured at 773K. This would reduce the movement of the 

positive species containing the Si-C bonded units towards the substrate 

electrode. 
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b AES and XPS revealed that there were two phases present, an SIC rich 

phase and an amorphous carbon phase due to the presence of both binding 

energies for the 1s carbon in the respective spectra. It was observed that 

the Sic was not stoichiometric in the Sic phase, and instead richer in Si. 

In addition, the films deposited on the powered electrode, while less thick, 

showed a higher presence of Si than those deposited on the lower 

electrode. These films also contained a lower percentage of oxygen 

contamination. 

b Oxygen contamination of the films was observed at lower temperatures 

(as high as 15 %), but was significantly reduced for substrate temperatures 

above 423 K. 

Bielan and Arendt [I9921 reported the deposition of high quality Sic layers on 100 

mm diameter silicon wafers using precursors of the form R3SiX, where R=CH,, C2H5, 

C,H, and X=H, C1, CH,, R3Si, and so on. The intention was to use a single liquid 

precursor with a carrier gas instead of the gaseous silane-hydrocarbon precursor systems 

commonly used for obtaining Sic thin films. This is desirable since such systems are 

extremely explosive and SiH, is also a highly toxic compound. 

The deposited coatings were free of cracks and showed good adhesion to the 

substrate. The deposition was carried out in a 13.56 MHz r.f. plasma at a pressure range 

of 13 to 68 Pa. They achieved a thickness uniformity that varied between 0.5 % to 2 % 
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over a 100 mrn2 surface. Their films also displayed excellent temperature stability up to 

900°C, with no variation in the Si:C ratio and no detachment of the film from the 

substrate. XRD studies showed that the film was amorphous in nature. 

In order to evaluate the composition of the deposited layer, AES was employed; 

a variation of the r.f. power and gas pressure was accompanied by a corresponding 

variation of the percentage of carbon from 40% to 68%. In comparison, the Si content 

varied from 32% to 45%. It was also observed that the formation of S ic  is 

extraordinarily sensitive to the presence of oxygen in the sample. For carbon contents of 

over 60% and x > 0.45, where 

it was observed that the extent of oxygen contamination was less than 2% whereas for 

low carbon content (-50% C, x < 0.4), the oxygen concentration was as high as 17%. 

Yasui, et a1 [1992] have reported a slightly different method of PECVD for a 

tetramethylsilane precursor system. They used hydrogen radicals to extract the hydrogen 

from the methyl groups to ensure the formation of a homogeneous S i c  film in 

stoichiometric ratios, with low hydrogen concentrations in the deposited coatings. They 

seemed to have been successful in limiting the formation of Si,-,C,:H that is common 

under the conditions that the reactions occur, namely, low temperatures and pressures in 

plasma environments with precursor species rich in hydrogen. They used microwaves at 
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2.45 GHz with a power of 120 - 140 W at a pressure of 266 Pa. While they did not 

measure or control the substrate temperature, they estimated it to be in the region of 250 - 

300°C. FTIR studies were performed to study the composition and structure of the 

deposited film. 

2.3 Tetraethylsilane (TES) as a pecursor for Sic 

A vast majority of the work done in CVD studies of S i c  involves the use of 

silane-based compounds as a precursor with hydrogen andlor hydrocarbons as carrier 

gases. In general, thin S ic  films have been successfully deposited using systems of the 

form Si R,,X, (where R corresponds to H, CH, , C,H, , and so on, and X to C1 or H, 

with 0 I n 5 4) with hydrogen and/or C2H2 as carrier gases. The two drawbacks with 

these systems are: 

1. The presence of C1 or any other halide leads to a highly corrosive atmosphere 

during deposition that leads to high costs in terms of equipment protection and 

replacement. 

2. Stringent safety precautions have to be taken owing to the pyrophoric and 

inflammable nature of the highly reactive precursor mix. 

Maury, et a1 [I9891 have investigated the use of a single liquid precursor that 

would deposit satisfactory films of S i c  without all of the above hazards. Given the 

knowledge that tetramethylsilane (TMS) had been successfully used for LPCVD Sic  
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deposition, they have attempted to use TES, since it is easier to split ethyl radicals than 

their more stable methyl counterparts. They have obtained satisfactory amorphous 

coatings of Si,C,., on Si, AI,O, and SiO, substrates at 800 - 1000°C and 10 Torr which 

show good morphology and optical properties. The Vickers microhardness was measured 

to be 1.81, which corresponds to that cited in literature for CVD SIC. EDX and IR 

spectroscopy also confirmed the presence of S ic  in the deposited films. To verify the 

role of hydrogen as a carrier gas, they have studied these properties by substituting helium 

and have found no significant differences, indicating that an inert carrier gas conveying 

TES precursor can produce satisfactory coatings without the necessity of potentially 

hazardous hydrogen. 



3.0 Ex~erimental S e t u ~  and Pmcedurt 

3.1 Pmcess considerations 

As mentioned earlier, the choice of a deposition process is limited by the 

temperature that the polyimide composite substrates can withstand without degrading. 

Also, silicon carbide cannot easily be sputtered or deposited by any physical deposition 

process. This dictates the need for a CVD process at low temperature. However, S ic  has 

rarely been deposited at temperatures below 700°C by conventional CVD methods; hence 

the need for a plasma enhanced CVD (PECVD) process. 

3.2 Pmcursor considerations 

In most earlier studies of S i c  formation by CVD, silanes and their alkyl and halo- 

derivatives have been successfully used. However, the more the substitution of SiH,, the 

safer the substituted compound in terms of air and moisture sensitivity, pyrophoric, and 

corrosive behavior (Kwatera [1990]). Therefore, tetraethylsilane, Si(C,H,),, was chosen 

as a single precursor, the source for both the Si and the C. It is a colorless, volatile liquid 

at room temperature with a vapor pressure of 760 torr at 153OC and a pressure of 200 torr 

at 10S°C (Bielan and Arendt [1992]). Argon was used as the carrier gas and was bubbled 

through the SiEt, , which is maintained at room temperature. The gas was passed through 
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a rotameter to measure flow rate and then passed into the reaction chamber through 114 

inch diameter stainless steel tubing. 

3.3 Reactor considerations 

The reaction chamber was evacuated by means of a mechanical pump to about 

13.3 Pa, and the plasma was generated by 13.56 MHz r.f.waves, with the power being 

varied between 0-150 W. The substrate was placed on a flat heater plate along the 

direction of the gas flow, and its temperature measured by a thermocouple in contact with 

the heater used to maintain the substrate temperature at the required value. The heater 

was 5.08 cm wide and 10.16 cm long. The thermocouple reading was compared with 

actual measurements of the temperature on the substrate surface using an independent 

digital thermocouple thermometer and a calibration is made based upon the temperature 

readout corresponding to the potentiometer reading. This was necessary since the readout 

obtained from the thermocouple on the heater surface is skewed once the reactor has a 

plasma generated within. 

Since deposition on the substrate alone is of interest, cold water was passed 

through coils on the outside of the copper walls in order to keep them cool (Cold Wall 

PECVD) and prevent any reaction thereon. Figure 1 shows the setup. The reactor as a 

whole was patterned after a design by NASA and the external brass chamber (including 
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a heater plate and external cooling water coils) was fabricated at Ohio University. The 

diameter of the 15.24 cm long cylindrical glass tube in which the plasma is generated is 

11.43 cm. The precursor enters through a 0.5 cm diameter tube within this chamber 

which has pinholes equally distributed along its length in order to distribute the reactant 

throughout the plasma. The glass reactor also has an outlet to the vacuum pump as well 

as a port to which a pressure gauge is connected. The brass chamber has ports to connect 

the power supply to the heater as well as to the thermocouple thermometer. 

3.4 Substnrte considerations 

The substrates used were graphite-fiber polyimide composites supplied by NASA 

and commercially available silicon wafer substrates. The need to use silicon substrates 

is due to the dificulty in measuring the film thickness and adhesion strength of the film 

on polyimide composite substrates, which are highly irregular on the surface. During 

deposition, silicon substrates are "shielded" by using a smaller piece of silicon to cover 

a part of the original substrate, so that the profilometer can measure the step increase in 

height between the shielded and exposed portion of the substrate in order to give the 

thickness of the film. It is also important to ensure that the position of the substrate on 

the heater plate is unchanged through all the runs, so that its position in the reactor does 

not become a variable in the deposition process. This is due to the fact that temperatures 

along the heater plate were found to vary by 20 - 30°C depending upon the distance of 
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the point of measurement from the welded joint between the heater base and the brass 

chamber. 

3.5 Post-deposition analysis 

Following deposition, the following experiments were carried out: 

1. Thickness measurement using the profilometer. 

2. Adhesion strength testing. 

3. Weight loss measurements at sustained high temperatures in an oven. 

4. XPS and Auger electron spectroscopy to detect the presence of S ic  bonds 

and the composition of the thin film. 

Appendix I1 contains a list of the equipment used and their specifications. 

This method of thickness measurement involves the analysis of the vertical 

movement of a diamond stylus as it traces a path along the film surface. The film 

thickness is directly read out as a magnification of the step contour movement along the 

surface topography. The downward stylus force is maintained at a constant 25 mg. 

Powdery or soft films may not be analyzed by this method as the stylus penetrates into 

the film bulk. Rough or unclean surfaces may introduce extraneous noise and must be 

avoided. Due to the sensitivity of the 10 pm stylus, a stable mounting of the apparatus 
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is essential. Profilometry is a markedly better method than the older procedure to 

measure thickness based on the weight of the film and an assumption of a uniform 

density, using the following expression : 

where d is the thickness, m the mass, A the area under consideration and p the bulk 

density of the film. This assumption of a uniform density is often not true due to the 

presence of voids and non-uniform deposition. 

3.5.2 Adhesion strenrrth measurement 

The adhesive property is quantified by the force required to remove a small area 

of the film from the substrate on which it is coated. To this end, the adhesion tester 

provides a measured force to a stud that is attached to the surface by an epoxy glue while 

the substrate is held motionless. It works on the assumption that the force applied is 

completely utilized by the small area in question, and not contributing to any deformation 

of the entire film surface. Thus, it is important that the total film area on the sample is 

large in comparison to the area on which the force is applied. It is also necessary to note 

the difference between the force that may register as a result of the substrate failure and 

that which removes the film leaving the substrate intact and undeformed. Due to the 
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nature of the stud-film interfacial bond, it is necessary that the film be smooth; this 

precludes the adhesion strength measurement of films on irregular surfaces. 

3.5.3 Weight loss analvsis of polvimide composites 

The ultimate goal of the coatings of ceramic materials on polyimide composites 

is to evaluate their effectiveness in protecting the polyimide from thermo-oxidative 

degradation. An indicator of this degradation phenomenon is the extent of weight loss 

at elevated temperatures in the presence of oxygen due to the liberation of the oxides of 

carbon, hydrogen and nitrogen. A comparison between the percentage loss of uncoated 

and coated samples yields information on the improvement offered by the coating. 

3.5.4 Electron s ~ e c t r o s c o p ~  

Electron spectroscopy is the basis for both AES and XPS techniques; when a beam 

of electrons is incident upon an atom, it can cause an electron from an inner atomic shell 

to be excited and leave its shell, thus creating a hole or vacancy in that shell. In the 

filling of this vacancy, an electron from an outer shell expends this energy by in turn 

expelling an electron from yet a third level. A measure of the energy of this expelled 

electron (the Auger electron) is indicative of the chemical state of the atom, and is the 

basis for AES. In the case of XPS, instead of an excitation source of electrons, low 

energy X-ray photons cause electrons to be expelled out of the atom by the photoelectric 
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effect. Given that the photoelectron energy is unique for an element in a given chemical 

state, this phenomena provides for the identification of the elements present in the sample. 

Since the quantity to be measured in both cases is the energy of electrons expelled from 

the surface of the sample being analyzed, they are often included in tandem in the same 

apparatus. Typically, the ability to etch surfaces in order to analyze successive layers of 

the sample is also included in such equipment, since both AES and XPS are surface 

sensitive techniques and cannot penetrate beyond a few monolayers from the surface. In 

both types of spectroscopy, the analyzer potential is set so that electrons of a given energy 

alone enter it; the number of such electrons versus the energy at which they are collected 

is the basis for XPS and AES plots. Since the number of Auger electrons is very small 

compared to the total number of electrons being expelled, it is magnified by a numerical 

or electronic differentiation of the electron count with respect to the energy at which they 

are collected. 



Dual-anode x-ray source 

X-ray monochromator 

Vacuum chamber 

Figure 2 : A typical AES/XPS experimental setup 



3.6.1 SIC Deposition 

1.  The silicon substrate is cleaned with acetone and placed on the substrate 

heater. Care must be taken to avoid the presence of dust or fingerprints 

on the silicon or polyimide substrate. 

2. The vacuum pump is turned on and the pressure measured to ensure that 

the pressure does not exceed 0.1 torr. In the event that it does, the system 

must be checked for leaks. 

3.  The heater plate in the reaction chamber is raised to the desired 

temperature and cooling water is introduced through the external coils of 

the brass chamber. 

4. The r.f. plasma generator is switched on; care must be taken to ensure that 

the pressure is not above 0.1 torr, since a high pressure in the chamber 

with the plasma on could bum out the reactor. A low start-up plasma 

power is advisable before the introduction of argon into the system. 

5 .  Argon is introduced into the chamber through a bypass valve for two 

minutes. 

6 .  The bypass valve is closed and the argon is bubbled through the TES 

precursor at the required flow rate. Care must be taken to ensure the same 

gauge pressure in the argon tank for all runs. 



7. The plasma must now be tuned in order to ensure the maximum power 

throughput. This is done using the variable capacitive impedance in the 

reactor. The reactor is designed to set off an alarm if impedance matching 

has not been achieved. Failure to tune the system may result in the 

burnout of the plasma generator. 

8. The r.f. plasma power is set to the required level and the power, argon 

flow rate and substrate heater temperature are monitored manually 

throughout the duration of the run. 

9. After the desired deposition time has, the r.f. generator, substrate heater 

and precursor hot plate are switched off. The argon is again rerouted 

through the bypass valve in order to carry any by-products of the reaction 

out of the system. 

10. When the substrate heater temperature falls below 75 O C ,  the argon line is 

closed and after 5 minutes, the chamber is vented. The samples are 

removed and placed in boxes while ensuring that the surface is not 

contaminated by fingerprints or dust. 

3.6.2 Film Thickness and Uniformitv 

1. The Dektak IIA profilometer is turned on and the sample conveyed to the 

platform. The camera is focussed onto the region of examination and the 

platform levelled by running a test run and using levelling knobs to raise 

or lower the platform as the diamond stylus runs across the sample. 
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2. Program specifications for the test are input. These consist primarily of 

the length of the run of the diamond stylus, its speed and data levelling 

criteria. 

3.  The test is started; the reference cursors on the profilometer screen are 

moved along the graph obtained to fix the point at which a step increase 

in height is obtained. The value of the height at this point is then read. If 

necessary, the part of the run along the shielded portion of the sample is 

levelled to obtained the true height of the film. The result of each run 

may visually be read off the screen or the entire graph may be printed out. 

The data points along the path of the stylus may also be stored in a PC. 

4. It is necessary to calibrate the profilometer periodically; this involves 

checking the height read off by the program with standard step increase 

samples as well as the evaluation of the downward force of the stylus on 

the sample surface, which should be within manufacturer specified limits. 

3.6.3 Film adhesion strength 

1.  Samples must be prepared by the attachment of epoxy coated studs on to 

the film surface before adhesion tests can be carried out. This is done by 

placing the samples on special holders and introducing epoxy coated studs 

on the film surface. These studs must be kept in a refrigerated 

environment, failing which the epoxy will degrade. 



2. The entire assembly is then placed in an oven at 150 "C for 90 minutes to 

allow the epoxy to cure and form a firm bond between the stud and the 

film surface. 

3 .  The assembly is then allowed to cool to ambient temperature and the 

special holders removed. The sample with the stud is then placed in the 

jaws of the Sebastian Five-A adhesion tester. 

4. An IBM PC compatible with the Zeta34 software that accompanies the 

adhesion tester is switched on and the software is executed. The video 

camera and monitor are also switched on. 

5 .  The tester jaws are tightened, ensuring that the sample is parallel to the 

floor and the stud is perpendicular to the machine with 0.25 inches left 

outside the jaws. The downward speed of the jaws and the force applied 

are adjusted according to the accuracy required. 

6 .  The run is started; data is recorded on the PC and the path of the sample 

downwards is monitored on the monitor screen. The point at which the 

stud breaks free of the sample is noted and the experiment terminated. 

Care must be taken to keep a distance from the sample and to wear 

protective glasses, as the sample may shatter, throwing pieces in all 

directions. 
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3.6.4 Weipht loss experiments 

1. Coated and uncoated polyimide composite samples are weighed in a high 

accuracy electronic balance. 

2. An oven is heated to 375 OC and 15 minutes are allowed to elapse before 

introducing coated and uncoated polyimide composite samples. 

3.  Samples are removed at desired intervals and weighed. Care must be 

taken to ensure that the weighing balance is periodically calibrated. It 

must also be ensured that the upper surface of the sample that is exposed 

in the oven is the surface that has been coated by Sic.  

3.6.5 Compositional Analvsis - XPSIAES experiments 

In order to evaluate the compositional breakdown of the deposited film, X-ray 

photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) have been 

carried out at the Edwards Accelerator Laboratory in Ohio University. 

1. The coated sample is cut to a size of approximately 2 cm x 2 cm using a 

diamond cutter and mounted on a sample holder. A silver based adhesive 

is applied to the sample base and is allowed to cure. 

2. The sample holder with coated wafers is loaded on to a carousel that can 

hold 10 samples at one time, and the carousel assembly is introduced into 

the evacuated analysis chamber. 

3.  A V-shaped prong lifts the sample holder from the carousel into the 

analysis position and the position coordinates are noted. 
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4. Object specifications for the run are set on the Sun Sparc Workstation 

linked to the reactor and the excitation source electronics. The excitation 

source (A1 or Mg X-rays for XPS or a 2 keV electron beam for AES) is 

tuned in order to minimize the signal to noise ratio in the spectra. 

5 .  An initial sweep of the entire range of binding energies (for XPS) or 

kinetic energies (for AES) is carried out in order to roughly identify the 

species present. This may be done using a built in library available with 

the system. 

6. Having identified the predominant species, narrow bands of binding or 

kinetic energies are specified for better resolution. The number of runs to 

be taken in order to produce the final spectra is specified. The XSAM 

system averages out the counts from the specified number of runs in order 

to obtain data for the output plot. 

7. Once the run is completed, the plot may be viewed and quantification 

carried out by the XSAM software. Again, shifts in energy, if any, from 

the elemental energy states may be analyzed using the in-built library. 

Specific peaks may be tagged at this point. 

3.7 Safetv considerations 

The Material Safety Data Sheet (MSDS) for tetraethylsilane is appended as 

Appendix I. Safety precautions are taken as suggested, with reference to handling and 
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protective clothing. First-aid and fire-fighting equipment as required by the MSDS are 

present in the laboratory. As argon is the carrier gas, the problem of hazardous 

combustion or decomposition is avoided. Also, since the precursor in the inlet stream is 

in very dilute concentrations to the reaction chamber, the amount of unreacted TES being 

carried through to the exhaust by the vacuum system is negligible. The compound is not 

pyrophoric, and care is taken to ensure that there are no sparks and open flames present 

in the environment. 

Safety goggles must be worn during the adhesion testing experiments as the 

sample often shatters with pieces being dispersed in all directions. Care must also be 

taken during XPS experiments to avoid looking at the sample while the X-ray gun is 

being fired; aluminum foil shields must be placed over all open ports of the analysis 

chamber. 



4.0 Results and Discussion 

Table I shows a summary of the experimental conditions and the data collected 

from the deposited samples through profilometry and adhesion testing. 

4.1 Thickness measurement 

The thickness of the deposited film measured by profilometry divided by the 

deposition time yields the deposition rate whose variation with temperature, flow rate and 

r.f. power is analyzed. The accuracy of the equipment used for profilometry is around 

97%. The procedure to be followed is mentioned in the Chapter 3. 

4.1.1 Deposition rate versus temperature 

It is observed that the deposition rate increases steadily with increase in substrate 

temperature at a given argon flow rate and r.f. power. This is consistent with a kinetic 

theory type of reaction, whereby an increase in substrate temperature increases the energy 

available to surmount the activation energy for the decomposition reaction of TES. 

However, the absence of a levelling of the deposition rate at 300 - 350°C indicates that 

even higher rates may be obtained if it were possible to increase the substrate 

temperature. While data is not available for Sic deposition rates at these low 



Table I : PECVD process parameters 
and data for silicon samples 

*SF = Sample failure prior to failure at the coating-substrate interface 

Temperature 
(deg C) 

150 
150 
150 
165 
165 
165 
220 
225 
230 
230 
230 
250 
250 
285 
285 

Flow rate 
(mumin) 

260 
260 
718 
260 
489 
718 
718 
260 
260 
489 
718 
260 
260 
260 
718 

Power 
(Watts) 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

290 
290 
290 
290 
290 
290 

100 
100 
75 
75 
100 
100 

260 
260 
489 
489 
489 
489 

Time 
(min) 

15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 
15 

350 
3 50 
350 
350 
350 , 

30 
15 
15 
15 
15 
15 

Thickness 
(A) 

1180 
1210 
940 
1340 
1150 
1020 
1610 
1810 
1870 
1800 
1640 
2210 
2140 
25 10 
1910 -----. 

489 
489 
489 
489 
718 

5040 
2600 

-shattered- 
2270 
2460 
25 10 

Dep. Rate 
(Alrnin) 

79 
8 1 
63 
89 
77 
68 
107 
121 
125 
120 
109 
147 
143 
167 
127 

100 
125 
125 
125 
100 

Adhesion 
(MPa) 

SF* 
SF 
SF 

48.36 
SF 

50.85 
SF 
SF 

45.07 
SF 

46.39 
SF 
SF 
SF 
SF 

168 
173 

- nil - 
151 
164 
167 

47.69 
43.74 
SF 
SF 
SF 
SF 

3 0 
20 
15 
10 
15 

5850 
4090 
3040 
2030 
2680 

195 
205 
203 
203 
179 

44.11 
41.64 
SF 
SF 

43.03 
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temperatures (below 700°C), the data obtained shows a good comparison with rates 

obtained in the deposition of other ceramic materials at this range of temperatures (Gopal 

[1991], Neogi [I9921 and Miller [1991]). Figures 3, 4 and 5 are plots of deposition rate 

versus temperature for different argon flow rates. 

At lower temperatures, it was noted that the formation of a film was erratic, and 

powder formation was a common occurrence. This was especially true at low r.f. power 

and high flow rates and may have been due to the low rates of reaction at the substrate 

surface due to insufficient activation energy. It is also possible that surface diffusion of 

the reaction product species was hindered due to the higher concentration of precursor at 

the substrate surface on account of the high argon flow rate. 

4.1.2 Deposition rate versus argon flow rate 

Figure 6 displays the variation of the deposition rate with changing argon carrier 

gas flow rate. It is seen that for the entire range of temperature from 165 to 350°C, the 

deposition rate decreases with increasing flow rate. While the trend is not exactly 

mirrored for each of the temperatures, we see in general that there is a 10 - 20 % drop 

in the rate as the flow increases from 260 mllmin to 718 mllmin. 

This may be due to the fact that larger gas flow rates involve a greater TES 

concentration in the reactor, whereas it has been reported in literature that high deposition 



Figure 3 : Deposition rate versus Temperature for argon flow rate of 260 ml/min and 
r.f. power of 100 W 
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Figure 4 : Deposition rate versus Temperature for argon flow rate of 489 mllmin and 
r.f. power of 100 W 
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Figure 5 : Deposition rate versus Temperature for argon flow rate of 71 8 mllmin and 
r.f. power of 100 W 
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Figure 6 : Deposition rate versus Argon flow rate at an r.f. power of 100 W and 
temperatures of 165, 230, 290 and 350°C 
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rates are generally supported by low precursor concentrations and high temperatures 

(Figueras et al [1991]). Also, with a higher gas flow rate through the reactor, the 

residence time of TES in the plasma environment over the substrate surface is reduced. 

In addition, an increase in flow rate results in the elevation of the reactor pressure, which 

in turn reduces the efficiency of the plasma in breaking up the TES molecule. 

However, this contradicts the findings of certain other research of deposition rate 

dependency on flow rate (Miller [1991]) wherein it has been stated that higher gas phase 

velocity at the substrate surface results in greater transport and hence a higher deposition 

rate on the surface. 

Another factor which has not been examined in this study, and which may have 

a bearing upon the influence of the flow rate upon the deposition rate, is the question of 

the flow pattern of the incoming gas stream as it flows through the reactor and into the 

outlet. It is possible that at higher flow rates, the pattern is such that the precursor is not 

satisfactorily reaching the heater plate upon which the substrate is placed. 

4.1.3 Deposition rate versus r.f. power 

As may be expected, increasing r.f. power has the effect of improving the 

deposition rate. This is due to the enhanced splitting of TES molecules into reactive ions 



Figure 7 : Deposition rate versus r.f. power at an argon flow rate of 489 mllmin and 
temperatures of 290 and 350°C 
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in the gas phase, which in turn reduces the activation energy necessary to be provided by 

the substrate heater. This may be seen in Figure 7. 

However, it is noted that there is a slight levelling off of the increase in deposition 

rate with increased power. This is probably due to the fact that the ionic species in the 

plasma are polarized and unable to move freely to react with other species therein, due 

to the attraction or repulsion from the r.f. field generated by the external plates. Also, 

depending on their charge, the species are attracted to or repulsed from the center of the 

reactor, where the substrate heater is located. 

Due to the limitations of the deposition equipment, it was difficult to maintain a 

constant power of 125 W over the 15 - 30 minute duration of each deposition. It was 

also extremely difficult to maintain a plasma at higher power levels (> 125 W) due to 

problems with tuning the circuit (operating the equipment with the plasma not tuned is 

deleterious to the coils powering the setup). 

4.1.4 Thickness uniformity 

The following expression is used to compute thickness uniformity: 

l o o *  (Dm, - Dmin) 
% var ia t ion  = 

(Dmax + Dmin) 

where D is the film thickness and Dm, and Dm, are the minimum and maximum observed 

thicknesses in the area of examination. 
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In general, the deviation in thickness of the deposited films was within 5 % over 

a small surface of 7.5 mm x 7.5 mm. However, over larger areas, this uniformity 

deteriorates rapidly. Table I1 displays the measurements over a 1.5 cm x 1.5 cm area, 

showing variations of over 10 %, especially for films deposited at lower temperatures. 

Possibly, the unequal heating of different parts of the substrate surface at lower 

temperatures may have contributed to so called "cold spots", where the surface reaction 

has proceeded slower than neighboring regions. 

It may be noted that the non-uniformity appears to increase with a decrease of film 

thickness. In light of the limitation in accuracy of the profilometer, it is also possible that 

for thinner films, this variation in accuracy as a percentage deviation becomes more 

pronounced. Another noteworthy observation is that the absolute difference in thickness 

(shown in Table Il) is nearly constant for all the samples. This may indicate that the 

variation of the thickness uniformity is more due to measurement error than actual 

deposition characteristics. 

Table I1 : Thickness Uniformity over 2.25 sq. cm 



4.2 Adhesion measurements 

Adhesion strength measurements were carried out using a Sebastian Five-A tester 

according to the protocol mentioned in the previous chapter. The data was obtained from 

the analysis run by Zeta (Version 3.4) software run on an IBM PC compatible computer 

linked to the tester. 

The phenomenon of variation in adhesion strength vis-a-vis independent variables 

such as temperature and flow rate is not clearly understood. Conflicting reports have 

been made in literature regarding its trend (or absence thereof) in instances of ceramic 

thin films like titanium nitride and aluminum oxide on silicon (Mattox [1988], Lorenz 

[1988], Miller [1991], Neogi [1992]). 

4.2.1 Adhesion strength versus temperature 

In this study it was found that there is a decreasing trend in adhesion strength with 

an increase in substrate temperature as seen in Figure 8. This may be due to the 

increased thermal stresses involved due to the difference in the coefficient of thermal 

expansion between the film and the substrate. In addition, it is possible that in films that 

have been deposited at higher deposition rates, residual film growth stresses are higher. 

It was not possible to measure the stress on the substrate due to the small size of the 

samples; the stress gauge requires standard 2 inch diameter silicon substrates. 



Figure 8 : Adhesion strength versus temperature at flow rates of 260 and 718 mllmin 
and r.f. power of 100 W 

Adhesion strength versus Temperature 
52 

- - - - - - - - 
48 

- - 
n - 
0 - 
a - 
I - - w - 

5 44 
- 

m - 
C - 
E' - 
-+ - 
VI - - - 

40: 0 . - 
VI - 
a, - 
L - - 
2 - - - - 

36 I 
- - - - - - - - 

32 
100 

0 

0 

* 

Deposition conditions 
R.f.Power: 100 W 
Flow Rote: *+***  260 ml/rnin 

ooooo 71 8 ml/rnin 

~ I I I I I I ~ I I I I I I I I ~ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ~ ~ I I I I I I I  

150 200 250 300 350 400 
Temperature (deg C )  



4.2.2 Adhesion strength versus flow rate 

As seen in Figure 9, the film adhesion increases with increasing gas flow rates. 

This increase may be due to the quicker removal of gaseous species that are known to 

decrease adhesion by diffusing into the film surface. However, in terms of magnitude, 

this increase is not very large. From 41.9 MPa at 260 mllmin, the adhesion rises to 

around 43.4 MPa at 718 mllmin, in contrast with the almost 4 MPa variation in strength 

resulting from a temperature change from 165 to 350°C. 

4.2.3 Adhesion strength versus film thickness 

The trends displayed in the previous two sections indicated a possible relationship 

between adhesion strength and the deposition rate, and in turn, the film thickness. The 

adhesion strength for thicker films (above 3000 A) was therefore measured. A plot of 

adhesion strength versus film thickness (Figure 10) however yielded ambiguous results. 

While the adhesion seems to be decreasing with increasing film thickness, that trend is 

reversed above 4000 A. The reason for this reversal is not clearly understood and 

clarification is unavailable from the literature. 

It may be surmised for these thicker films (> 4000A), that a longer deposition 

time involved in the production of thicker films may have played a part in reducing the 

residual growth stresses of the film. Also, it is possible that longer deposition times 
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Figure 10 : Adhesion strength versus thickness 
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enable the devolatilization of trapped gasses such as CO, CO, and hydrogen from the 

film. Finally, as reported in literature (Mattox [1988], Neogi [1992], Sung Oh [1987]), 

bombardment of the surface by ions generated by the plasma over the extended deposition 

time may have improved adhesive properties. 

4.3 Composition analysis 

XPS and AES analysis was carried out on the films deposited on Si wafers at the 

Edwards Accelerator Laboratory at Ohio University. Shown on the following pages are 

the object specifications and a menu screen capture off the workstation of a sample test 

run of AES (Figures 1 1 and 12) and XPS (Figures 13 and 14). 

Survey plots indicate strong peaks for silicon, carbon and oxygen, with some 

fluorine contamination in one sample, whose origin could not be traced. It is possible 

that this may have been some residual contamination from other samples in the carousel 

or from the testing chamber itself. The absence of fluorine in other samples makes it 

likely that fluorine could not have originated from the deposition reactor. The strong 

presence of oxygen is due to outgassing owing to the insufficient vacuum in the setup 

(0.15 Torr) and the presence of r.f. plasma which converts this oxygen to a highly 

reactive form. 
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Figure 11 : Object specifications for a sample AES run 
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Peaks at 104 eV for the intensity versus binding energy plot indicate a presence 

of SiO,. As the deposition temperature increases, a stronger SIC peak at around 102 eV 

may be seen. At lower deposition temperatures, a strong C-C peak exists at around 285 

eV. The existence of a double hump in the samples made at 325 and 350°C indicates the 

presence of both C-C and Si-C bonds. For some samples, a strong carbon peak is 

observed at 286 eV, which may be due to the formation of a film with SixC,-,:H type of 

stoichiometry. Oxygen also shows peaks corresponding to SiO, at 533 eV as well as a 

smaller peak nearby that may correspond to H,O. It is notable that there are no visible 

peaks indicating pure Si or pure C presence. XPS and AES being surface techniques, it 

is only the top monolayer that is being analyzed; the Si substrate is not visible in the 

spectrum. Figures 15 through 20 show the plots obtained from a single XPS run of a 

coating made at 300°C, 260 ml/min and 100 W. Outputs from two other runs may be 

found in Appendix 111. Figure 21 is an AES survey of the same sample. 

Quantitative analysis using XPS or AES is not very reliable, but the output of the 

XSAM system indicated the presence of a compound of the form SixC,,O,, where, in 

atomic percents, 

and 



Figure 15 : XPS survey of a sample with the film made at 300°C, 260 d m i n  Ar flow 
' rate and 100 W r.f. power for 15 minum 



Figure 16 : Magnification of the Si 2s peak from the fmal XPS output for the sample 

in figure 15 



Figure 17 : Magnification of the Si 2p peak from the fmal X P S  output for the sample 

in figure 15 
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Figure 18 : Magnification of the C Is peak from the final XPS output for the sample 

in figure 15 



Figwe 19 : Magnification of the 0 1s peak from the final XPS output for the sample 

infigure 15 



Figure 20 : Screen capture of a comparative plot of figures 16 through 19 
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Figure 21 : AES survey of a sample with the film made at 300°C. 260 ml/min Ar flow 

rate and 100 W r.f. power for 15 minutes. The upper graph indicates a 

survey before tuning, displaying excessive noise 
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Figure 22 : Screen capture of the quantification of the data in figures 15 through 21 
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The output of the XSAM program for the sample whose XPS plots are seen in Figures 

15 through 20, is shown in Figure 22. 

This calculation by the software does not incorporate the presence of hydrogen due 

to the limitation of XPS and AES techniques. It is expected that a significant percentage 

of hydrogen exists in the film, as the breaking of the C-H bonds in the TES precursor is 

not complete at the low temperature and r.f. power range that this study encompasses. 

To summarize, the deposited film contains a complex set of compounds involving 

C, H, Si and 0 ,  with SiO,, Sic and C-C peaks clearly visible in the XPS spectra 

obtained. The quantitative analysis performed through XPS indicates a non-stoichiometric 

presence of silicon and carbon as well as a large atomic percent of oxygen. 

4.4 Weight loss experiments 

Polyimide composite samples coated with the deposited films were placed in an 

oven at a fixed temperature of 375°C 'and their weight measured at specified intervals. 

Data for times over 100 hours were not considered since the composite began to de- 

laminate with the carbon fibers separating from the polyimide matrix. Given that there 

is a great deal of variability in the polyimide composite samples supplied by NASA, it 

is necessary to verify that the trend of weight loss in different samples is similar. This 

is done by plotting the percentage loss of uncoated samples; as seen in Figure 23, this 
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variation is less than 2 % for two random samples. Figures 24 and 25 show the 

percentage loss of coated composite samples versus time for films deposited at 260 and 

718 mllmin, respectively. While the trend is similar in both cases, the absolute 

percentage thermo-oxidative protection is almost independent of flow rate. The effect of 

temperature, while slightly higher, is also less than 5 %. This indicates that film 

thickness or deposition rate does not change the degree of thermo-oxidative protection. 

The data from the above experiments is used to ascertain the net percentage 

improvement in weight loss. The following expression is employed: 

% iwrovemnt I percent mass loss  uncoated - percent mass loss  coated 
percent mass loss coated 

Figures 26 and 27 show the result for both sets of data. It is seen that from a 

maximum at around 36 hours, the percentage improvement drops rapidly to less than 15 % 

at 84 hours. The maximum observed protection of around 32% is in itself poor when 

compared to the results observed by other researchers working in the same group on other 

ceramic materials. 

There may be many reasons for this poor result: since it is not possible to measure 

the actual film thickness of films deposited on composite samples or to verify their 

compositional nature or adhesive properties, it is possible that the nature of these films 

preclude oxidative protection. While the temperature at the heater surface could be 

measured, the temperature at the surface of the composite may have been variable and 

lower given that the composite has a low coefficient of heat transfer and that its thickness 

is around 2 mm. Secondly, in the highly reactive plasma environment during deposition, 



Figure 24 : Percentage weight loss versus time for coated polyimide composite at an 
ambient temperature of 375UC; coating conditions are: r.f. power = 
100W, flow rate = 260 mumin and temperature = 165, 230, 290 and 
3500C 
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Figure 25 : Percentage weight loss versus time for coated polyimide composite at an 
ambient temperature of 3750C; coating conditions are: r.f. power = 
100W, flow rate = 718 mumin and temperature = 165, 230, 290 and 
3500C 
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Figure 26 : Percentage improvement in weight loss versus time for coated polyimide 
composite at an ambient temperature of 3750C; coating conditions are: 
r.f. power = 100W, flow rate = 260 mYmin and temperature = 165, 230, 
290 and 35013C 
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Figure 27 : Percentage improvement in weight loss versus time for coated polyimide 
composite at an ambient temperature of 3750C; coating conditions are: 
r.f. power = 100W, flow rate = 718 mYmin and temperature = 165, 230, 
290 and 350UC 
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the presence of oxygen may have compromised the stability of the composite, thus 

reducing the protective threshold of the film. Thirdly, while all surfaces of the composite 

exposed to the precursor flow were coated, the bottom surface was hidden and may have 

been more susceptible to oxidation in the oven. 

The raw data and calculated values used to plot Figures 23 through 27 are found 

in Appendix IV. 



5. Conclusions 

Thin film coatings have been successfully coated on silicon wafers and polyimide 

samples in a plasma enhanced chemical vapor deposition reactor using liquid 

tetraethylsilane as a precursor with argon as a carrier gas. The independent 

variables - substrate heater temperature, argon carrier gas flow rate and plasma 

radio frequency power were varied from 150 to 350°C, 260 to 7 18 mllmin and 

from 75 to 100 W. 

Profilometry experiments on the deposited films show thicknesses ranging from 

around 950 A to approximately 5850 A. Adhesion strength testing of these films 

yielded values ranging from 40 MPa to 51 MPa. 

The deposition rate, measured as the total thickness divided by the total duration 

of deposition, increased with an increase of substrate heater temperature. 

Increasing the argon carrier gas flow rate has the effect of decreasing the 

deposition rate. 

The deposition rate increases as the radio frequency plasma power increases from 

75 W to 125 W. 

Adhesion strength is generally seen to decrease as the deposition temperature is 

raised in the range within which tests have been conducted. 

Increasing the argon gas flow rate yields films with better adhesion. 

There is no definite trend for the variation of adhesion strength with film 

thickness; the strength is seen to generally decrease with increasing film thickness 
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until approximately 4000 A, but begins to increase again beyond this thickness. 

(9). Reproducibility in adhesion strength experiments is poor and not adequate for 

establishment of a conclusive trend. 

(10). Under XPS and AES analysis, the films display the presence of silicon, oxygen 

and carbon; it is suspected that hydrogen is also present, though it could not be 

experimentally verified. 

(1 1). XPS plots show the presence of S ic  bonds as well as C-C and Si-0 bonds. Peaks 

due to elemental carbon and silicon are absent. Shifts in the oxygen and carbon 

peaks indicate that there may be a more complex species present, involving 

incompletely broken C-H bonds and the reactive oxygen species present in the 

plasma. 

(12). Weight loss measurements of randomly selected uncoated polyimide composite 

samples indicated a variability of under 2% under exposure to air at an ambient 

temperature of 375°C for 100 hours. 

(13). The percentage improvement in the weight loss of coated polyimides over 

uncoated polyimides is taken as an index of thermo-oxidative protection. In 

general, this improvement is seen to increase with the thickness of the film. 

(14). The percentage improvement in weight loss does not display a definite trend with 

the length of exposure to an oxidizing environment. The maximum improvement 

is seen after around 30 hours of exposure, after which it rapidly declines. 

(15). The thermo-oxidative protection provided by the deposited films is poor, the best 

values ranging from around 19% to approximately 32% (30 hours of exposure). 



6. Recommendations 

(1). A low pressure chamber should be designed whereby depositions can be carried 

out at a better vacuum in order to obviate the side reactions involving oxygen. 

(2). The question of flow patterns within the reactor should be studied using 

computational fluid dynamics simulation software such as FIDAP or ABAQUS, 

since this has significant import in the gas phase constituents present at the 

reaction surface. 

(3). Steps must be taken to model and minimize the variation of temperature along the 

heater surface, as this affects the reaction temperature and hence the properties of 

the deposited film. 

(4). In order to increase the extent of the decomposition reaction, the effect of raising 

the precursor temperature should be studied. It is expected that both the 

deposition rate as well as the stoichiometry of Sic will improve. 

(5) .  The problem of poor uniformity of the film must be examined. It is expected that 

a better precursor flow pattern and uniform heating of the substrate will remedy 

this. Slight plasma etching of the substrate surface before the commencement of 

deposition may be a favorable measure in this regard. Etching would also be 

expected to improve the film adhesion strength. 

(6). RBSIERS analysis should be carried out in order that the presence of hydrogen 

can be detected and an accurate estimate of the atomic percent of each of the 

constituents become available. 
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Appendix I1 : Specifications of Equipment used 

Plasma Reactor: March Instruments Plasmod@ with a high temperature adapter 

designed by NASA Lewis Research Center. 

Flow Meter: Aalborg tube # 052-015T, 0-2000 mllmin. 

Substrate heater control: Glas-Col PL-312 Minitrol (1500 watts, 115 volts) rheostat. 

Substrate tem~erature measurement: Type J thermocouple connected to an Omega 

HHM57 digital multimeter. 

Reaction chamber pressure measurement: Granville-Phillips 280 gauge controller 

connected to a Granvi l le-Phi l l ips  

thermocouple gauge tube # 270006- 1. 

Vacuum pump: Alcatel 1004AC 112 hp mechanical oil seal medium vacuum pump, 

with a displacement of 3.2 cfm and capable of pumping down to 

0.05 mTorr. 

Oven: Ney 2-525 Series I1 furnace, 1500W at llOV, 100°C - 1100°C with a 

heating rate of O°C/min - 40°C/min. 

Thickness Measurement: Sloan Dektak IIA 

Adhesion Strength Tester: Sebastian Five-A using Z module. 



Appendix I11 : Output from XPS analyses 

Part 1 : Sample deposition conditions - 325°C. 7 18 mumin Ar tlow rate and lOOW 

r.f. power for 15 minutes 

Figure A1 : XPS s w e y  of a sample with the film made at 32S°C, 718 d m i n  AI flow 

rate and 100 W r.f. power for 15 minutes 



Figure A2 : Magmfication of the Si 2s peak from the final XPS output for the sample 

in figure A1 



Figure A3 : Magnification of the Si 2p peak from the final XPS output for the sample 

in figure A1 



Figure A4 : Magmfication of the C 1s peak from the final XPS output for the sample 

in figure A1 



Figure A5 : Magnification of the 0 1s peak from the final XPS output for the sample 

in figure A1 



- - -. 

Figure A6 : Screen capture of a comparitive plot of figuns A2 through A5 



Posit ion FWHM Raw Sensitivity Atomic Atomic Mass 
BE /eY /eV Area Factor Mass Conc % Conc% 

155.50 2.61 1627 1.000 28.100 5.06 8.2 
104.10 2.27 1633 0.270 28.100 18.81 30.7 
286.10 1.97 3356 0.250 12.000 41.77 29.1 
532.56 1.88 7287 0.660 16.000 34.35 31.9 

Figure A7 : Screen capture of the quantification of the data in figures A1 through A6 
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Part 2 : Sample deposition conditions - 325°C. 489 mumin Ar flow rate and lOOW 

r.f. power for 30 minutes 

- - -  - - - - 

Figure A8 : X P S  survey of a sample with the film made at 350°C. 489 d m i n  Ar flow 

rate and 100 W r.f. power for 30 minutes 



II -/data/pramod/sa~ple-3 XPS ~p SI 2p#2/1 - 

- . . . - . -- . - 

Figure A9 : Magnification of the Si 2p peak from the final XPS output for the sample 

in figure A8 



Figwe A10 : Magnification of the C Is peak from the final XPS output for rhc sample 

in figun A8 



Figure A12 : Screen capture of a comparitive plot of figures A9 through A1 1 



Figure A1 1 : Magnification of the 0 1s peak from the final XPS output for the sample 

in figure A8 



: Dataset: " /data /prd/sample-3  Date: Tue Mar 14 17:37:48 1995 

State  #1:  Etch Time - 0 seconds 

Posit ion FWHM Raw S e n s i t i v i t y  Atomic Atanic Hass 
BE /eV /eY Area Factor Mass Conc % Conc% 

285.90 1 .93  2408 0.250 12.000 35.92 24.8 
532.86 1 .90  7289 0.660 16.000 41.19 38.0 
104.00 2 . 2 2  1657 0.270 28.100 22.89 37.1 

Figure A13 : Screen capture of the quantification of the data in figures A8 through A12 



Appendix IV : Polyimide composite weight loss data 
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