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CHAPTER 1 

INTRODUCTION 

Longevity and healthy environment have been the goals of our society and have 

developed with increased fervor since these concerns were raised by the environmentalist 

movement of the last two decades. An increased sense of awareness on the part of the 

general public, heightened by tragic situations characterized by massive releases of 

dangerous gases (indicative of poor management and planning practices associated with 

the use of hazardous materials by industry), has prompted those charged with 

enforcement of the law and protection of the public to examine the controls surrounding 

the use of materials which have the highest potential for bodily harm or harm to the 

environment. 

State-of-the-art photovoltaic cell and semiconductor device manufacturing 

processes require significantly increased volumes and concentrations of highly toxic and 

pyrophoric gases than did the previous technology. Typical highly toxic gases include 

arsine, chlorine, diborane and phosphine. One of the most common of the pyrophoric 

gases in use is silane. This work describes how a safety interlock system for a university 

research amorphous silicon thin film deposition facility using silane was designed and 

built in compliance with industrial safety rules and regulations, in order to protect the 

health of students and integrity of the equipment. 

Chapter 2 offers a general overview on the explosive behavior of silane and 

presents six different possible accidental release scenarios. Chapter 3 gives a theoretical 

background about the physical processes that are involved in amorphous silicon thin film 

deposition and describes in detail the research deposition facility around which the 

protection safety interlock system was designed and built. Chapter 4 contains the design 

guidelines for the gas delivery and exhaust systems, and a detailed description of these 
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systems. Chapter 5 presents how the safety interlock system was designed and 

implemented and also offers a description about how it operates. 

The Appendix at the end of the thesis gives a Compendium of Safe Practices for 

the Storage, Use and Disposal of Silane, schematic diagrams of the relay module 

ALARM/WARN and MALFUNCTION from the gas monitor system and operation 

instructions and a connection diagram for the single phase AC current monitor/relay 

units. 
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CHAPTER2 

AN ASSESSMENT OF SILANE HAZARDS 

2.1 Introduction 

Silane is a major feedstock gas used in the manufacture of ICs and photovoltaic 

cells. Like numerous other potentially hazardous industrial materials, it can be quite 

manageable if handled properly and treated with respect. If mishandled or accidentally 

released, however, it can present a serious fire or explosion hazard. 

Little is known about the explosive behavior of silane. Some papers 7 suggest that 

a silane explosion is propagated mainly by hydrogen atoms and that in oxygen-rich 

mixtures the hydrogen/oxygen explosion contributes to the overall reaction. In silane

rich mixtures of silane and oxygen, most of the reaction probably occurs via thermal 

decomposition of silane; and therefore, only a small quantity of oxygen is required for an 

explosion. Some controversy exists over the minimum explosive concentration of 

oxygen. Silane/oxygen mixtures with less than 6 volume percent (v%) of oxygen do not 

explode either spontaneously or by providing an ignition source; some reports 7, 12 give 

a minimum explosive concentration of oxygen for a spontaneous ignition of 2.5 to 3 v% 

at room temperature and normal humidity and of only 0.7 v% in a dry atmosphere. Since 

all the above results are based on experimental data, the differences may be due to either 

impurities in the gas mixtures (up to 1%) or perturbations of the gas in the combustion 

chamber. 

The lower limit for spontaneous ignition in air of a silane/nitrogen mixture is 

about 2.5 v% silane.l3, 14 Small concentrations of oxidizers or other strongly ionizing 

substances may alter the mixture's explosive characteristics. Free radicals, formed in a 

highly energetic environment (glow discharge), can inhibit the silane/oxygen reaction and 

delay ignition so that an explosion may occur instead of a fire. Mixtures of silane with 
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argon are reported to be pyrophoric at concentrations >2 v% silane, and mixtures of 

silane with hydrogen at concentrations >3 v%.13 These numbers are based on carefully 

controlled experiments with "perfectly" mixed gases. However, silane has the tendency 

to form pockets in another gas, especially in low density hydrogen. Hammond2 reported 

that silane in hydrogen is pyrophoric to concentrations as low as 0.5 v%. This estimate is 

based on practical experiences with chemical vapor deposition systems and pollution 

control systems where gases may not be perfectly mixed. It is suggested that a deliberate 

addition of small amounts of disilane (2 to 4 v%) creates a more readily ignitable gas 

mixture, one that reduces the hazard of silane accumulation.l5 

2.2 Review of Experimental Studies 

The following studies give more insight to the conditions under which silane 

explodes.8, 9, 10 The Hazards Research Company (HRC)8 showed that small to 

moderate leaks of 100% silane (42 to 330 liters per minute) ignite spontaneously in air 

unless effectively purged by a high flow of air or nitrogen. Specifically, slow discharges 

of silane into ducts containing air were self-ignited and burned or exploded when the 

concentration built to between 3 to 4 v%; releases of 100% silane at 40 liters per minute 

(lpm) in gas storage cabinets purged with 500 cubic feet per minute ( cfm) of air burned 

smoothly without exploding. Silane flow rates of about 330 lpm into a storage cabinet 

resulted in explosions despite continuous purging of the cabinet. 

A second study by HRC9 investigated the effect of 0.006 m. diameter flow 

restricting orifices. Unconfined releases through these valves burned smoothly without 

generating high temperatures. In contrast, unconfined releases through an open valve 

without an orifice generated high temperature flames (> 1000 degrees C) that extended 8 

feet. 
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The Southwest Research Institute (SwRI)10 determined the explosive limits for 

silane/nitrogen mixtures discharged at different flow rates. About 144 tests of 

silane/nitrogen discharges were made at concentrations of 5, 7 .5, 10, 15 v% of silane in 

an apparatus with dimensions similar to those of a gas cylinder cabinet. The tests 

included flow through 1 and 4 mm diameter orifices at 50 and 500 pounds per square 

inch (psi) source pressure, with and without purging. In these experiments, only the 15% 

silane mixture produced an explosion with the 1 mm orifice. With the 4 mm orifice, 

explosions occurred under a variety of conditions (flow rate and purging). These data, 

albeit limited in quantity, suggest that the relationship between silane pressure and 

explosion overpressure is nonlinear, and that silane pressure contributes very little to the 

explosion overpressure. If purging air is not available, explosion overpressure increases 

with increased pressure of the discharge when silane concentrations are >5%. In contrast, 

with purging in use, overpressure decreases with increased silane pressure. The 100 lpm 

purging air flow appears to suppress explosion initially, so that when an explosion does 

occur, it is at higher silane concentrations and is more severe. 

Silane releases in open air usually ignite and bum smoothly, but in a partially 

confined places at flow rates above about 300 lpm, gas releases may be explosive. Even 

smaller flow rates may produce this condition if the gas accumulates. Silane does not 

mix easily, rather, it has the tendency to form pockets in another gas. This is significant 

because if mixing is not complete, a pyrophoric concentration may exist locally and a 

spark could cause a fire or explosion. 

The above findings illustrate the need for effective purging since a relatively 

small flow rate of purging gas may not prevent the formation of detonable pockets of gas. 

Experiments also were made with the free discharge of silane to the outside air through a 

4mm orifice at 50 and 500 psi; there were no large volume explosions, only small pops 
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were produced. These experiments, characterized by a rapid dilution in an unconfined 

space, showed that storing silane in an open space reduces the risk of explosion. 

2.3 Estimatin~ Explosion Overpressure 

Conservative upper-bound estimates of explosion overpressure for any specific 

gas may be based on explosive mass alone. Two empirical equations that relate peak 

overpressure with distance are 16: 

where: 

In both cases : 

where: 

P= (250*E 113)/R, 

P= (379*E1I2)fR3/2, 

P= pressure in Ntm2 (Pa), 

E= energy in Joules, 

R= distance from the explosion center in meters. 

(2.1) 

(2.2) 

(2.3) 

n (a coefficient for the mechanical yield of combustion) is usually 0.3 for 

isochoric (constant volume) combustion and 0.18 for isobaric (constant 

pressure) or isentropic (constant entropy) combustion, 

m is the mass of the gas in moles, 

He (the combustion energy calculated from the energies of formation) is 1.27 

MJ/mole. 

Equation (2.1) with n= 0.3 produces estimates consistent with the SwRI data16 

and thus may be used to estimate the upper limit of silane explosion overpressure in gas 

cabinets created by leakage rates up to 400 lpm. 
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The preliminary SwRI tests for an unconfined explosion showed that releases of 

5300 lpm burned without producing an explosion. In those tests the silane flow was shut 

off after ignition whereas in an accident the flow would continue. With a continuous 

flow and reignition, the flame may be accelerated to the level where an explosion occurs. 

When some degree of confinement exists and the explosion involves several kilograms of 

silane, Equation (2.2) should be used to predict explosion overpressure because its values 

compare more favorably with those from a more sophisticated model. 

2.4 Accidental Releases Scenarios 

To place the potential hazards of silane release in perspective, SIX release 

scenarios will be postulated for a hypothetical large scale amorphous silicon photovoltaic 

cell production facility.18 This facility will use about 1500 kg silane a year. An on-site, 

maximum total inventory of 115 kg and storage in 16 kg cylinders are assumed. All 

scenarios consider maximum potential releases (release from a full cylinder or from a 

process line at maximum process flow rates). The calculations assume a hemispherical 

symmetry (central ignition), which results in maximum consequences. For small releases 

(up to 100 g of silane) Equation (2.1) and a yield factor of 0.3 were assumed. For large 

releases (several kg), Equation (2.2) was used. Also assumed for this case were isochoric 

conditions (with confinement) and a yield factor of 0.099 as well as isobaric conditions 

(without confinement) with a yield factor of 0.059. Threshold safety distances were 

assumed to be those corresponding to 1 psi for community exposures and 2 psi and 5 psi 

for low pressure and pressurized equipment, respectively. These analyses are 

summarized in Table 2.t16 and described below. 

In these analyses, only potential consequences have been considered; but the 

probability of occurrence of these scenarios was not studied. Cylinder rupture or 

puncture (scenario 1) is the least likely to occur whereas incomplete purging is one of the 
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most frequent accidents initiating events. The consequences of such an event could be 

described by scenario 3 or 5. However, if a source contamination occurs, the 

consequences can be as severe as in scenario 1. 

TABLE 2.1 

Accident Scenario Analyses 

SCENARIO ASSUMPTIONS l PSI 2 PSI 5 PSI 
l 16 kg release 59m 36m 20m 

2 16 kg release 59m 38m 20m 

3 130 lpm 4m 2m lm 
for 30 s 

4 21pm in no no no 
atmosphere explosion explosion explosion 

5 2lpm for 30 s l.2m 0.6m 0.2m 

6 leak in not not not 
equipment assessed assessed assessed 

2.4.1 Scenario 1: Cylinder Rupture or Puncture 

For a full 16 kg cylinder, a total release may produce a stoichiometric cloud of 

silane and air extending 3.8 m from the source. The maximum theoretical explosion 

overpressure at the periphery of the cloud is estimated to be about 59 psi. This may be 

sufficient to blow an adjacent cylinder from its support, but the cylinder should not burst 

since it is tested to at least 2750 psig (163% of its service pressure). Burst pressures are 

much higher- on the order of 7000 to 8000 psig for carbon steel cylinders and somewhat 

lower for aluminum. The 1 psi threshold is met at about 59 m (Table 2.1 ), and the 2 and 

5 psi equipment thresholds at about 36m and 20m, respectively. 

The cylinder explosion's effect on the regulators, valves and piping of other 

cylinders is unknown. Regulators and connectors are usually tested for leaks to high 

pressure (3000 psig). They can withstand such pressures when the build up is slowly and 

8 



uniformly applied from the inside, but their tolerance limits to pressure waves applied 

unidirectionally and to projectile impact cannot be assessed. 

2.4.2 Scenario 2: Release through a Failed Regulator 
or Melted Safety Plug 

Failure of the regulator when the cylinder valve is open or melting of the fuse 

plug on a silane cylinder melted (from torching) will allow a high flow rate of gas into the 

gas cabinets, process lines or related structures. Assuming an opening of 0.25 in. 

diameter the initial flow at 2000 psig will be approximately 25000 lpm or 36 kg/min; a 

16 kg cylinder will be emptied in about a minute. Such a high flow of silane into a pipe 

or gas cabinet will probably cause an explosion. The maximum consequences are as in 

scenario 1. 

2.4.3 Scenario 3: Leak through the Flow Restricting 
Valve at the Cylinder 

Flow restricting valves (Linde remote control valve with a flow restricting orifice) 

can reduce the flow out of a 2000 psig cylinder to 30 lpm or 43 g/min for a 0.006 in. 

diameter orifice. A 0.013 in. orifice allows an initial flow of 140 lpm at 2000 psig 

cylinder pressure or 13 lpm at 150 psig. One hundred percent silane at these levels of 

initial flow may explode if there is some confinement or if atmospheric dispersion is very 

slow (as in very stable atmospheric conditions). Assuming a 30 s total ignition delay and 

response time, the total mass released would be about 80 g, carrying a maximum 

explosive energy of 3. 2 x 106 J. 

2.4.4 Outdoor Gas Line Leaks 

A line leak of 2 lpm to the surroundings will not produce an explosion, only a 

small fire. 
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2.4.5 Indoor Line Leaks 

A leak from a silane line in a closed space may present a hazard to health and 

danger of explosion if silane accumulates. If the gas accumulates for about 30 s, a 

potential explosion may produce a 1 psi overpressure at 1.2 m from the ignition point. 

2.4.6 Process Equipment Leaks 

Silane deposition equipment operates under very low pressure. An air leak into 

the process chamber may cause the formation of an explosive mixture very quickly. The 

limit of explosiveness and flammability of the silane/oxygen system under reduced 

pressures are unknown. Vacuum pumps can, in general, leak through junction seals and 

valve stem seals. Eliminating the gas ballast valve or connecting it to a dry nitrogen line 

helps to prevent air from accidentally entering the vacuum system. Silane decomposition 

by-products, which are unstable and pyrophoric, can condense or solidify at the pump 

exhaust so that the subsequent flow of air can produce fire or explosion. 

2.5 Hazard Management 

The key actions in hazard management are to prevent or minimize leakage. Thus, 

reducing the inventories at the site to a level consistent with safe and stable operation is 

the most important measure that can be taken in order to reduce the consequences of an 

accident. Also important are administrative and engineering options such as training 

workers in safe operating procedures, maintenance, inspection and testing of safety and 

process systems. The importance of administrative options should be emphasized. In the 

chemical industry many accidents have happened not because safety engineering systems 

were lacking, but because safe procedures and prevention strategies were not followed. 

A compendium 18-22 of such safety options is given in the Appendix. 
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If an accident occurs, engineering options (flow restricting valves, containment) 

and administrative options (emergency response) are important for minimizing 

consequences. Flow restricting valves which reduce the flow from the cylinder to the 

minimum allowed by the process requirements (usually a few lpm) are very important 

safety features. Remote operation of valves also reduces the consequences of fire or 

explosion and allows a more efficient operation. Fire extinguishing equipment should be 

used to quench a fire, but not until the flow of gas has been stopped. To do otherwise 

could promote an explosion. Halon-based extinguishers should not be used for silane 

fires. 

Physical barriers may be used to protect vital spaces, however, specification for 

their design and construction must be based not on common gas explosion theory but on 

data from silane explosions. The duration of pressure for most gas explosions is 10 to 

100 times longer than for silane explosions releasing similar energies. With respect to 

structural impact, they are sufficiently long to be considered static whereas silane 

explosions are dynamic. If data on silane explosions are lacking, then information on an 

alternative reactive gas (acetylene, hydrogen) or even solid charge explosions may be 

used as substitutes. 

In sum, key points of silane hazard management are: 

* Reducing stored inventories and installing flow restricting valves in cylinders 

can significantly reduce the hazard of fire and explosion. 

* Purging gas cabinets and raceway at high rate of flow should safeguard against 

small silane leaks. 

* Purging must provide good mixing; inefficient purging may only delay 

ignition and enhance the hazard of subsequent explosion. 
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CHAPTER 3 

BASIC ELECTRON-CYCLOTRON RESONANCE 

PLASMA THEORY AND DEPOSITION 

SYSTEM LAYOUT 

3.1 Brief ECR Plasma Theory 

3.1.1 Introduction 

Microwave electron cyclotron resonance discharges became extremely popular3 

in the last 25 years mainly because of some attractive features like their electrodeless 

nature and their ability to create and maintain high densities of charged and excited 

species at low pressures (:5; 10-4 Torr). With this technology very good characteristics, 

like high plasma densities (1011 -1012 ern - 3), high degree of ionization (~ 10% ), low 

gas pressure (10-4 -10-3 Torr), compatibility with active and corrosive gases, and 

stability of operation can be achieved. 3 

The technology of producing high density rrucrowave discharges over cross 

sections of less than 4-5 cm2 has been utilized in the last decade. The present challenge 

for microwave discharge technology is to produce high density, uniform microwave 

discharges over surfaces areas of 300-500 crn2 without damage to process products. 

Such discharges would have important applications for processing six to eight inch 

wafers. An additional important challenge is to design ECR plasma sources to operate in 

very low pressure environments. 

The utility of the ECR discharge, borrowed from controlled thermonuclear fusion 

and electric propulsion, has been demonstrated in etching, thin film deposition, broad ion 

beam applications, and obtaining smaller, faster, more densely packed semiconductor 

devices. In order to improve this technique for both etching and deposition, better 

uniformity, lower damage levels for thinner structures, and lower deposition temperatures 
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are needed, while still yielding high quality films at high throughputs. The main goal is 

to have an alternative deposition technique at a lower cost and still maintaining and 

improving the film quality. 

3 .1.2 Microwave ECR Breakdown 

Due to thermoemission, photo emission, and other phenomena we can always fmd 

in a gas a certain number of free electrons. When a magnetic field is applied, these 

electrons start to oscillate with a natural resonant frequency, called the electron cyclotron 

frequency. This frequency can be calculated from: 
eB 

COu =- (3.1) 
m. 

where e is charge on an electron, B is the static magnetic field flux density, and me is the 

electron mass. When a microwave with a frequency equal to the electron cyclotron 

frequency is fed into the gas, resonance occurs and thus the energy carried by the 

microwave is efficiently transferred to the o&cillating electrons. This phenomena takes 

place within a small, thin volume, known as the ECR layer. In this volume a great part of 

the applied power is absorbed, producing high energy electrons, which will sustain a 

discharge at low pressure. These electrons move out of the breakdown volume and 

collide with the neutrals, dissociating and ionizing the gas and producing a low pres~ure 

plasma that can be varied from a weakly to a highly ionized state by changing the gas 

flow rate, the input microwave power, and the discharge pressure. 

Because the magnetron, hardware and power supply are readily available at an 

operating frequency of 2.45 GHz, this frequency is used to obtain the resonance. 

Therefore, the static magnetic field required to produce the breakdown is 0.0875 T 

(Tesla). This field is produced by ordinary water-cooled solenoidal electromagnets. The 

plasma densities obtained with this system are high enough for the amorphous silicon 

deposition. 
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3.1.3 Microwave ECR Energy Coupling 

During the electron cyclotron resonance, the energy from the microwave IS 

transferred to the electrons and ions from the gas. Because the ions have a low mobility 

and a much bigger mass than the electrons, the energy transferred to them is neglected at 

this frequency (however, if the microwave has a frequency equal to the ion cyclotron 

frequency, the energy transferred to the ions cannot be neglected). And even this 

negligible energy gained by the ions is wasted through collisions with the chamber walls 

because of their very large Larmor radius compared to the gyration radius of the 

electrons. Therefore, electromagnetic energy transfer to the discharge takes place 

through Joule (elastic and inelastic collisional heating) and electron cyclotron heating of 

the electron gas. This process is shown in Figure 3.1. 

The electrons in the ECR region continuously gam energy from the 

electromagnetic field and are accelerated. These accelerated electrons collide with 

neutrals and ions, transferring them a part of their energy; the neutrals and ions, in their 

turn, transfer their energy to the walls through heat conduction and convection, making 

energy losses dependent upon the electron density, pressure, gas type, and discharge 

geometry. 

Without the presence of a static magnetic field, a plasma discharge is pressure 

dependent. At low pressures (lOOmTorr), it is very hard to sustain a discharge without a 

high applied electric field. When a static magnetic field is applied, the power absorption 

becomes very high even for low a electric field. 

Pressure is a very important factor in the ECR coupling. At higher pressures the 

energy absorption process becomes collisional and the magnetic field has little influence 

on the electron gas heating. As pressure is increased, the transition between purely ECR 

heating and collisional heating is gradual. Thus the conclusion is that ECR is a coupling 
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technique for low pressure discharges where the electrons can orbit many times between 

elastic and inelastic collisions. 

3 .1.4 Magnetic Mirror Effects 

The magnetic mirror effect is based on the conservation of the magnetic moment, 

Jl . If a particle passes through a changing field slowly (the field is changing at a rate less 

than the gyro frequency), then Jl is constant. This principle is shown in Figure 3.2. If a 

particle moves into a region of stronger magnetic field, it will gain perpendicular energy 

at the expense of parallel energy; therefore, its perpendicular velocity increases and its 

parallel velocity decreases. For a certain value of the magnetic field, the parallel velocity 

becomes zero and the particle is reflected back into the region with a weaker magnetic 

field. 

When there is no electric field applied, the charged particle in a converging 

magnetic field moves on a spiral trajectory with decreasing orbits until it is reflected. The 

particle then spirals back into the region where the magnetic field is weaker with 

increasing orbits. When an electromagnetic microwave field is applied and the ECR 

breakdown takes place, the electrons are accelerated when they cross the ECR layer. 

3.1.5 Conclusion 

Electron cyclotron resonance discharges have been proved as an electrodeless 

source of plasma with a high density at a very low pressure with a large area of 

application (etching, thin film deposition). Microwave discharges can be produced 

without large plasma potentials, which is a big advantage over radio frequency parallel 

plate discharges. The ECR plasma is easy to maintain even for low applied electric 

fields. 
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Figure 3 .2. Magnetic mirror effect 

17 



The electron energy distribution inside the plasma is controlled by the applied 

electric field and the magnetic mirror configuration, making it possible to slow down the 

electrons before hitting the surface of the substrate. 

3.2 System Layout 

The layout of the amorphous silicon deposition system is shown in Figure 3.3. 

The main body of this system consists of a 13.3 centimeters diameter 316 stainless steel 

cylinder. Any connection between different segments of the deposition system is 

provided with copper or VITQN® gaskets. The deposition chamber is placed inside two 

pairs of water-cooled coils, which provide the magnetic field for the ECR breakdown and 

the magnetic mirror. A magnitude plot of the magnetic field along the deposition 

chamber axis is shown in Figure 3 .4. The 300 A DC magnetic coil current is furnished 

by two Hobart type M-600 de motor generator arc welders connected in parallel. The 

microwave is fed into the deposition chamber via a quartz window on the left-hand side 

of the system in the region of greatest magnetic field intensity, which places the intense 

ECR layer away from the wave guide window. 

The microwave generator is a 2.45 GHz continuous-wave power source with a 

Matsushita 2Ml37 magnetron. The electromagnetic field is fed into the deposition 

system through a rectangular wave guide. The maximum incident microwave power is 1 

kW. The incident power, Pino and reflected power, Pref• are measured using a dual 

directional coupler and power meters. In order to match the microwave source and load 

impedances to get the maximum power transfer, a four-stub tuner is used. In order to 

protect the microwave source from the reflected power which can damage the magnetron 

or shorten its life, a three-port circulator and a dummy load are used. The three-port 

circulator has the microwave input at port 1, the discharge load at port 2, and a matched 

dummy load at port 3. Thus, all the reflected power coming back from the discharge 
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chamber enters port 3 towards the dummy load. Therefore the magnetron is protected 

and the microwave system is more stable. The disadvantage of this set up happens when 

trying to operate the magnetron at power levels below 50 W, where it is unstable. 

Because the deposition system requires power in the range of 10 to 50 W, a method to 

provide stability is required. In the configuration which makes the system stable, the 

circulator and dummy load form an attenuator, with connections to ports 2 and 3 

interchanged and a two-stub tuner added to the dummy load. In this configuration the 

magnetron can operate at high powers (500 W) where it is stable. Some of the applied 

power to the dummy load is reflected by the stubs to the discharge chamber. This system 

makes the microwave power controllable and stable for different power levels. 

The linear deposition system has numerous viewports for discharge observation 

and connections for gas pressure gauges, Langmuir probes, gas inlet, etc. The sample 

holder, electrically isolated from the chamber, is situated 15 centimeters left from the 

right set of magnets. The substrate can be heated up to 425 °C by an electric heater. This 

temperature is measured by a thermocouple placed inside the sample holder. 

In order to protect the substrate against accidental depositions when the plasma is 

still not stable and after the deposition is completed, a manual shutter is used to cover the 

sample. Some pilot holes were drilled in the holder to enhance outgassing from internal 

cavities. The sample is introduced into the deposition chamber using a feedrod and a 

load lock chamber. The plug containing the substrate is attached to the end of the feedrod 

in the load lock chamber, this chamber is closed and pumped down, the valve between 

this chamber and the deposition chamber is opened, the plug is pushed into its place in 

the sample holder, the feedrod is withdrawn and the gate valve is closed. 

The background and the operating vacuum levels are provided by two vacuum 

pump systems. The one that helps create the background vacuum (= 10-
7 

Torr) and 

evacuate the load lock during sample insertion/extraction has a Pfeiffer-Balzers turbo-
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molecular vacuum pump working together with a Kinney type KTC-21 roughing pump. 

Between the turbo-molecular pump and the load lock chamber there are two MDC type 

pneumatic gate valves which are used to isolate the load lock from the system. A safety 

valve is installed between the turbo-molecular and roughing pumps in order to protect the 

vacuum system in case of a power failure by isolating the evacuated chamber and turbo

molecular pump and venting the roughing pump. In this way the air is kept away from 

the chamber, oil backup is avoided, and the roughing pump can be restarted easier when 

the power is restored. A solenoid valve is connected in parallel with the roughing pump 

power supply and is closed when the power is on (the safety valve is open and the 

vacuum chamber is evacuated). When the power to the pump fails, the solenoid valve 

opens, admits air into a portion of the safety valve making it close before the vacuum in 

the chamber is lost. 

The set of pumps which maintains the operating pressure constant during the 

deposition is composed of a Kinney type MB403 roots blower in tandem with a Kinney 

type TCS-21 roughing pump. This pump system has a very high flow rate capability and 

offers the possibility to dilute exhaust gases with nitrogen. This pumping unit is 

equipped with a closed-loop pressure control system which consists of an MKS type 

253A exhaust control valve (at the input of the roots blower), an MKS type 390 Baratron 

gauge, an MKS type 170-6C and type 170M-25C electronics unit and readout, and an 

MKS type 252 exhaust valve controller. This system keeps the discharge operating 

pressure at a operator-preset level by varying the exhaust valve opening. This system 

makes it possible to keep the microwave power and the gas flow rate constant, while the 

discharge pressure can be varied. 

Safety is a very important issue since pyrophoric/toxic silane, toxic/corrosive 

silicon tetrachloride, flammable hydrogen and methane, and very toxic diborane and 

phosphine are and will be used. The ECR apparatus contains a number of safety 

22 



interlocks to keep the operator safe in the event of a system failure. These systems are 

described in detail in Chapter 5. 
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CHAPTER4 

GAS DELIVERY SYSTEM AND 

GAS EXHAUST SYSTEM 

4.1 Introduction 

A major priority in this thesis was to design a gas delivery system with safety in 

mind. The main purpose of this system is to provide a safe working environment for the 

students and personnel working on this experiment, to assure the mixture of several 

gases, each of them being more or less hazardous, to maintain a very accurate adjustable 

flow rate --a very critical issue in chemical vapor deposition, to make the gas delivery 

lines easy to isolate and service in case of a leak detection, and to make the system 

flexible and expandable. 

All hazardous gas cylinders are kept in a gas cabinet made of stainless steel and 

vented by a 3/4 HP exhaust fan. From this cabinet individual 1/4 inch stainless steel 

tubing, separate for each type of gas, lead through mass flow controllers, to the gas 

manifold, where they mix together. The mass flow controllers provide excellent control 

over the flow rate. After the gases have been mixed, a single gas line links the manifold 

with the deposition system, through several valves and filters. The purpose of these 

valves is to provide a good control over the gas distribution. 

The silane delivery line was designed to have only welded or VCR® (metal 

gasket face seal fitting) connections in non-vented areas. The only Swagelok® 

connection is inside the gas cabinet, which is provided with a continuous gas monitoring 

system and is permanently vented by the exhaust fan. Also, downstream from the 

regulators, normally closed pneumatic valves were installed for each gas except nitrogen. 

On the silane line, a cross purge system connected to the main vacuum pump and to a 

nitrogen cylinder was mounted in order to provide a safe replacement of the silane bottle 
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and to offer a safe way to get rid of a silane accumulation in case of an accident. All 

components and tubing have adequate working pressure ratings to withstand full cylinder 

pressure. Materials of construction and the operating ranges of pressure sensing or 

regulating devices are compatible with the gases to be used. Also, all failure modes, such 

as detection of silane in the gas cabinet or fabrication area, vacuum pump or exhaust fan 

undesired events (loss of power, overload), and loss of exhaust flow, that could affect 

safety and health trigger an audible and visual alarm and shut off gas flow upstream of 

the regulator. Each component of the gas exhaust and gas delivery systems is described 

in detail as follows: gas cabinet, silane distribution line, normally closed pneumatic shut 

off valve, mass flow controllers, manual shut off valves, manifold, leak valve, T joint, 

manual valve, ceramic filter and exhaust system. 

4.2 Gas Delivety System 

The gas delivery system, as a very important part of the plasma enhanced chemical vapor 

deposition system, is shown in Figure 4.1. In describing the way this system was 

designed and built, the path of the gases will be followed, starting from the gas storage 

cabinet and finishing with the deposition system gas inlet. The gas cylinders are housed 

in a gas cabinet made entirely of 316 stainless steel, which has the main role of protecting 

system operators in case of an accidental gas release or explosion. Inside the gas cabinet 

the gas cylinders are stored and held by a metallic chain to the back wall. The following 

gases are held here: silane, hydrogen, nitrogen, diethylsilane and argon. I will emphasize 

the way the silane distribution line was built, because, due to the pyrophoric nature of this 

gas, an increased attention was given to the safety measures. Another solution to store 

and deliver the silane gas would have been to keep the silane cylinder in a gas cabinet 

completely outside of the building, build a blast wall between this cabinet and the 

building and deliver the gas through a one-piece tubing right to the deposition system gas 

25 



-

LEAK VALVE 

Figure 4.1. Gas delivery system 

26 

DEPOSITION SYSTEM 

~PURGE 

INLET 

GAS MIXTURE 

MANUAl 
VAlVE 

SILANE 

CERAMIC 
FILTER 



inlet, without rruxmg it in the manifold. Unfortunately, this solution is much too 

expensive and therefore we built this line like described below. Figure 4.2 shows the gas 

handling equipment for the silane gas line. This equipment is housed in the gas cylinder 

cabinet only. The following list of components is given in order, following the direction 

of the gas flow, from the gas cylinder to the manifold (it should be noted that each 

pneumatic valve is operated by a solenoid valve. In other words, an electrical switch on 

the control panel operates a solenoid valve which in tum controls air pressure opening or 

closing the appropriate pneumatic valve): 

Gas cylinder shut off valve: This manually operated valve is provided on the 

cylinder. 

Pig tail: The pig tail is made of extra thick 1/4" stainless steel tubing with a CGA-

350 connection to the gas cylinder and welded to the cross purge on the other end. 

The purpose of the pig tail is to provide a flexible connection between the gas 

cylinder and the gas handling plumbing. This is necessary because cylinders are 

of different sizes and it is very difficult to fit two different cylinders to the same 

connection if it has been rigidly mounted. 

Normally closed pneumatic shut off valve: The purpose of this valve is for the 

case of an emergency. If there is a gas leak anywhere down stream from this 

point, any method of cutting off power to this valve will shut off the gas supply as 

close to the source as possible. This valve closes in the event of a power failure, 

by hitting the panic button on the safety interlock system control panel, when 

silane is detected in the fabrication area, when the vacuum pump motor fails, or 

when the exhaust system motor fails . 

Cross purge assembly: Because of the extremely dangerous nature of silane it is 

important to eliminate exposure to even small quantities. The cross purge 

assembly allows for cylinders to be changed without any amount of gas being 
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released to the atmosphere. This is done by closing the cylinder to be replaced, 

opening the normally closed pneumatic valve and evacuating the line through the 

roots blower. After the line is evacuated it is filled with nitrogen and then 

evacuated again. After five or more of these pressurize/evacuation purges the 

amount of the silane left in the line is reduced to almost nothing. The cylinder can 

be now replaced without exposing any person to any residual gas in the line. 

Because the regulator can be isolated and nitrogen flushed out the pig tail, the line 

can be kept free from air, providing an added benefit of reducing sources of 

contamination. 

Regulator: The regulator is part of any gas delivery system. Its primary function 

is to reduce cylinder pressure (2000-2400 psi) to a workable and safe pressure. 

The regulator used in this system has some additional safety features compared to 

commonly used regulators. It is made of 316 stainless steel to resist attack from 

the gas. It is of a tied diaphragm design allowing for positive shut off in case of 

improper pressure differentials across the regulator or material that may have been 

sucked back into the regulator. Only tied diaphragm or tied-seat type regulators 

are used with silane. 

Diaphragm valve: A quarter-tum diaphragm valve is installed downstream from 

the regulator. The purpose of this valve is mainly to isolate the regulator when 

the line has been purged and vented downstream. This is important for two 

reasons: frrst, it is very difficult to purge a regulator and it is much safer if it can 

remain isolated from the air so no residual gases can escape from it~ second, 

because of the difficulty in purging the regulator, if it can avoid being exposed it 

greatly reduces problems with contamination. It also assists in being able to 

isolate more of the line for finding leaks. 
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Next it will be described how all the other gas lines besides the silane distribution 

piping were designed and built. They were constructed in a very similar way. Regulators 

are attached directly on the gas cylinders and connected by 1/4" stainless steel pipes to air 

actuated pneumatic valves. These valves are installed just before the mass flow 

controllers in order to protect them against a possible over pressure. Also, they provide 

isolation of the tubing in case of servicing 

The mass flow controller, coming next on the gas line, controls the flow of gas 

into the deposition chamber. It actually controls the rate at which mass goes through the 

device but converts this quantity to a volumetric measurement at standard (atmospheric) 

conditions. The driving electronics for the mass flow controllers is located in the 

electronics rack and each line has a digital readout on the gas delivery control panel. 

After the mass controllers there are five manual shut off valves. The purpose of 

these valves is to provide isolation of the manifold from the upstream gas flow. In case 

only some of the gas lines are to be used, all it has to be done is simply close the valves 

on the lines that are not used, and a back stream of the reaction gases will not occur. 

Also, in case a repair on the piping is necessary downstream, they offer the possibility of 

separation. 

The manifold was installed after the manual valves and consists of a 2 inch 

diameter, 12 inches long pipe of 316 stainless steel, which has one end welded. It has 8 

male VCR® gas inlets for various gases that may be used for different gases and 1 male 

VCR® outlet where the tubing which goes to the deposition chamber is hooked up. The 

role of the manifold is to mix the deposition gases before they enter the system, in order 

to create a non-turbulent stream of uniformly mixed gases. The inlets that are not used 

are capped with Matheson stainless steel caps. 

In order to have a control over the flow rate of the mixed gases, a manually 

adjustable leak valve was installed downstream from the manifold. The leak valve is also 
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used to adjust the flow rate of the gases which are not controlled by a mass flow 

controller, like argon and nitrogen. 

Immediately after the leak valve a stainless steel T joint was installed. The 

purpose of this part is to provide with another gas outlet, besides the one used for the 

linear system, in case it is needed. 

The mass flow controllers, the pneumatic valves, the manual valves, the manifold, 

the leak valve and the T joint are all mounted on an aluminum plate which is fastened on 

the back wall of the fabrication area. A view of this assembly is given in Figure 4.3. The 

tubing which links the gas mixing unit with the linear deposition system runs along the 

back wall and partly along the east wall and has only welded connections. A final 

manual valve is installed very close to the deposition chamber. It offers the possibility of 

controlling the exact moment when the operator wants to let the gases flow into the 

deposition chamber. Also, it provides the possibility of isolating another big segment of 

the gas delivery system when servicing or looking for leaks. The last segment of the gas 

delivery system is the ceramic filter. It is placed where the gases enter the reactor and 

traps any contaminant particles with a size greater than 0.1 micron which traveled this far 

along the delivery tubing. 

4.3 Exhaust System 

Two methods have been commonly used by industry for treatment and disposal of 

silane: dilution with an inert gas or active treatment by burning it with hydrogen or 

natural gas. Dilution systems depend on diluting silane with a non-dangerous gas 

(nitrogen) at a high ratio of this gas to silane, in some cases I 00 parts nitrogen to one part 

of silane. This mixture is further diluted in air. One of the main drawbacks of this 

method is the excessive use of nitrogen at a high cost. Another drawback is that under 

failure modes, 
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large quantities of silane pass through the system unreacted due to the large dilution rates 

and subsequently burn or explode into the exhaust duct downstream. 

The second method, which is the active treatment, depends on a flame fueled by 

hydrogen or natural gas to burn silane in order to insure that silane will react completely 

in the control chamber. The big disadvantages of this method are high installation and 

operating costs which are well beyond our means. 

Therefore, the reacted gases are simply diluted with nitrogen immediately before 

they enter the vacuum pump. In Figure 4.1 it is shown that a T joint was attached to the 

vacuum pump to allow two things: addition of nitrogen to dilute the unreacted gases and 

the cross purge system to be pumped down. A manual shut off valve on the tubing 

coming from the cross purge and a pneumatic valve on the tubing corning from the 

nitrogen cylinder allows us to select which operation we desire to do, purge the silane 

line or dilute the unreacted gases. 

Because in this system we will use 10% silane diluted in argon at a maximum 

flow rate of 10 seem, the flow rate of pure silane will be 1 seem. If this is diluted with 

100 seem dry nitrogen, the exhaust gases will be well below the lower explosive level. 

The main body of the exhaust system consists of an 8 inch diameter PG 18 US 

gauge stainless steel pipe, which is mounted on a beam on the northern wall of the 

building. This pipe runs from a height of 10 feet up to the roof and then goes 6 feet 

above the roof. The negative pressure required to vent the gas cabinet and the vacuum 

pump is created by a Dayton 3/4 HP, 208 V, 1 phase spark proof motor mounted inline of 

the exhaust duct on the roof of the building. Therefore, there is no positive pressure 

created in the exhaust pipe inside the building. This pipe is connected to the vacuum 

pump through a 1 inch diameter stainless steel pipe and to the gas cabinet via a 15 feet 

long, 4 inch diameter stainless steel pipe. 
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CHAPTERS 

SAFETY INTERLOCK SYSTEM 

5. 1 Introduction 

Silane gas will be used in the near future for amorphous silicon thin film 

deposition and possibly diborane and phosphine as dopants at the research facility. 

Silane is rated as toxic and pyrophoric, and diborane and phosphine as highly toxic and 

highly flammable. Therefore, the amorphous silicon deposition system requires by law a 

safety interlock system to protect the students working on this project and the equipment 

against silane leaks which may result in massive explosions. 

The most serious problems that may occur during the amorphous silicon 

deposition are associated with the presence and accumulation of silane gas in the 

fabrication area. This is possible when one of the components of the gas delivery system 

or gas exhaust system (tubing, valves, vacuum pump, exhaust fan motor, etc.) fails to 

work properly and enables silane gas to be released into the deposition area, with a high 

potential of explosion. 

Against these unwanted events several safety measures were taken and after a 

failure analysis (Figure A.5 in the Appendix), a safety interlock system was built. The 

safety system is designed for continuous operation and it accomplishes two main tasks: 

1. Monitors the silane presence (max. 10 PPM) in the fabrication area or in the 

gas cabinet and if the exhaust fan and the vacuum pump motors are in the nominal 

regime or not; 

2. In case silane gas is detected or any of the two motors is out of the nominal 

regime (undercurrent or overcurrent), shuts down the silane gas source, the two 

welding generators and the high voltage supply and also opens a pneumatic valve 

to flood the fabrication area with nitrogen. 
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The gas monitor system was purchased from Matheson Gas Equipment 

Technology Group and the four sensors were calibrated for silane- 10 PPM (channels 1 

and 4), diborane- 10 PPM (channel 2) and phosphine- 10 PPM (channel 3). Presently, 

only the two silane detecting channels are used, one in the gas cylinders cabinet and the 

other at the inlet of the room venting system. 

The ECS41 BC single phase AC current sensors were bought from SSAC, Inc. and 

they are used to monitor the exhaust fan motor and the vacuum pump motor. The current 

sensors and the gas monitor were tested before mounting them into the interlock system 

and proved to be very reliable. A system of relays and contactors, driven by the gas and 

motor monitoring systems shuts down the silane source as close as possible to the 

cylinder, and the welding and high voltage generators in case of an accident. 

A detailed description of each part of this system (Figure 5.1) is given below, ac; 

follows: (5.1) safety interlock system control rack, (5.2) emergency shut down button, 

(5.3) exhaust flow switch, (5.4) gas monitor system, (5.5) alarm module, (5.6) system 

status front panel, (5.7) exhaust fan motor monitoring system, (5.8) vacuum pump motor 

monitoring system, (5.9) silane on/off control unit, (5.10) nitrogen on/off control, (5.11) 

high voltage generator control unit, (5.12) welding generators control unit. 

5.2 Safety Interlock System Control Rack 

The safety interlock system control rack contains the MAT 80R multipoint gas 

monitor (Figure 5.3), the alarm module (Figure 5.4), and the system status front panel 

(Figure 5.5). This rack is illustrated in Figure 5.2. 
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Figure 5.2. Controls rack 
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5.3 Emergency Shut Down Button 

This panic button is placed in the safety interlock system electronics rack on the 

alarm unit panel. It has one normally closed (NC) contact and one normally open (NO) 

contact. The NC contact is connected on the system's control bus. The NO contact is 

connected on the hot wire which powers up an emergency shut down bell mounted above 

the fabrication area's door and the "EMERGENCY SHUT DOWN" pilot light from the 

front indicator panel. When this button is in its NC position, the control bus is connected 

to 120 VAC. In case an operator hits the emergency button, the control bus is de

energized, the NO contact closes, the "EMERGENCY SHUT DOWN" pilot light comes 

on and the emergency bell starts ringing. Therefore, the silane solenoid valve will be 

closed, closing also the silane pneumatic valve; the nitrogen solenoid valve will be on, 

opening the nitrogen pneumatic valve, flooding the fabrication area with nitrogen, and the 

contactors will shut down the power for the welding generators and the high voltage 

supply for the microwave generator. 

5.4 Exhaust Flow Switch 

The exhaust flow switch is a regular switch which has a vane attached to its pole. 

The size of this vane is factory-calibrated to change the switch state at a flow of 1600 cfm 

(cubic feet per minute). The flow switch is mounted outside the fabrication area, on the 4 

inch diameter exhaust pipe. The vane is introduced in a 112 inch diameter hole and the 

body of the switch is held on the pipe with epoxy. The control bus is connected to the 

pole, the NO contact is connected to the control bus and the NC contact to the "NO 

EXHAUST FLOW" pilot light on the front indicator panel. When the exhaust system 

motor is turned off or fails, the flow switch is in its NC state and the pilot light is on. 

When the motor is on and the flow reaches its nominal value, the flow switch closes the 

control bus contact and turns the light off. 
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5.5 MAT 80R Multipoint Gas Detection System 

The Matheson MAT 80R Custom Gas Detection System is an instrument that is 

built to continuously monitor the concentration of various hazardous gases, thus 

protecting employees and equipment from possible accidents. It has 8 separate channels 

which can be set up to monitor 8 different gases. Our unit was bought with 3 channels 

calibrated as follows: channel 1 for silane, channel 2 for diborane, and channel 3 for 

phosphine. Later, an additional channel was purchased for silane and installed in 

channel 4. At the present time, channels 2 and 3 are not active, and therefore the 

remaining channels 1 and 4 are used to monitor silane. The gas monitor is installed in the 

safety system controls rack and the silane detectors are mounted in the gas cylinder 

cabinet and by the inlet of the fabrication area venting system. 

5.5 .1 Nomenclature/Controls/Displays/ Adjustments 

The following list of terms are used in association with the gas detector: 

1. Active: Means the sensor is activated and indicates that power is on. 

2. Malfunction (FAULT): Indicates improper operation due to a break in 

sensor wiring. 

3. PPM: Parts Per Million of gas concentration by volume. Chemicals that are 

liquid at room temperature are generally converted to a vapor state using the 

ideal gas law. 

4. %LEL: Percentage of Lower Explosive Limit of the gas concentration. 

This concentration varies from gas to gas and is based on the National Fire 

Protection Agency publication No. 325-M, unless there is a specific value that 

has been adopted by a particular industry. 

5. "PRESET" Push Button: When depressed, it provides an electrical signal 

output to simulate the sensor output. It is used with the "PRESET" adjustment. 
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6. "WARN" Light: Indicates that the "WARN" threshold has been exceeded. 

7. "ALARM" Light: Indicates that the "ALARM" threshold has been 

exceeded. 

8. ZERO: This potentiometer is used to adjust the zero reading on the meter. 

9. SPAN: This potentiometer is used to adjust the meter range to match the gas 

concentration that is used during calibration. 

10. PRESET: This adjustment is used in conjunction with the PRESET push

button described above. The PRESET button must frrst be depressed. This 

allows the preset adjustment control to generate a variable electrical signal 

similar to the sensor output when sensing gas. It is used to set alarm points. The 

adjustment is from 0 to 100 percent of full scale, therefore the PRESET switch 

and PRESET potentiometer in conjunction with each other can be used as an 

alarm test device. 

11. PURGE: When depressed, this control will help the sensor recover faster 

than normal from exposure to a high gas concentration. That is, the meter will 

return to 0 more quickly. When first depressed, the needle will normally move 

up the scale on the meter, then gradually move back. Press the switch for 

approximately 20 seconds, then release. 

5.5 .2 Applying Power 

It is important to make certain the power outlet voltage you are going to use is 

compatible with the instrument prior to plugging it into your power source (120V AC). 

The instrument is equipped with a time delay circuit which overrides the meter 

and alarm operations of the instrument for 45 seconds after plug-in. During this time, the 

meter will generally indicate negative or below zero. A special sensor conditioning 

circuit is functioning at this time to prepare the sensor for operation. The ACTIVE light 

40 



should be on . If it is not, either there is no power applied to the instrument or there has 

been a malfunction. 

After 30 seconds has lapsed, the meter should indicate approximately zero. On 

some units it is quite normal for the meter to remain somewhat higher. If the meter 

indication is too high (above 5 or 10 percent of full scale),it is necessary to unplug the 

instrument, and plug it back in again after approximately 10 seconds. If necessary, this 

procedure may be repeated. It is not necessary for the sensor to read exactly zero. An 

indication of 5 to 10 percent of scale is normal after plug-in. After 24 hours of 

continuous operation it will read zero if the sensor is in clean air. For best results, wait at 

least one hour before applying calibration gas and preferably 12 to 24 hours. 

5.5.3 Setting WARN and ALARM Thresholds 

The system is designed such that each channel has to be set separately by setting 

the "SELECT" switch to the appropriate channel. The ALARM "SET" potentiometer 

should be turned clockwise to its limit. The "PRESET" button is held down and the 

"PRESET" potentiometer is turned until the meter reaches the point on the scale where 

the alarm actuation is desired. Holding down the "PRESET" button, the "ALARM SET" 

(or "SET-W" for WARNING- "SET-A" for ALARM) potentiometer should be turned 

slowly counterclockwise until the alarm is energized. The ALARM level is now set. The 

same procedure has to be repeated to set the WARN level. The "PRESET" potentiometer 

needs to be turned to make the meter move back and forth around the set point to make 

sure it is set properly. This whole procedure has to be repeated for each channel. 

5.5.4 Sensor Wiring 

Three wires are required to interconnect each sensor to the terminals on the rear of 

the motherboard (which, in turn, tie to the proper sensor module). Two of these wires, 
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the HTR or heater line and the GND or ground line should be heavy enough to keep the 

total resistance of both lines below 20 ohms and the resistance should be balanced, that is, 

use the same size and length of wire for each line. The third wire marked COLL or 

collector carries very little current and hence is not normally limited by resistance value. 

It is not good to bundle the sensor lines together with AC power lines, relay control lines 

or other large signal carrying wires. In an extremely noisy environment, it may be 

necessary to use shielded lines. The HTR and GND wires are red and black and the 

COLL wire is white or green. 

5.5.5 Sensor Module 

The sensor module receives the input from the remote sensor and converts it into a 

proper output voltage for use by the rest of the system. It also includes calibration 

adjustments of both ZERO and SPAN (gain). Another function of the sensor module is 

to monitor the level of signal representing maximum output of all the other modules, and 

when the channel's output is sufficiently high, to capture the display (when in AUTO 

mode). The sensor module also monitors the output level of this channel and 

continuously compares it with the two setpoint levels corresponding to warning and 

alarm, providing the proper outputs for either case. Another function of the sensor 

module is to monitor the sensor heater line and sensor collector to determine if any fault 

condition exists. All lamp indicators associated with individual channels are driven by 

this module. 

It is the primary function of the sensor module to serve as the personality module 

for each gas, permitting the use of a variety of gasses to be monitored by changing only 

the sensor and its corresponding sensor module. As stated above, channels I and 4 are 

used for the two silane detecting sensors. 
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5.5.6 Relay Modules 

The relay modules serve as an interface between the control bus signals indicating 

some abnormal condition and some external device such as an alarm system or fan 

control motor. The schematic diagram of relay module ALARMIW ARN is shown in 

Figure A. 1 in the Appendix and of the relay module MALFUNCTION in Figure A.2. 

The relay modules receive inputs from any sensor module indicating either an alarm, 

warning or sensor fault and then drives a relay to provide contact closure for alarms. 

There are three conditions which yield a relay contact output: 

1. Gas concentration exceeds warning setpoint level for one or more of the 

individual channels. 

2. Gas concentration exceeds alarm setpoint level for one or more of the 

individual channels. 

3. A sensor fault in one or more channels has been detected. 

To improve reliability, a redundant relay circuit is used. In normal operation, two 

relays will be actuated by any of the three fault conditions. With the redundant 

arrangement shown, only one relay needs to actuate in order to provide the desired 

contact output. In the event that only one relay performs upon being provided an input 

signal, a flashing lamp will indicate the presence of a relay fault. A lamp indicator is also 

provided to show that a relay actuation has occurred. This will be useful in testing 

without having to rely on an alarm sound. Two sets of contacts are provided for each of 

the fault or alarm functions. These may be wired to provide either normally closed or 

normally open conditions by jumpers on the card. It is possible to have one contact set 

wired for normally open and the other contact set for normally closed action. 

For our system, set #2 for WARN and ALARM relays were used, wired for 

normally open. Therefore, in case silane is detected in amount of more than 10 ppm, set 

#2 of WARN and ALARM relays will switch to the closed position. 
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5.5.7 Sensor Heater Module 

These modules provide an adjustable constant current to each of the 8 sensor 

heaters. Although the unregulated +12 VDC power supply bus is used as the power 

source, the current is regulated by individual circuits for each channel. Although the 

primary source of sensor heater current is from the sensor heater modules, the sensor 

module has a section which provides an additional boost in heater current during 

reset/purge operation. 

There are four PC cards required in the sensor heater module group. Two of these 

contain the main current regulating and adjustment circuitry for 4 channels each (the two 

cards are not identical). Two additional cards (which are identical) contain four power 

transistors each with appropriate heat sinks for proper heat dissipation. 

Certain sensors require a variation in heater current as a function of gas 

concentration. This function is accomplished by the heater modules by adding more 

heater current in response to the sensor level output. This is an optional feature and may 

not be required for all sensors. 

5.5.8 Front Panel 

The front panel is mounted in the safety interlock system controls rack and 

contains the indicator lamps to show the status of each of the 8 sensor channels (Figure 

5.3). The lamps are driven by the individual sensor modules. Additional lamps on the 

front panel indicate the status of the input power, whether it is from the normal AC line or 

from the DC standby power source. Another group of indicator lamps serves to display 

the status of the relay modules. The number of operator controls is minimized for 

functional simplicity. There is no power on-off switch, since this equipment is designed 

for continuous monitoring. A vail able controls are: 

a. Meter display selector switch, 
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b. Preset button, 

c. Preset adjust knob and 

d. Reset button. 

5.6 Alarm Module Model9929 

The alarm module is mounted in the safety interlock controls rack (Figure 5.4). It 

contains a +12 VDC power supply, three relays: FAULT, ALARM and WARN (Kl, K2 

and K3), an audible alarm, 4 indicator LED's, an "ALARM SILENCED" switch and a 

terminal strip. Two extra relays are mounted on the main board to control the solenoid 

valves for silane and nitrogen (K6 and K7) which are located on the northern wall of the 

fabrication area. K 1 , K2 and K3 have 12 VDC actuated coils and are of three-pole

triple-throw type. The + 12 VDC wire from the alarm module is connected to the poles of 

ALARM-SET2, WARN-SET2 and FAULT-SET! in the gas monitor unit. The normally 

open positions of these relays were connected to one of the K I, K2 and K3 relay coil 

terminals (ALARM-SET2 to ALARM relay Kl, WARN-SET2 to WARN relay K2 and 

FAULT-SET! to FAULT relay K3). The other coil terminal was connected to the DC 

ground. When a relay malfunction occurs in the gas monitor unit, FAULT-SETl 

switches to the closed position and actuates K3 which causes the FAULT LED on the 

alarm module front panel to come on. When the gas monitor detects a concentration of 

silane which is above the preset threshold, WARN-SET2 closes and actuates K2 which 

makes the FAULT relays come on. If the gas concentration exceeds the threshold preset 

value, (approximately 8 PPM), ALARM-SET2 closes causing K1 to actuate. Three 

things happen when this relay actuates : 

1. The control bus is interrupted at this point by KISl (relayl-switchl). 

2. The "SILANE DETECTED" pilot light on the indicators front panel gets 

connected to 120 VAC through KIS2 (relayl-switch2) and turns on. 
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3. The "SILANE ALARM" audible alarm and the "ALARM" LED on the alarm 

unit front panel get connected to +l2VDC through KlS3 (relayl-switch3) and 

warn the personnel about the silane leak in the area. 

Thus K 1 S 1 switch becomes the third point where the control bus voltage can be 

interrupted (besides the emergency shut-down button and the flow switch). 

5. 7 System Status Front Panel 

This is the uppermost front panel in the rack and offers the operator the possibility 

to determine the status of all the components in the safety interlock system (Figure 5.5). 

The following red pilot lights are mounted on this panel (from left to right): 

EMERGENCY SHUT-OFF, NO EXHAUST FLOW, SILANE DETECTED, EXHAUST 

MOTOR FAN FAILED, VACUUM PUMP FAILED, SILANE OFF, WELDING 

GENERATOR OFF, HV SUPPLY OFF, NITROGEN ON. A POWER ON/OFF switch 

and a corresponding green pilot light are also mounted on this panel. 

5.8 Exhaust Fan Motor Monitoring System 

The exhaust fan monitor system is housed inside a metallic box mounted on the 

main electrical conduit on the southern wall of the fabrication area and consists of two 

single phase current sensors, one set up for undercurrent and the other one for 

overcurrent, and a 120 VAC, double pole double throw relay (K4). The exhaust fan 

motor that is monitored is a 3/4 HP, 208 V AC, 1 phase Dayton induction motor. 

5.8.1 Single Phase AC Current Sensor 

The ECS series of single phase AC current sensors (Appendix), is a universal, 

over- or undercurrent sensing control. Its built-in toroidal sensor eliminates the 

inconvenience of installing a stand-alone current transformer. The ECS series includes 
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onboard adjustments for the current sensing mode, the trip point and the trip delay. An 

LED fault indicator makes possible accurate, first time adjustment of the trip point. The 

built-in relay actuates in case an under- or overcurrent (as selected with the top-left 

switch) occurs in the monitored line. 

5.8.2 Operation 

The current that flows through the wires that power up the exhaust fan motor is 

monitored. If this current drops below a preset value or rises above another preset value, 

the relay incorporated in the current monitor unit actuates and accomplishes two tasks: 

1. Interrupts the control bus in this point through K4S 1. 

2. Turns on the "EXHAUST FAN MOTOR FAILED" pilot light on the indicator 

front panel through the K4S2 switch. 

5.9 Vacuum Pump Motor Monitoring System 

This system is very similar to the exhaust fan motor monitoring system. It is 

located on the eastern wall of the fabrication area in an identical metallic box as the fan 

motor monitoring system. The difference is that the vacuum pump motor, which is being 

monitored, is a 1 HP, 480 V AC, 3 phase motor and therefore 3 single phase AC current 

sensor units are used to detect the current flowing through the wires that power up this 

motor. In order to keep track of any possible situation, two phases are being monitored in 

undercurrent mode and the third one in overcurrent mode. The DPDT relay (K5) which 

is driven by these three current monitor units is identical with K4 and the contacts set up 

is also similar. Thus, K5S 1 is used to de-energize the control bus in case of an unwanted 

event that may occur with the vacuum pump motor. K5S2 connects the "VACUUM 

PUMP FAll..ED" pilot light from the indicator front panel to 120 VAC in the same case. 
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This description concludes the control part of the safety interlock system. 

Described below are the relays and high power contactors that are controlled by the 

control bus. 

5.10 Silane On/Off Control Unit 

This system consists of a 120 VAC coil, DPDT relay (K6) and a solenoid valve. 

K6 is mounted on the alarm unit board and the solenoid valve is placed on a panel on the 

northern wall of the fabrication area. 

When the situation is normal (the panic button has not been engaged, there is flow 

in the exhaust duct, and the exhaust fan and the vacuum pump motors are in nominal 

regime), the control bus is energized (is connected to 120 V AC). If not, there is no 

voltage on the control bus. When the control bus is energized, relay K6 is actuated and 

therefore the "SILANE OFF" pilot light is off because switch K6S 1 is opened and the 

silane solenoid valve is powered through switch K6S2, opening the pneumatic valve 

located in the gas cabinet on the silane distribution line panel. 

5.11 Nitrogen On/Off Control Unit 

The nitrogen solenoid valve is controlled by relay K7. If there is no voltage on 

the control bus (silane leak, motor failure, clogged exhaust pipe), K7 is not actuated and 

the "NITROGEN ON" pilot light is on because switch K7S 1 is closed and the nitrogen 

solenoid valve is actuated through K7S2, opening the pneumatic valve located on the 

nitrogen cylinder and, therefore, flooding the fabrication area with nitrogen if the cylinder 

was previously manually opened. If the situation is normal, K7 is actuated and the pilot 

light is off and the solenoid valve closed. 

51 



5.12 High Voltage Generators Control Unit 

This unit consists of a normally open 480 V AC/1 00 A magnetic contactor 

mounted in an metallic box on a beam on the northern wall of the main building, right 

next to the 208 V AC/3 phase power distribution box. 

The K8 contactor has three normally open high voltage contacts used for the 

phases wich power the high voltage supply used for the microwave generator and a 

normally closed low voltage contact used to control the status of the "HV SUPPLY OFF" 

pilot light. When the control bus has voltage on it, K8 is actuated, closing the high 

voltage contacts and thus furnishing power to the high voltage supply and the low voltage 

contact is opened, turning the corresponding pilot light off. If the voltage on the control 

bus goes off, K8 is de-energized, turning off the high voltage supply and turning on the 

light on the indicators front panel. 

5.13 Welding Generators Control Unit 

To control the welding generators, a similar system is used as for the high voltage 

supply described above. An identical 480 V AC/1 00 A contact or has been used. When 

the status of the deposition system is normal, K9 is energized, closing the 3 phase 480 

V AC/1 00 A power lines that power the welding generators and interrupting the 120 V AC 

circuit that kept the "WELDING GENERATOR OFF" pilot light on. If an unwanted 

event happens, K9 de-actuates and the welding generators are turned off and the pilot 

light turns on. 

This fail-safe system was designed and built to work in a continuous mode, 

providing constant protection in case of an accident. It monitors the concentration of 

silane in PPM in the fabrication area and the gas cabinet, the exhaust fan motor, and the 

vacuum pump motor, and causes the deposition system to shut down in case of an 

unwanted event. 
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CHAPTER6 

CONCLUSION 

Silane leaks resulting in fire or explosions can endanger life and property. 

Consequently, systems used to handle silane need to be evaluated systematically before 

their construction and operation to ensure that safeguards and redundancies for "fail safe" 

operation are incorporated into the gas handling systems. 

This thesis shows how a gas distribution, a gas exhaust and a safety interlock 

protection systems were designed and built for a university amorphous silicon thin ftlm 

deposition system, implementing industrial-type regulations. All these systems were 

needed because of the highly explosive nature of the silane gas. 

When designing and building the gas delivery system, a compromise has to be 

made among safety, maintenance, controllability, and flexibility. The ideal delivery 

system would be a pipe directly connecting the gas cylinder with the deposition system. 

Each additional part introduces a higher potential of failure, but good controllability and 

easy maintenance cannot be achieved without using mass flow controllers and a certain 

number of valves. Therefore, deciding the minimum number of parts was a critical issue 

in this project. Also, the quality of the welds was very important. Obviously, no leaks 

are admissible, and therefore the gas delivery system was tested at a positive pressure of 

at least 100 psi and also at negative pressure. Some welds were redone until no leaks 

were found. The pipes and all the parts are made of 316 stainless steel due to the high 

reactivity of the deposition gases. Ideally, the gas cabinet containing the gas cylinders 

should be placed completely outside the building on a concrete pad, with a blast wall 

between it and the building and a chain link fence all around the pad, but because of the 

extremely high cost of materials and labor, this design was unaffordable. 
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The problems associated with the exhaust system were also safety problems. 

Because the exhausted mixture of gases contains silane (even diluted 100/1 with 

nitrogen), it poses an explosion hazard and therefore all sources of sparks have to be 

removed. The exhaust fan has aluminum blades and the driving motor is completely 

outside the exhaust duct and does not represent a spark source. The material used to 

build the exhaust system was also stainless steel. 

Attention should be paid to periodical calibration of the monitoring elements from 

the safety interlock system: the gas monitor and the current monitors. Even though the 

gas monitor is factory-calibrated, it should be re-calibrated every month during the first 

six month of utilization because it is one of the most important elements in this system. 

When dopants like diborane and phosphine will be used, the gas monitor can be very 

easily upgraded by just adding the proper modules to the main board and installing the 

gas detectors, without any other modification. The current monitors were calibrated to 

actuate when an undercurrent or an overcurrent occurs, and they need to be checked 

every month for proper operation. Relays are reliable parts, but it is good to see if they 

actuate when a simulated gas alarm is performed on the gas monitor, or when the vacuum 

pump, or the exhaust fan are shut down. Also, it is very important to maintain the 

compressed air pressure at 100 psi to assure that the pneumatic valves work properly. 

It should be emphasized that even though, all these systems were built and work 

properly, the human factor always plays a major role in the occurrence of accidents. 

Therefore nobody should rely entirely on this protection system and special care must be 

taken that all the students working on this experiment receive a special training to get 

accustomed with the hazards that may result from a mishandling of silane. 
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APPENDIX A 

A COMPENDIUM OF SAFE PRACTICES FOR THE STORAGE, USE AND 

DISPOSAL OF SILANE 
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A.l Handling and Storage of Gas Cylinders 

* Store all silane cylinders outside in an isolated secure area. This outside storage 

should be located at least 75 feet from buildings, streets and property lines unless 

protected by a 2-sided, 2-hour fire rated structure with canopy and sprinklers. 

* If silane cylinders are stored in purged gas cabinets, locate these cabinets 

outside the building and install explosion proof wall between the cabinet and occupied 

building spaces. 

* Maintain a minimum air flow of 200 lfpm (closed door) through the cabinet 

access ports. 

*Sprinklers should be installed in all gas cabinets. 

* Automatic positive shut off systems for all gas cylinders are required in the 

event of a leak. 

* Install an excess flow limiter in all cylinder valves. 

* Install an excess flow valve with purely manual systems and one pneumatically 

driven and of a fail safe design with electric switching. 

* All hazardous gases should have cross-flow purge assemblies, so that the entire 

lines and regulators can be evacuated and flushed with an inert gas several times before 

changing cylinders. Purging should be repeated after changing cylinders so that any 

residual air is highly diluted. 

* One-way valves should be installed to prevent back flow into regulators. 

However, gas can be trapped upstream of the valve and cross-flow vacuum/inert gas 

flushing becomes imperative. If either silane or air is trapped in the line, reaction with 

another gas during a cylinder change could cause the regulator to explode with severe 

consequences. 
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* Use steel cylinders, not aluminum. 

* Separate silane and other flammables from taxies by a one hour fire barrier. 

* Monitors, alarms and shut off systems should all be equipped with backup 

power/gas systems. 

* Install gas monitoring points in each gas cabinet and outside each gas cabinet in 

the gas cabinet shelter. 

* Eliminate all possible interconnecting piping between a source cylinder of silane 

with a source cylinder of nitrous oxide. 

* Separate sources of purge gas. Purge tanks should not be shared between 

systems or between gases of different classifications on the same system. This is 

particularly important for silane and nitrous oxide systems. 

* Install a panic button proximate to the gas cabinet to activate the pneumatic 

valves to the silane gas cylinders. 

*Limit the inventory to several months (at most) supply. 

* Return to suppliers materials which have not been used for extended periods (>6 

months). 

* Whenever possible, use low concentration (2-1 0%) gas sources. 

* Use of predoped silane mixtures may reduce hazards to health due to the 

combustion of the dopants in any silane fire as well as the reduced need to have 

concentrated dopant gases on-site. 

* Change cylinders only during off-hours, preferably in the morning when crews 

are not tired or in a rush. 

*Always use two person teams during all cylinder change operations. 

* Establish firm written procedures for changing gas bottles. Only employees 

thoroughly trained in changing gas cylinders should be allowed to perform this task. 
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A.2 Handling at the Point of Use 

* Gas monitoring points should be installed in the ventilated airspace proximate to 

the reactor. 

* Install door interlocks to shut off gas flows from source cylinders. 

*Use continuous nitrogen purging of the oil reservoir chamber of vacuum pumps 

to prevent pyrophoric gas accumulation. 

* Eliminate liquid nitrogen traps in vacuum line system lines because oxygen 

entering the system may be condensed and create an explosive mixture. 

* Eliminate cryogenic pumps (including gas refrigerator, molecular sieve sorption 

pumps and cold traps). 

* Provide automatic shut down in case of vacuum loss. 

* Install panic button proximate to reactor and interlock with the pneumatic shut 

off valve on the gas cylinders. 

* Provide inert gas lines directly into the reactor and the manifolds, so that 

purging, if needed, can be fast. 

* It is useful to have redundant systems. Use two pumps connected in parallel; 

the reserve pump can be a smaller version of the main pump, but both pumps should be 

on at all times with the reserve one having a feed of inert gas to keep air out and oil in. 

A.3 Effluent Gas Control 

* A pressure sensor on an air flow velometer with an audible alarm should be 

installed to check that the exhaust blowers are working, and that the gas cabinets are 

under negative pressure. 

* Dilute silane flows to below its pyrophoric limit, before it is mixed with air. 

* Install a gas monitoring point at the effluent stack to monitor gas releases to the 

environment. Interlock this monitor to the supply cylinders. 
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* Establish and implement training and certification programs for all workers 

handling silane and related dopant gases. Refresher and updated training courses should 

be given at regular intervals. 

* Develop and practice emergency response plans and procedures. 

*Prevent unauthorized tampering or entrance by non qualified personnel by using 

key locks and other related approaches. 

* Emergency power backup is required for exhaust ventilation, gas detection and 

emergency alarm systems. 

* Establish a maintenance and testing program for all safety systems, including 

gas detection monitors, automatic shut off valves, auxiliary power systems and switching 

equipment and ventilation spaces. 
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Over or Undercurrent Control 
Jam Relay (Overcurrent Sansing) 
• Zero Speed Switch (Locked Rotor) 
• Plugged intake or discharge line 

Load Lon Rei8V (Undercurrent Sensing) 
• Broken Drive Belt 
• Dead Head (Loss of Suction) 
• Open Heater Element 
• Blown Lamp 

• Switch selectable overcu"ent or 
undercurrent sensing 

• Adjustable trip points 2 to 20 amps 
• Adjustable trip delays to 50 seconds 
• 5% dead band prevents rapid 

swffching 

Universal Sensor and Control 

- CAUTION: Disconnect all voltages before making connections. -

SPECIFICATIONS 
a<VAC~o311'1. 
120..,.C~o20% 

230 VII.C"20% 
50'!10 Hz 

Fot"' 9PDT (~ 

0.25 
OVICII-CXlNNECT 
~CSI 

PART NUMBERING SYSTEM 

EXAMPLE: 

2-24 VAC 
4-120 VAC 

6-230 VAC 

1 - Adjustable A - 0.15 to 7 

(2 to 20 Amps B - 0.5 to 50 
Guranteed Range) (Guaranteed Range) 

Figure A.3 ECS41BC specifications 
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1YPical Connection Diagram 

SINGLE PHASE 
VQTAGE 

Description of Operation: 
Using the mode selection &witch, sat the desired func1ion, 

UNDER or OVER current sensing. Pass the wire canying the 
current to be monitored through the toroid sensor. Now set the 
TRIP POINT and TRIP OELA Y to 1tleir approximate settngs. 

ALTERNATE 
CONNECTIONS 

Disconnect the UC 
(Motor Contactor) wirv 

at poi'rt A. Reconnect to 
terminal IS on the ECS. 

Now the motor is 
di&COnnec11ed when a 

tau It occurs. 

TIME DIAGRAMS 
OVERCURRENT SENSING 

Oven:urrent T~ Point 

Monilored Current 
O\l1)UI Conlae!a Closed 

l & 4 Open ~=~--,-~~_. 

UNDERCURRENTS!~ 

UndereurTent Tr1p Point 
Monitored Cufrent 

n.,.,._. Co.Mcts CloHd 

I I 

....... T!1'0Ny 
""---_I I 

3& 4 Open +-........ "-T-----r--' I 

,.._~-l£00n-

Pnor to eonnecrtng tl'le oulput to the control circuitry, apply f,cMer to the ECS and the mon1lored t.i. Fine-tune the TRIP 
POINT by tumlng the 8G)Jstment and watching the LED. The LED wll Nght, indicating a fault. Tum slightly In oppoSite direction 
until the LEO Is off. This adju9tment can be done while connecting to lhe control cin::uttry ~the TRIP DELAY is set at maximum. 

When a fault is s.ns.d (LED on) 11roughtout the TRIP DELAY, 1he ou1put w• energize after the delay Is ~eta. When 
fle current returns to normal run conditiOn, the output and the delay are reset. 

If a faul Is sensed (LED on) and then corrected (LEO aff) betore the TRIP DELAY is CCJn'l)leted, the relay Will not energize 
and the TRIP OELAV is reset lo zero. 

When power is first applied to terminals 1 and 2, a sensilg delay on stanup occurs. During this lime delay, OYer and 
underaJrrent faults will be dllplayed by the LEO, but the output relay will not oo energized. The &enliing delay on startup 
prevents nutaance tripping caused by inrush that no1'1"118ly occurs during equipment startup. 

If a f8IJit is ltill sensed at the end of the startup delay, a TRIP DELAY begins If a faUlts SIMI sensed ar the end of the TRIP 
OELA Y the output relay ia energtzed. 

Figure A.4 ECS41 BC connections 
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DEPOSITION SYSTEM DISABLED: 
-SILANE OFF 
-NITROGEN ON 
-HV. SUPPLY OFF 
-WELD. GEN. OFF 

Figure A.5 Hazard analysis flow chart 
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YES 

YES 

DEPOSITION SYSTEM ENABLED 



APPENDIXB 

LETTER OF PERMISSION 
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Laszlo Moldovan 
Pulsed Power Laboratory 
Department of Electrical Engineering 
MS 3102 
Texas Tech University 
Lubbock, TX 79409 
(806) 744-8304 (Home) 
(806) 742-1582 (Office) 
(806) 742-1281 (FAX) 

Robert Havend or 
Peter Dunn 
Solid State Technology 

Dear Sir: 

This letter is to follow up on our discussion on the phone regarding a 
copyright release from your magazine. I will be graduating from the Graduate 
School of Texas Tech University in December 1993 with a Master of Science 
degree in Electrical Engineering . 

The title of my Master's thesis is Design of Safety System and Controls for 
an Electron Cyclotron Resonance Deposition System. As a part of my research 
work I designed and built a safety interlock system for an amorphous silicon thin 
ftlm deposition reactor where the active gas is silane. Therefore, I have to include 
in my thesis a chapter about silane hazard analysis. The best article I could find on 
this subject, entitled An Assessment of Silane Hazards was written by Vasilis M. 
Fthenakis and Paul D. Moskowitz, and was published in the January 1990 issue of 
Solid State Technology. 

I would like to respectfully request that you give me a copyright release of 
the above mentioned article, so I would be able to use it as a chapter of my 
Master's thesis, obviously mentioning the source of information in my list of 
references. 
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