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ABSTRACT 

Contamination from the gas source, target, or system can 

cause impurities to become incorporated in a sputtered film. 

These impurities can harm the sputtered film e.g., in terms of 

electromigration and microstructure properties. 

A custom-designed ultra-high vacuum sputtering system was 

constructed to study trace levels of background contaminants 

allowed by different pump combinations. Turbomolecular and 

cryogenic pumps each selectively aided by a LN2 trap and a 

titanium sublimation pump were used. Contamination was 

measured with RGAs at base pressures and at 1 mT. The main 

contaminants for the cryo-based system were air and hydrogen 

at ppb levels and for the turbo-based system were air and 

water at ppm levels. This was true at both high and low 

pressures. Also shown was the need for both open and closed 

ion source RGAs and the superior trace detection capability of 

the open source. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

INTRODUCTION 

As semiconductor dimensions shrink into the 0.35 nm 

size range and lower, contamination issues will dominate. 

Molecular and atomic impurities are of prime importance in 

thin film materials reliability and performance. 

Incorporation of contaminants in a sputtered aluminum/silicon 

alloy film results from the presence of contaminants in the 

argon source, gases released by the plasma, and residual 

atmospheric gases not removed by the vacuum system. These 

gases have been shown to affect the mechanical and electrical 

properties of the film. Nitrogen/argon sputtering atmospheres 

have shown deleterious effects in both the electromigration 

resistance and mechanical strength of the resulting 

contaminated film [10] an̂  residual hydrogen has been shown to 

improve the quality of some metallic thin films [15]. 

Consequently, better residual gas and gas purity control is 

needed to achieve reliable VLSI interconnects. The direction 

of research and development of thin film production equipment 

is proceeding toward ultrahigh vacuum (UHV) and extremely-high 

vacuum (XHV) environments. These systems must be constructed 

of mechanically strong, high quality, clean parts and should 

not contribute impurities to the system. Chambers are 
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typically 304 or 316 stainless steel and in some cases 

aluminum [9]. All components appended to the system must also 

meet the same stringent requirements. The sputtering 

environment also includes the sputter gas. The gas is 

purified and filtered by the supplier and further cleaned by 

various purifiers prior to entering the chamber so that it 

does not contribute additional contamination to the system. 

In these environments atomic, molecular, and particulate 

contamination can be drastically reduced to produce "clean" 

films with reliable performance properties. For these 

applications ultrahigh vacuum environments require thorough 

characterization of the pressure, types and quantities of gas 

vapor species, pump performance, and quality of gas introduced 

to the system. 

This work sought to do a thorough characterization of a 

UHV sputtering system in terms of: pressures and the gauges 

used to measure these pressures, the use of residual gas 

analyzers to identify and measure gas vapor species present in 

the chamber, and evaluation of the effectiveness of different 

pumping conditions on removing trace gas species. This study 

will help to provide useful information on choosing the proper 

instruments for measuring pressures and residual gases and for 

choosing pumping packages necessary for the next generation of 

sputtering machines. 

Chapter 1 describes the means necessary to achieve UHV 
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pressures and then lists and describes the vacuum pumps 

investigated. Chapter 2 gives a detailed account of the 

components that make up the UHV sputtering system studied. 

Chapters 3 through 5 then go into the experimental portion of 

this thesis. Chapter 3 gives the experimental procedure, 

Chapter 4 the results of these experiments, and Chapter 5 the 

conclusions arrived at from these results. These chapters are 

followed by three appendices. Appendices I and II list and 

describe the theories of the pressure gauges and the. residual 

gas analyzers, respectively, used on the UHV sputtering 

system. Appendix III shows calculations of impurity levels. 

The reference section then concludes this work. I sincerely 

hope this thesis will be of genuine value in assisting thin 

film science advancement and in improving the quality of life 

on this planet. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

CHAPTER 1 

ACHIEVING UHV 

1.1. INTRODUCTION 

Vacuum, by definition, is space with nothing at all 

in it [25]. The Ideal Gas Law states: 

P=nkt 

where P is the pressure, n is the density, k is Boltzmann's 

constant, and T is the temperature. At a constant 

temperature, the pressure decreases as the density decreases. 

Therefore, removing matter from a given volume creates lower 

pressures in that given volume. Various vacuum pumps 

accomplish this goal. 

The rotary vane mechanical pump (MP) physically displaces 

matter when atoms and molecules are drawn into the inlet, 

"compressed" by a rotor and vane, and expelled out the 

exhaust. The turbomolecular pump (TP) uses "momentum 

transfer" and also works by compression. The difference from 

the MP above is, in the turbo, substances are struck by the 

rotor and stator blades so as to give the substances velocity 

in the direction of the outlet of the pump. Cryogenic pumps 

(CP) , liquid nitrogen traps (LN2) , and ion pumps (ion pump 

only mentioned for completeness, not discussed further since 
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its contribution to this system is negligible) use "capture" 

to pump gases. In capture, atoms and molecules are removed by 

either cryosorption, condensation, or implantation. 

"Gettering", as used in Titanium sublimation Pumps (TSP), is 

the last pumping technique discussed . It uses chemical 

bonding for removal of atoms and molecules. 

Each of the techniques described above is not completely 

effective by itself so a combination of techniques must be 

used to reach very low pressures. Presently, pressures as low 

as 10"13 Torr have been achieved [9] but even at these pressures 

there are still a significant number of molecules present (3 

x 109 per m3 at 300K). This chapter describes the techniques 

the UHV Station employs to reach the ultra-high vacuum range 

of 10"9 Torr and below. 

1.2. BAKEOUT 

Baking a UHV system to 200°C or greater is necessary 

to remove water that is not normally pumped until after long 

periods of time since the bond between water and a surface 

like stainless steel is relatively strong at room temperature 

(desorption energy = 96 MJ/kg-mol). Increasing the 

temperature increases energy available to overcome the 

activation energy required to break the bond. What could 

typically take days or weeks with normal pumping can be 
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speeded up to several hours or a few days [18]. 

The bake temperature is limited by the types of 

components on the system. Most UHV systems are metal gasketed 

eliminating the lower temperature constraint of elastomers. 

Repeated baking of metal/ceramic interfaces can cause possible 

leaks over time [4]. The bake time is usually determined 

experimentally by observing the absence of water vapor with an 

RGA after cooling. 

1.3. MATERIALS. 

Construction of the chamber and the appended 

components are critical in achieving UHV. See [18], chapters 

16-18 for a discussion that is beyond the depth of this 

thesis. 

1.4. PUMPS 

Pumpdown from atmosphere is accomplished using a 

turbomolecular pump backed by a rotary vane mechanical pump 

when the mechanical pump has no direct access to the chamber. 

This method helps to prevent oil backstrearning into the main 

chamber. When a roughing line does exist, initial pumpdown by 

the MP is followed by a switchover to the turbo which is 

subsequently backed by the MP. 

Once the major gas loads (air and water) are removed and 

the pressure is into the high vacuum range, other pumps are 
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implemented to further reduce partial pressures. Liquid 

nitrogen traps can be used to help pump residual water vapor 

not removed from baking and other gases with significant vapor 

pressures above 77K. Cryopumps work very well at low 

pressures to remove gases not pumped by the turbo. A titanium 

sublimation pump can remove many atomic species not removed by 

other pumps. 

The operation and theory of the pumps follow. 

1.4.1. ROTARY VANE MECHANICAL PUMP 

a. Model # and manufacturer: Balzers Trivac D16. 

b. Range and capability: 

The pump is designed to operate in the range 760 

Torr to 1 mT. This unit is an oil-sealed mechanical pump, is 

operated with Inland 19 type pump fluid, and is rated to 

handle 16 cfm of gas. 

c. Brief method: 

The basic action of the rotary vane, oil-sealed 

mechanical pump is compression. The operation begins with gas 

entering the inlet port, then being compressed between the 

rotor and vane to a point slightly above atmospheric pressure 

and expelled to atmosphere through the discharge valve and the 

fluid above the valve [1]. See Fig. 1. The air-tight seal is 

made between one or more spring or centrifugally loaded vanes 

and the closely spaced sealing surfaces [18] which are coated 

with a thin film of a purified, low vapor pressure oil. 
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The oil used serves to 1) cool the pump, 2) lubricate, 3) seal 

against atmospheric pressure, and 4) open the second stage 

exhaust valve. It is the pump oil that will partly determine 

the base pressure at the inlet of the MP. If the oil becomes 

saturated with water or other impurities, its vapor pressure 

can increase and cause an increase of the inlet pressure at 

the pump. Use of a gas ballast can prevent some condensation 

by causing the discharge valve to open before it reaches the 

condensation partial pressure of the vapor. This unit is a 

two-stage pump, it feeds the exhaust of the first stage into 

the inlet of a second stage enabling lower pressures to be 

reached. 

There are two measures of MP performance. One is the 

free-air displacement which is the volume of air displaced per 

unit time by the pump at atmospheric pressure with no pressure 

differential [18]. The larger the CFM or m3/h rating, the 

larger its capacity to pump gas. Two-stage pumps can usually 

obtain lower ultimate pressures than single-stage pumps. The 

second measure is the ultimate pressure achievable. 

d. Contamination. Benefits & Limitations to UHV: 

The benefit an oil-sealed MP offers is its use in backing 

TPs. Otherwise it can be a dangerous component since it can 

provide a source of oil contamination to the system. If MP 

oil gets into a UHV chamber, the vapor pressure of the oil 
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will completely determine the ultimate base pressure (i.e. 

with good system integrity otherwise) and this value is not 

typically in the UHV range. The oil can enter the chamber 

from the MP via the foreline of the turbo and then through the 

turbo to the chamber itself and this is referred to as 

backstreaming. It can occur when the mean free path of the 

molecule is large. The amount of backstreaming can be 

limited, though, by use of a molecular sieve trap [1] which 

contains many small pieces of material that have large surface 

areas capable of adsorbing the oil molecules before they can 

reach the turbo pump. Oil contamination from the MP can also 

occur if the turbo pump quits, eliminating the force normally 

present to project gas and oil molecules down towards the MP. 

1.4.2. TURBOMOLECULAR PUMP 

a. Model # and manufacturer; Balzers TPH 550 

b. Range and capability; Turbo pumps are effective 

when molecular flow is valid. This occurs at approximately 1 

mT and lower [7,18]. With throttling and/or speed reduction, 

pressures as high as 1 Torr can be reached [1]. Fomblin is 

used for lubrication of the bearings. 

c. Method; To understand the action of the 

turbomolecular pump, one must first examine the components 

that make up the pump. The turbo is mainly composed of 



Fig. 2. Diagram of a turbomolecular pump with depiction of 

momentum transfer effect. 
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rotating and fixed disks called rotors and stators, 

respectively as illustrated in Fig. 12. On each disk are 

blades which can number from 20 to 60. The number of blades 

on a disk, the blade length, width, pitch, angle, spacing and 

rotational speed determine its ability to pump gases [1,18]. 

Each blade when moving will give some momentum to the gas 

molecule it hits thereby acting as a molecular pump. In the 

molecular flow range, the gas particles collide much more 

often with the moving blades than with each other so a pumping 

action is achieved. 

The rotor and stator pair constitute a compression stage 

and pumps can contain from 10 to 40 of them. The stages are 

arranged in such a way as to ensure that the direction of the 

flow of molecules is towards the backing pump. At the inlet 

to the pump, it is desired that the pump have the largest 

access to the chamber to minimize loss due to conductance. It 

is for this reason that on the stages closest to the inlet, 

the blades have the largest angle so as to pump at a faster 

rate. The blades closest to the foreline have a small angle 

for greatest compression. This arrangement works to move the 

gases from inlet to the outlet of the turbo pump, through the 

foreline and into the mechanical pump [1, 18]. 

Compression of a particular turbo pump is characterized 

by the ratio, P^t/Pin, for a particular gas species. This 
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quantity is an exponential function of the molecular weight of 

the gas and the rotational speed of the blades. In a well-

baked UHV system, the compression ratio for hydrogen will 

limit the ultimate pressure achieved because the residual gas 

in a baked-out system is typically over 85% hydrogen [1,18]. 

The ultimate pressure (Pult) is determined according to the 

formula: 

Pult = 2i + Ei2 
S; K 

where Q; is the gas load (for each species from outgassing), 

S; is the pumping speed for each gas species, 

K is the compression ratio for each gas species, 

PQ is the partial pressure at the exhaust for each gas 

species [18]. 

A backing pump is essential for operation of the turbo 

since the pumped gas species must be removed from the outlet 

for compression to be maintained. With an oil-sealed 

mechanical pump as the forepump, the foreline partial pressure 

of hydrogen is approximately 2-5xl0"7 Torr due to the hydrogen 

produced by the cracking of the mechanical pump oil vapor. 

With typical turbo pumps having a compression ratio of 103 for 

hydrogen, the system pressure will contain a hydrogen partial 

pressure of 2-5xlO"10 Torr [1]. 

Pumping speed is also an important consideration for a 
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turbo pump. The rotor itself typically rotates from 9000 to 

90000 rpm depending on the size of the pump. As mentioned 

above, the pumping speed of the turbo is directly proportional 

to the rotational speed. The pumping speed of a particular 

gas species is a function of the velocity ratio of the tip 

speed of the rotor blade to the thermal velocity of the 

molecule being pumped. Light molecules with high thermal 

velocities like helium and hydrogen with speeds greater than 

1000 m/sec are not pumped as easily as slower moving species 

like nitrogen with speeds near 450 m/sec. Because of the 

variation of thermal velocities, manufacturers data on pumping 

speeds are listed for helium, hydrogen, and nitrogen. Other 

gases like oxygen, argon, and carbon dioxide are usually 

within 10% of the nitrogen specification [1]. 

OTHER CONCERNS; 

Other areas of concern are proper cooling and 

lubrication of the pump while in operation, proper venting 

during pump shut-down, and shock to the pump. 

Sufficient cooling and lubrication must always be 

provided to the turbo to protect bearings and extend bearing 

life. Large amounts of heat can be generated and a mechanical 

device rotating at high rpm can gall and/or burn without them. 

Bearings of turbo pumps today are being magnetically levitated 

to increase bearing life and eliminate contamination of the 

system by lubricants [22]. See section d. Contamination. 
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Venting the turbo should always be done while the rotor 

is still turning. Rotational lift will minimize the loading 

on the bearings. Venting must also be performed at the proper 

location which is at the turbo inlet. This is done to allow 

the system to flush the gas flow away from the chamber. 

Stopping the pump with the forepump operating and the work 

chamber under vacuum will result in rapid backstreaming of oil 

vapors from the foreline to the clean side of the pump. 

Shock in a turbo caused by a sudden large gas load, can 

cause a "crash". That is, when a large load is suddenly 

applied, the blades may flex and come in to contact with each 

other resulting in severe damage to the internal parts of the 

pump. Particulates fallen into the inlet also can cause 

similar destruction. Particulate problems can usually be 

avoided by use of a wire mesh above the inlet of the turbo to 

catch fallen debris without much loss in pumping speed. 

d. Contamination 

Contamination from a turbo can be typically caused 

by two phenomena. One, as discussed briefly above, is venting 

the turbo improperly causing oil to backstream into the 

chamber. The other is the presence of oil based fluids used 

to lubricate the bearings of the rotor. CF3, a major peak in 

the RGA cracking pattern of Fomblin, was seen as a contaminant 

to a UHV system while a turbo pump was being operated [26]. 
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The move towards magnetically levitated turbos is an attempt 

towards oil-free vacuum environments [22], 

e. Benefits/Limitations to UHV: If the forepump is 

producing a foreline pressure of 1 mT, then the partial 

pressure of hydrocarbon gas (mechanical pump oil, assuming a 

compression ratio of 1015) at the inlet of the pump is 

= IP-03 Torr 
1015 

= 10"18 Torr 

This is why turbo pumps can produce virtually hydrocarbon-free 

vacuum if the work chamber is hydrocarbon free. Low partial 

pressures of gases are the goal of UHV. 

Limitations to UHV are discussed in the contamination 

section. 

1.4.3. CRYOGENIC PUMPS. 

a. Model # and manufacturer: CryoTorr-10 High 

Vacuum Pump with analog monitors for the first and second 

stage array temperatures. CTI-Cryogenics Helix Technology 

Corp. 

b. Range of Operation: The cryo pump (CP) is used 

during sputtering and in the high and ultra high vacuum 

ranges. It is used when hydrocarbons are not permissible. 

c. Components and Basic Theory/Operation: 
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Components; The CP uses a closed-loop 

refrigeration system to provide surfaces so cold that gases 

freeze out and are stored, or captured, in the pump. The CP 

is extremely clean and has no moving parts in vacuum. It has 

two main components; a gaseous helium compressor and a pump 

consisting of a cold head, baffle, and pump body. The 

compressor and cold head operate like a refrigerator except 

reaching very low temperatures. A closed-loop refrigeration 

system refers to a coolant that does not vent to atmosphere. 

The two components above are referred to as modules, the 

pump and compressor modules. They are connected by flexible 

hoses to form the closed-loop refrigeration system. The main 

components of the pump module are the expander module, the 

first and second stage cryoarrays, the pump body, the second 

stage temperature monitors, and the pressure relief valve. 

The expander is where refrigeration is produced. High 

pressure helium gas is supplied by the compressor and is 

expanded in two stages to produce cryogenic temperatures. 

Typically the first stage operates between 50 and 8OK, and the 

second stage, or cold head, between 10 and 2OK. It is the 

^cryoarrays that are cooled and onto which gases from the 

chamber are condensed or adsorbed. See Fig. 3. 

The compressor module supplies the high pressure, high 

purity room temperature helium gas to the expander module. It 

consists of compressor capsule, a two stage filtering 
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Fig. 3. Diagram of components of a cryogenic pump. 
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(coalescer and absorber) system to remove vaporized oil from 

the high-pressure helium stream, an interlock system to 

prevent damage to the compressor, and a power supply [1, 

17]. 

Theory / Operation: Helium is compressed and gives up 

heat to the surrounding walls of the compressor. The heat is 

removed by water or air cooling, which thereby cools the 

helium. The cooled, compressed helium then goes to the pump 

cold head. In the expander at the cold head, a valving system 

allows the helium to expand which can take in heat from the 

cold head and baffle array. This action chills the cold head 

and baffle array to approximately 12K and 70K, respectively. 

The gases are either condensed (cryocondensation) or adsorbed 

(cryosorption) on the cryo arrays. 

Cryocondensation performs essentially the same action a 

household refrigerator does when removing water vapor. The 

cryo pump, however, does it at temperatures much colder. At 

temperatures of less than 2OK, the chance that most gases will 

stick to that surface is high. Most gases have a partial 

pressure of less than 10"11 Torr at these temperatures. Most 

gases are pumped on the two arrays but the first stage array 

is cold enough to pump water vapor. The second stage is cold 

enough to pump nitrogen, oxygen, argon, and most other gases. 

Gases like helium, hydrogen, and neon, however, are not 
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condensed at these temperatures. To remove these gases 

another method is implemented called crvosorption. 

Cryosorption is a surface-related phenomena. The greater the 

surface area available at cryogenic temperatures, the more 

likely that gas molecules will stick to it. The process of 

cryosorption uses a very porous material like activated 

charcoal that is attached to the second-stage (coldest) 

cryoarray. Helium, hydrogen, and neon are trapped on the 

maze-like structures and spaces of the charcoal. The porous 

material ensures three things: 

1. Large surface area is available to trap gases. 

Charcoal has a large surface-to-volume ratio...8000 ft2/cc. 

2. Gases progressively lose thermal energy as they bounce 

around and finally stick to the surfaces. 

3. Once inside the maze, it is likely the hard to trap 

gases will not wander out of the pump. 

Since the charcoal gives plenty of surface for H2, He, 

and Ne, it can also trap easier to pump gases. Therefore to 

keep the charcoal for the three gases mentioned, the outer 

surface is left uncoated. This allows sufficient surface for 

the easier to pump gases. A baffle or first stage cryoarray 

is placed around the cold head to limit the conductance to the 

charcoal surfaces. The baffle also protects the colder head 

from sudden temperature changes caused by gas loads or 
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radiated heat from the pump body surfaces [l, 17]. 

Startup; When starting the cryo, the pump should 

be roughed out first. This allows the cryo begin with a much 

smaller load than would be present at atmosphere. The lower 

the pressure is before chilldown, the greater will be its 

ability to pump in the ultra-high vacuum range. Once the 

pressure is at its lowest in the pump chamber, the compressor 

can be turned on and the cryo chilled down. When the 

temperature begins to drop, the pressure will begin to 

decrease and then the cryo can be isolated and chilled down to 

base temperatures. 

Regeneration: Since the cryo is a capture pump, 

the loads are only stored and must be removed when the pumping 

capability begins to diminish. The cryoarray temperatures are 

an indication of this when they do not cool to the base 

temperatures. The arrays are allowed to warm to room 

temperature (290-295K) while being pumped by the roughing 

pump, and the gas loads evaporate. CAUTION I Pur inq 

regeneration, gauges may furnish a source of ignition to the 

potentially explosive gas mixture (hydrogen and oxygen) in the 

pump chamber. 

d. Benefits/ Limitations to UHV; The cryo pump is 

extremely clean, it uses no oils, and has no moving parts. It 

also has a very high throughput and can be constructed for UHV 

environments. The cryo has the ability to maintain low 
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pressures for long periods of time. 

1.4.4. LIQUID NITROGEN TRAPS (LN,) 

a. Basic Theory: The liquid nitrogen trap is also 

considered to be a capture pump since the gases are not 

expelled from the system but rather held on a cooled surface 

and stored. The gases are removed from the system by 

alternative pumping (e.g. a turbo pump) after the surface has 

been warmed. Liquid nitrogen traps are also used with TSPs to 

provide a surface for the titanium compounds formed. 

Nitrogen becomes liquid at 77K and the vapor pressure 

(v.p.) of many gases at this temperature is very low (e.g. C02 

and H20 have vapor pressures of 10"8 Torr and 10"7 Torr, 

respectively) [18]. These gases coming into contact with a 

surface cooled by LN2 are effectively removed by condensing 

onto the cooled surface. For other gases like hydrogen and 

helium whose v.p. is still significant at this temperature, 

the LN2 trap is no aid for removal. There are still other 

gases like argon whose vapor pressure decreases only close to 

77K. A slight fluctuation in temperature on the warm side can 

release "borderline" gases previously trapped back into the 

system. Delivery systems of LN2 usually consist of a phase 

separator to isolate the liquid and gas components of nitrogen 
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and then to deliver the liquid portion to the trap. 

b. Contamination: An unstable LN2 delivery system can 

actually cause the release of gases into the UHV chamber 

previously captured by the cooled surface. As mentioned 

above, gases whose vapor pressures decrease close to 77K may 

be released if the temperature warms only a few degrees. If 

this occurs, for example, while a film is being sputtered, the 

film can be contaminated with that gas. Argon and nitrogen 

have these types of vapor pressures and nitrogen has been 

shown to have deleterious effects on aluminum/silicon films 

[10]. 

A less likely chance of contamination can be a surface in 

the cooling system that would allow nitrogen to enter via a 

leak. With the proper materials and construction, this is 

unlikely. 

c. Benefits/Limitations: 

The liquid nitrogen trap provides for an additional 

source of pumping gases as well as providing a surface for the 

capture of titanium compounds formed by TSPs. 

1.4.5. TITANIUM SUBLIMATION PUMPS (TSP) 

Another capture pump is the titanium sublimation 

pump. The action of gettering is the removal of gases by 
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chemical reaction. Titanium is the getter material of choice 

for commercial pumps because it can be sublimed at much lower 

temperatures than most other metals [18]. TSP pumps are used 

in vacuum system applications where no hydrocarbon or other 

vapors or contaminants can be tolerated; where a large pumping 

area or sump which is well baffled from the chamber is 

available; and where the presence of titanium will not 

interfere with the product or process [1]. A TSP consists of 

solid titanium filaments, a source of heat, and surrounding 

surfaces on which a titanium film can be deposited. 

a. Theory: The titanium solid sublimes to form 

titanium gas molecules when a large current is passed through 

causing them to heat. The titanium vapor then deposits on the 

surrounding surfaces. Chemically, titanium is a very reactive 

substance and the deposited film combines readily with many 

gases, changing them into solid compounds such as titanium 

hydrides, oxides, and nitrides. When the film of titanium 

becomes saturated, a fresh film is deposited and the chemical 

pumping action resumes. Continuous deposition is wasteful 

since a film of titanium can last for extended periods at low 

pressures. If pumping does not improve following deposition 

of a fresh layer of titanium, it's likely the previous layer 

was not used up. 

TSP pumping is very effective on reactive gases like 
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acetylene, oxygen, CO, C02, and H20 resulting in high sticking 

coefficients (s.c.). The s.c.s of these gases are basically 

independent of temperature. Intermediate gases like hydrogen 

and nitrogen have low s.c.s at room temperature but increase 

at 77 K. Hydrogen can diffuse in to the underlying film after 

being absorbed. Lastly, gases like methane are inactive and 

only slightly sorbed at 77 K [1, 18]. 

Previously sorbed gases can be displaced for more active 

gases creating a memory effect. Reference [18] lists the 

order of preference of gas displacement on titanium films. 

This can cause a large difference in measured s.c.s. 

b. Range of Operation: The TSP is operated at 

pressures below 103 Torr. At greater pressures two things can 

happen: 1) oxide and hydride formation on the surface of the 

titanium source will work against sublimation. 2) the 

titanium will react with the gases before depositing on the 

walls and can result in particulates or "flakes". 

c. Pumping Speed: TSP pumping speeds are 

significantly improved at LN2 temperatures due to improved 

sticking coefficients. Reference [18] gives a table of 

showing this improvement. At pressures below 10"6 Torr, if the 

filament is operated continuously, the pumping speed is 

determined by the surface area of the film and the conductance 

of any interconnecting tubing. It can be given by 
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1/S = 1/Sj + 1/C, 

where S; is the intrinsic speed of the surface given by 

S;(L/s) = 1000A(v/4) s' 

and C, is the conductance of the aperture at the end of the 

cylindrical surface on which the titanium is deposited. The 

conductance is typically ignored if the film is deposited on 

the walls of the chamber. A, in the equation above, is the 

area of the film in units of m2, v is the gas velocity in m/s, 

and s' is the sticking coefficient of the gas. 

At pressures above 10"6 Torr, titanium-gas collisions 

occur before the titanium strikes the surface causing the 

pumping speed to be determined by the rate of sublimation. 

The theoretical maximum throughput is related to the titanium 

sublimation rate (TSR) and for titanium can be given by 

Q(Pa-L/s) = (1.25x10-2 -r n) TSR (ptg/s) 

where n is the number of titanium atoms that react with each 

molecule of gas; n = 1 for CO and n = 2 for N2, H2, 02 and C02. 

The corresponding pumping speed is obtained by dividing the 

throughput by the pressure in the pump. In other words, gas 

throughput is proportional to the titanium sublimation rate 

and the pumping speed will decrease as 1/P for fixed 

evaporation rates. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

CHAPTER 2 

UHV SPUTTER SYSTEM DESCRIPTION 

The system consisted of three chambers: the Load Lock 

(LL), the Transfer Lock (TL), and the Main Chamber (MC). See 

Fig. 4. The material of construction was 316L stainless-

steel, all flanges were copper gasketed and the system was 

bakeable to 200°C. The baking temperature was limited to 

prevent the loss of magnetism in the magnets within the S-gun 

and E-gun, and to prevent deterioration of the O-rings in the 

gate valves. Each chamber was differentially pumped and was 

isolated from the pump by a gate valve. The gate valves and 

the isolation valves between chambers had polymer (Viton) 0-

ring gate seals and copper gasketed flange seals. Metal gate 

seals were not used, because leak-by between various chambers 

was expected to contribute insignificant levels of impurities 

and O-ring seals are ten times less costly and longer lasting 

than metal seals. The costs associated with each valve type 

were also very different. 

The load lock chamber was used for introducing wafers to 

the system and had a Viton O-ring sealed door for this 

purpose. This chamber was pumped down to 6.7xl0"5 Pa (5xl0"7 

Torr) under normal operating conditions. The Load Lock was 
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pumped by a Balzers TPU170 turbomolecular pump backed by a 

Leybold Trivac D16A mechanical pump using HE200 fluid. A 13 

k pore size molecular sieve was located on the turbo pump 

foreline to minimize the backstreaming of mechanical pump oil. 

There was also a nitrogen bleed valve for venting the chamber 

to atmosphere. 

The transfer lock held wafers for subsequent transfer to 

the main chamber. The TL was pumped by a dedicated Balzers 

TPU170 turbomolecular pump backed by a Leybold Trivac D16A 

mechanical pump also equipped with a molecular sieve. The TL 

foreline also backed a turbomolecular pump attached to a UTI-

type RGA. The TL chamber was pumped down to 2.7X10"6 Pa (2xl0"8 

Torr) under normal operating conditions. 

The main chamber housed an S-Gun® (Sputtered Films Inc., 

Santa Barbara, CA), a planar magnetron target, and two other 

14" copper gasketed flanges where two more deposition sources 

could be introduced. This chamber also had an E-gun 

evaporation system. Film deposition could be performed using 

the four-pocket, UHV compatible, Airco Temescal E-gun or the 

7" UHV compatible S-Gun or the planar magnetron. The wafers 

could be heated or cooled to achieve temperatures between 550 

and -30°C before film deposition. The S-gun was capable of 

bias sputtering. The MC was pumped by four pumps: a Balzers 

TPH 510 turbomolecular pump, a Balzers titanium sublimation 
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pump (TSP)-cryo array controlled by a Balzers USS-201 power 

supply, a Cryo Torr-10® (CTI-CRYOGENICS Helix Tech. Corp., 

Waltham, MA) high vacuum pump with analog monitors for the 

first and second stage array temperatures, and a Varian ion 

pump with Vacion pump control. All pumps were isolated from 

the chamber by the earlier described gate valves. The base 

pressure and composition of impurity gases at base and sputter 

pressure could be varied in a controlled fashion by throttling 

valves and by using the appropriate pumping combination. 

Sputter gas could be admitted into the MC through a Varian 

leak valve at a number of locations, including the S-Gun, 

which allowed introduction of sputter gas at the surface of 

the target. Presently, argon gas is passed through a Semigas 

Nanochem® (Hercules Incorporated) Purifier and admitted in 

through the TSP and then into the MC. In this manner, the gas 

can be purified of water, hydrocarbons, and nitrogen before 

reaching the target area during sputtering. Sputter pressures 

typically used were 0.80-0.86 Pa (6-8 mT) and were achieved by 

throttling the turbo pump/ cryo pump combination. Each 

throttled pump was independently capable of achieving these 

pressures. 

Four pressure gauges were mounted on the main chamber of 

the UHV Station and were constructed of UHV compatible 

materials. They were: 1) an MKS 315 Baratron Capacitance 

Manometer (CM) with an MKS 270A Display/Controller. The 
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manometer head was heated to 45°C with an MKS 273 3-channel 

temperature controller to reduce the effect of temperature 

drift. The capacitance manometer was designed to operate in 

the range 1.3xlO"3 to 1 Pa (1x10s Torr to 8 mT) ; 2) a 

Granville-Phillips Series 274 Bayard-Alpert nude ion gauge 

(BA) containing tungsten filaments with a Series 271 gauge 

controller. The hot cathode gauge was designed to operate in 

the range 1.3xl0"8 Pa to 0.133 Pa (lxlO10 Torr to 1 mT) . 3) an 

MKS inverted magnetron geometry, Cold Cathode Gauge (CCG) with 

a 421 CCG microcontroller. The cold cathode gauge was 

designed to operate in the range 1.3xlO"8 Pa to 1.3 Pa (lxlO"10 

Torr to 10 mT); 4) an MKS model SRG-2 spinning rotor vacuum 

gauge was used as a secondary standard. The SRG was designed 

to operate in the range 1.3xl0"5 Pa to 1.3 Pa (lxlO"7 Torr to 10 

mT). All pressures stated here were for nitrogen equivalent 

values and these particular manufacturers models. 

Residual gas analyzers contained on the system were an 

Ametek Dycor model MA200M Quadrupole Gas Analyzer and a 

differentially pumped UTI-Model 100C Precision Mass Analyzer 

with ISS-325 Intelligent Sampling System. They were mounted 

on the MC at opposite corners. The Dycor had an open source 

ionizer using thoriated iridium filaments while the UTI had a 

closed source ionizer using tungsten filaments. The UTI was 

also equipped with a pressure reduction valve making it 
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capable of monitoring gases at sputter pressures. 

The TL also had two nude Bayard-Alpert type ion gauges 

and two large viewports to monitor wafer position and proper 

closure of the turbo pump gate valves. 

The LL used a Convectron® (Granville-Phillips Co. 

Boulder, CO.) gauge to measure pressures from 1.3x10s Pa to 

0.13 Pa (l mT to 1000 Torr). There was a Bayard-Alpert nude 

ion gauge and a large viewport to monitor wafer position and 

the turbo gate valve. 

Each foreline in the system was equipped with a 

convectron tube and a port for attaching leak detection 

equipment. Nude B-A ion gauges were located beneath each of 

the three gate valves to monitor the pressure at those 

locations. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

CHAPTER 3 

EXPERIMENTAL PROCEDURES 

The experiments on pressure gauge comparisons, RGA 

comparisons, system purity, and pump performance were done in 

unison. Additional procedural information specific to each is 

in the appropriate section. 

3.1. PRESSURE GAUGE COMPARISONS 

Three gauges on the MC were compared to the spinning 

rotor gauge, which was considered to be a secondary standard 

[2]. For pressures below the range of the SRG, the comparison 

was extrapolated and assumed to be linear. 

Prior to comparisons, the main chamber was pumped by the 

cold trap and turbomolecular pump to 1.3xl0"7 Pa (lxlO9 Torr) 

as measured by the ion gauges. The capacitance manometer 

reading was set to zero at 10"9 Pa (10"7 Torr) . Twenty readings 

on the SRG were taken to determine the magnetic drag or zero 

offset and the SRG controller was programmed for argon gas. 

The ion gauge zero and emission current were checked and the 

gauge was degassed for 5 min. No preparations were required 

for the cold-cathode gauge. Readings were taken at base 

pressure. Argon was then introduced into the system in steps 
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such that approximately 4 readings per decade could be 

obtained as the pressure was increased to the 10"1 Pa (10~3 

Torr) range. Typically 1-2 min. were allowed to establish 

equilibrium after the argon pressure was increased. This same 

procedure was followed for pressure decreases resulting in a 

hysteresis over the range observed. The ion gauge was turned 

off in the mid 10"2 Pa (10^ Torr) scale to avoid filament 

burnout. The ion and cold cathode gauges were corrected for 

argon during data reduction. 

3.2. R6A COMPARISONS 

The Ametek/Dycor was degassed at base pressure for 

10 min. The emission current was set at 1 mA and the 

multiplier voltage was -855 V. The UTI was mass calibrated 

and electron multiplier calibrated with the main chamber at 

0.13 Pa (1 mT) using argon at m/e = 36 and 40. The UTI 

electron multiplier gain achieved was 85,000 and its emission 

current was set at 0.3 mA. A background of the UTI chamber 

was taken before exposure to the main chamber and this was 

subtracted from scans acquired when attached to the system. 

A scan was taken at each pressure increment on both RGAs. 

The Dycor was turned off in the low 10"3 Pa (10-5 Torr) range 

to avoid electron multiplier damage. Both tabular and analog 

scans were obtained. The m/e = 36, 38, and 40 peaks of argon 
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and the corresponding SRG corrected pressures were used to 

calculate the sensitivities for each RGA. All currents were 

corrected for the relative ionization efficiency, transmission 

probability and gain between nitrogen and argon. 

In a subsequent experiment, data for the UTI were 

acquired up to the sputtering pressure of 1 Pa (8 mT) via a 

pressure reduction valve. The electron multiplier voltage in 

the Dycor was increased to -950 V for increased sensitivity. 

The UTI multiplier voltage was also increased and the 

multiplier gain achieved was 110,000. 

3.3. PUMPING SYSTEM PERFORMANCE 

Two sets of experimental procedures were carried 

out: one with a cryogenic pump and one with a turbomolecular 

pump. In each set three runs were performed. These three 

runs were the focus in this study with each investigating an 

additional purification step. In the first run, the argon 

flowed through the Nanochem purifier. In the second argon 

also flowed through the liquid nitrogen trap which was cooled 

to 77K. In the third run a titanium sublimation pump was used 

in addition to the Nanochem and LN2. The turbo pump throttle 

valve was throttled in the 10"6 Pa (10"4 Torr) range to keep the 

pump in efficient operating range. The cryo pump throttle 

valve was throttled at base pressure to limit the gas loads at 
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higher pressures. 

Other experiments are currently being performed on 

recovery pumpdown capabilities of the turbo and cryo pumps in 

combination with the liquid nitrogen trap. 

Data were acquired from the previous 2 studies on gauges 

and RGAs, except additional RGA information was used. This 

included data on hydrogen (m/e=2), nitrogen (m/e=14), a 

dissociation fragment of water (m/e=17), CO and nitrogen 

(m/e=28), oxygen (m/e=32), and C02 (m/e=44). All ion currents 

were converted to a nitrogen equivalent pressure and 

normalized to nitrogen to correct for variation in ionization 

efficiency, transmission probability and electron multiplier 

gain. 

A major drawback was the absence of a gas manifold for 

calibrating the Dycor. Controlled air leaks and certain 

calibration gases are unacceptable at this time in this 

chamber. Another drawback was the absence of an accurate flow 

meter or mass flow controller for obtaining pumping speed 

data. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1. PRESSURE GAUGE COMPARISONS 

Comparisons of the pressure gauges are shown in Fig. 

5 over the stated ranges given by the manufacturers. Data in 

the plots are interpreted for the upper and lower limits of 

the limiting gauges. For example, in the comparison of the 

BAG and SRG, the lower limit used is for the SRG and the upper 

limit used is for the BAG. 

It can be seen the ion gauge corresponds closely to the 

SRG with negligible hysteresis effects, the BAG also 

corresponds closely to the capacitance manometer with 

hysteresis deviation increasing as the detection limit of the 

manometer was reached. The close correspondence also holds 

between the BAG and the cold-cathode gauge. The comparison of 

the ionization gauges was limited to pressures above 1.3xl0"7 

Pa (lxl0"9 Torr) . 

The cold cathode corresponded closely to the SRG with 

more hysteresis seen here than with the hot cathode gauge. It 

also corresponded closely to the capacitance manometer. 

The capacitance manometer and the SRG corresponded 

closely as well. See Fig. 5. 
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As the base pressure was reduced to the 10'8 Pa (1010 Torr) 

range, the CCG seemed to reach its detection limit and it 

fluctuated by 6.7xl0"9 to l.OxlO"8 Pa (0.5xl010 to l.SxlO'10 Torr) 

units at a time while the ion gauge displayed smooth 

continuous values. When first delivered, the CCG gauge 

readings fluctuated between a numerical value and a display of 

"LOW" for readings below 6.7xl0'8 Pa (5xlO"10 Torr) . In 

subsequent weeks, the instabilities disappeared which 

indicated a controller problem. The "LOW" display was 

designed to occur only for pressures lower than 1.3xlO"8 Pa 

(lxlO-10 Torr) [29]. 

The start-up time of the CCG was measured while the BA 

and RGA filaments were off. Start-up times of this gauge 

varied from several minutes at low pressures to only a few 

seconds at higher pressures. The hot filaments of the BA 

gauge were used to trigger the CCG to ignite at lower 

pressures. 

4.2. RGA COMPARISONS 

The relative abundances of the argon isotopes are 

known to be 99.6%, 0.063%, and 0.337% for the m/e = 40, 38, 

and 36 peaks, respectively [18]. The data presented here show 

the sensitivities agreed with the relative abundance values 

for both the Dycor and UTI RGAs. 
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The Dycor typically exhibited sensitivities an order of 

magnitude higher than the UTI for all three isotopes from base 

pressures until the Dycor was turned off at approximately mid 

10"3 Pa (10s Torr) range. See Fig. 6. 

The Dycor sensitivity for m/e = 40 showed a scatter of 

values from lxlO'2 to lxlO*1 A/T in the range 2.9xl0~7 Pa to 

6.7xl0"6 Pa (2xl09 to 5xl0"8 Torr) . The m/e = 40 peak saturated 

at the mid 10"6 Pa (108 Torr) range beyond which point its 

sensitivity could no longer be determined. Although there was 

some scatter, the sensitivity was relatively constant over the 

range observed. The m/e = 38 peak sensitivity showed a 

scatter of values from 2X10"4 to 5.3xl0"6 A/T in the range 

2. 9xl0"7 Pa to 5.9xl0"3 Pa (2xl0"9 to 4.4xl0"5 Torr). Although 

there was some scatter, the sensitivity was relatively 

constant over this pressure range until tapering off at the 

higher pressures. The m/e = 36 peak showed a scatter of 

values from 1.2xl0"3 to 6.5xl0"s A/T in the range 2.9xl0"7 Pa to 

5.9xl0"3 Pa (2xl0"9 to 4.4X10"5 Torr). Although there was some 

scatter, the sensitivity was relatively constant over this 

pressure range until tapering off as the pressures rose to the 

low 10"4 Pa (10"6 Torr) range. 

The UTI sensitivity of the m/e = 40 peak showed a scatter 

of values from 4X10"4 to 6.7x103A/T in the range 2.9xl0"7 Pa to 

0.1 Pa (2xl0'9 to 7.5xl04 Torr). At pressures above 6.7x10"® Pa 
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(5xlO'8 Torr) , the sensitivity was almost constant at 4xl0"3 

A/T. The m/e = 38 peak sensitivity showed a scatter of values 

from 7x10"7 to 1.3X10*6 A/T in the range 10"4 Pa to 2.4xl0'2 Pa 

(7.5x10"* to 1.8X10"4 Torr). Although there was some scatter, 

the sensitivity was constant over this entire pressure range. 

The m/e = 38 peak was in the noise region of 2xl0'12 A at 

pressures below the low lO^/high 10"5 Pa range (10"6/10"? Torr). 

The UTI m/e = 36 peak sensitivity showed a scatter of values 

from SxlO"6 to 3x10"5 A/T in the pressure range 10"5 to 10'1 Pa 

(10"7 to 10"3 Torr) . The sensitivity was constant for pressures 

greater than 4.0xl0"5 Pa (3xl0"7 Torr) at a value of 1.3xl0"5 

A/T. The m/e = 36 peak was in the noise region of 2xl0"12 A at 

pressures below the high lO^/low 10"5 Pa (10"8/10"7 Torr) range. 

In a subsequent experiment, the pressure reduction valve 

was used at pressures above 0.4 Pa (3 mT) . As expected, 

almost an order of magnitude decrease in sensitivity values of 

the UTI/reduction valve combination was observed for all three 

isotopes of argon. See Fig. 7. 

4.3. PUMPING SYSTEM PERFORMANCE 

4.3.1. STEADY-STATE PUMP PERFORMANCE 

In this section, the steady-state performance 

of the pumping system with and without argon gas load is 

described. 
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(a )  

m/e - Ion Turbo Turbo & 
LN2 

Turbo, LN2, 
&TSP 

2 -H2
+ 1E-09 1 E -09 5 E '11 

14 - N2
++ 1 E-09 1 E -09 8E-11 

17 - HO+ 8 E -10 4E-10 3 E -10 

28 N2
+,CO+ 1E-08 1E-08 8 E -10 

32 - 02
+ 2 E -09 2 E -09 2 E -10 

| 44 - C02
+ 2E-09 5 E -11 4E-11 

(b) 
m/e - Ion Cryo Cryo & LN2 Cryo, LN2, 

& TSP 

2 - H2+ 5 E-10 2 E -10 4  E-11 

14- N2
++ 5 E -11 5 E-12 4  E-12 

17- HOT 4E-12 2E-12 1 E-12 

28 N2
+,CO+ 2E-10 5 E -11 3E-11 

32 - 02
+ I E - 1 0  3 E -12 I E - 1 2  

• O
 

p
 
+
 

5 E -12 3E-12 3 E -12 
Table l. Ultimate pressures in chamber for various pump 

combinations as measured by Dycor open source RGA. 

(a) Turbo pump/purifier combinations. 

(b) cryo pump/purifier combinations. 

Partial pressures in Torr. 
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m/e - Ion Turbo Turbo & 
LN2 

Turbo, LN,, 
&TSP 

2 -H2
+ 1 ppm 1 ppm 50 ppb 

14 - N2
++ 1 ppm 1 ppm 80 ppb 

17 - HO+ 800 ppb 400 ppb 300 ppb 
28 N2

+,CO+ 10 ppm 10 ppm 800 ppb 
32 - 02

+ 2 ppm 2 ppm 200 ppb 
44 - C02

+ | 2 ppm 50 ppb 40 ppb J 

(b)  

m/e - Ion | Cryo Cryo & LN2 Cryo, LN2, 
&TSP 

2 - H
2+ 500 ppb 200 ppb 40 ppb 

14- N2
++ 50 ppb 5 ppb 4 ppb 

17- HO+ 4 ppb 2 ppb 1 ppb 
28 N2

+,CO+ 200 ppb 50 ppb 30 ppb 
32 - 02

+ 100 ppb 3 ppb 1 ppb 

1 44 - C<V 5 ppb 3 ppb 3 ppb 

Table 2. Projected system impurities with l mT argon if all 

partial pressures remained the same as given in 

Table 1 assuming the argon gas load has no effect on 

pump performance. 

(a) Turbo pump/purifier combinations. 

(b) Cryo pump/purifier combinations. 
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Table 1 shows the ultimate pressures of background 

gases in the chamber when using either the cryo or the turbo 

pumps separately, and in combination with various purifiers as 

measured by the Dycor open source RGA. It should be noted 

here that the m/e =17 peak was used to indicate water vapor 

since the m/e = 18 peak was inconclusive for water due to the 

doubly ionized argon m/e = 36 peak. Multiplying the m/e = 17 

peak by 4 will give the approximate value of the actual amount 

of water (m/e = 18 peak) present. Hence, interpretation of 

results will be given in terms of actual water vapor. Also 

noted, upon addition of argon gas there were no increases in 

detectable background gases in the RGA scans demonstrating the 

purity of argon introduced into the system. 

Table la shows the dominant partial pressure at base 

pressure for the turbo alone was the m/e = 28 peak followed by 

almost equal amounts of the other species about one order of 

magnitude less. The relationships of the m/e = 14 to 28 at 

1/10 and the m/e = 28 to 32 at approximately 4/1 actually 

indicate air is the main gas. The LN2 trap used with the 

turbo reduced the m/e = 17 peak in half and the m/e = 44 peak 

almost two orders of magnitude. The main gas load was still 

air. It had no apparent effect on the m/e = 28 and 14 peaks. 

Adding the TSP reduced the m/e =2, 14, & 28 peaks about one-

and-a-half orders of magnitude, the m/e = 32 peak one order of 
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magnitude and resulted in only slight reduction in the m/e = 

17 and 44 peaks. These data indicate the dominant species 

were now air and water for this purifier combination. 

Table lb shows the dominant partial pressure at base 

pressure for the cryo alone was the m/e = 2 peak with the m/e 

= 28 and 32 peaks having partial pressures slightly less. 

The m/e = 14 and 17 peaks were an order of magnitude less than 

that and the m/e = 44 peak still another order of magnitude 

lower. These data indicate hydrogen and air to be the 

predominant gases at base under these conditions. The LN2 

trap used with the turbo reduced the m/e = 2, 17, and 44 peaks 

almost in half, the m/e = 28 peak by 4. The m/e = 14 peak was 

reduced one order of magnitude and the m/e = 32 peak two 

orders of magnitude. For this combination, hydrogen and 

nitrogen are the predominant species. Adding The TSP reduced 

the m/e = 2 peak almost an order of magnitude, the m/e = 14, 

17, 28, and 32 peaks almost in half, and had no apparent 

effect on the m/e = 44 peak. This again indicates hydrogen 

and nitrogen to be the main background gases. 

Table 2 depicts projected system impurities with 0.133 Pa 

(1 mT) of argon if all the partial pressure of gases remained 

the same as given in Table 1. This table simply gives 

contamination levels of the background gases in terms of ppm 

or ppb, assuming the argon gas load has no effect on pump 
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(a) 

m/e - Ion Turbo Turbo & 
LN2 

Turbo, LN2, 
&TSP 

2 -H2
+ 4E-10 / 1E-8 6E-20/2E-8 4E-10 / 4E-10 

14 - N2
++ 2E-09 / 5E-8 2E-9 / 2E-8 8E-10/1E-9 

17 - HO+ 1E-9 / 3E-9 8E-10 / 2E-9 6E-10 / 6E-10 

28 N2
+,CO+ 2E-8/5E-7 1E-8/3E-7 9E-1012E-9 

32 - 02
+ 1E-9/JE-8 1E-9/2E-9 1E-9 / 1E-9 

44 - C02
+ 8E-10 / 8E-10 6E-10 / 8E-10 6E-10 / 6E-10 

(b) 

1 m/e - Ion Cryo Cryo & LN2 Cryo, LN2, 
&TSP 

2 - H2+ 5E-10 / 3E-9 4E-10/3E-9 4E-10/ SE-10 

14- N2
++ 8E-10/8E-9 8E-10/3E-9 9E-1011E-9 

17- HO+ 1E-9/1E-9 1E-9 / 1E-9 1E-9 / 1E-9 

28 N2
+,CO+ 1E-9 / 8E-8 5E-10/2E-9 6E-10 / 6E-10 

32 - 02
+ 5E-10 / 5E-10 SE-10 / 5E-10 6E-10/6E-10 

44 - C02
+ 5E-10 / 5E-10 8E-10/1E-9 6E-10 i 6E-10 

Table 3. Partial pressures in chamber for various pump 

combinations as measured by UTI closed source RGA. 

(no argon flow/vith 1 mT argon, no discharge 

present) 

(a) Turbo pump/purifier combinations. 

(b) Cryo pump/purifier combinations. 

Partial pressures in Torr. 
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(a )  

m/e - Ion | Turbo Turbo & 
LN2 

Turbo, LN2, 
& TSP 

2 - H2
+ I 10 ppm 20 ppm * 

14 - N2
++ I 50 ppm 20 ppm 200 ppb 

17 - HO+ | 2 ppm 1 ppm * 

28 N2
+,CO+ 480 ppm 290 ppm 1 ppm 

32 - 02
+ 9 ppm 1 ppm * 

44 - C02
+ * 200 ppb # 

(b) 

m/e - Ion Cryo Cryo & LN2 Cryo, LN2, 
& TSP 

2 - H2+ 3 ppm 3 ppm 100 ppb 

14- N2
+ + 7 ppm 2 ppm 100 ppb 

17- HO+ # * * 

28 N2
+,CO+ 80 ppm 2 ppm * 

32 - 02
+ * * * 

44 - C02
+ * 200 ppb * 

* * no change above background 

Table 4. Measured system impurities with l mT argon in main 

chamber as given in Table 3. 

(a) Turbo pump/purifier combinations. 

(b) Cryo pump/purifier combinations. 
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performance. 

Table 3 shows the partial pressures of background gases 

in the chamber when using either the cryo or the turbo pumps 

alone, and in combination with various purifiers as measured 

by the UTI closed source RGA. The data analyzed were for no 

argon flow and with 0.133 Pa (1 mT) of argon flowing with no 

discharge present. Table 4 converts the data of Table 3 into 

impurity levels by subtracting the background levels at no 

flow from the 0.133 Pa (1 mT) argon levels and then dividing 

by 0.133 Pa (1 mT). 

Data from Tables 3a and 4a show the main impurity at 

0.133 Pa (1 mT) for the turbo alone to be the m/e = 28 peak 

followed by equal amounts of hydrogen, water and oxygen with 

no detectable C02. The turbo/LN2 combination reduced the m/e 

= 14, 17, and 28 peaks approximately in half, the m/e = 32 

peak 9 times while displaying increases in hydrogen and C02. 

The additional purifier, the TSP, reduces the m/e = 28 peak 

two orders of magnitude and the m/e = 14 peak one order of 

magnitude. The instrument was unable to detect the other 

trace gases for this combination. 

Tables 3b and 4b show nitrogen and hydrogen to be the 

main impurities when the cryo alone is used. The turbo/LN2 

combination now shows equal levels of the m/e =2, 14, and 28 

peaks indicating a large reduction of nitrogen but no effect 
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on hydrogen. With the addition of the TSP as a purifier, the 

only contaminants detected were small amounts of hydrogen and 

nitrogen. 

4.3.2. TRANSIENT PUMP PERFORMANCE 

Results of recovery pumpdown experiments 

(pumping to base pressure after cessation of argon gas flow) 

initially showed the turbo took approximately 20-30 min. to 

reach 5.3xl0"8 Pa (4xlO"10 Torr) from sputter pressure, while the 

cryo took 5 min. Subsequent recovery pumpdown runs showed it 

took 5-7 min. for the turbo to reach the 10"7 Pa (10'9 Torr) 

scale and less than 1 min. for the cryo to reach 10~8 Pa (1010 

Torr) ; these results were repeatable. Data with the LN2 trap, 

when used in conjunction with the other two pumps, showed 

bursts of argon and nitrogen evolved during recovery pumpdown 

causing longer pumpdown times. The gas bursts were observed 

as a temporal wave-like pattern on an RGA. See Figs. 8 & 9. 

The turbo and LN2 took more than 2 h to pump to the low 10"7 Pa 

(109 Torr) range while it took more than 90 min. for the cryo 

and LN2 to reach the mid 10"8 Pa (1010 Torr) range. It was 

found an unstable LN2 delivery system was entirely responsible 

for the phenomenon of gas bursts. A valve installed in the 

LN2 delivery line confirmed only nitrogen gas present in the 

trap during the peak of gas bursts in the chamber and liquid 

in the trap at the trough of the bursts. 
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Fig. 8. Temporal RGA scan during recovery pumpdown 

pinpointing the evolving species as nitrogen and argon shown 

by peaks m/e = 14, 28, and 36. Carbon and oxygen peaks m/e = 

12 & 16, respectively, are stable. 
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Fig. 9. Temporal EGA scan during recovery pumpdown with 

turbo pump showing the effect of exposing LN2 trap. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

CHAPTER 5 

CONCLUSIONS 

5.1. PRESSURE GAUGE COMPARISONS 

The gauges investigated in this experiment all gave 

readings in their expected ranges of operation except the cold 

cathode which seemed to reach its detection limit as it went 

into the 10'8 Pa (1010 Torr) range. This was a problem at first 

but did not manifest itself after a few weeks of use. Close 

correspondence was observed between all gauges and showed a 

linear relationship until they reached their individual 

detection limits. 

The SRG operated well in the range from low 10s Pa (low 

10'7 Torr) to 1.3 Pa (10 mT) ; the CM from low 103 Pa (low 10"5 

Torr) range to 1.3 Pa (10 mT) ; the CCG from low 10"7/high 10"8 

Pa (low 10"9/high 10"10 Torr) to high 10"2/low 10"' Pa (high 10"4 

/low 10 3 Torr) range; and the BA from low 10"8 Pa to mid 10"2 Pa 

(low 1010/ mid 10"4 Torr) range. 

The rapid stabilization of the CCG display and the 

freedom from filament burnout at high pressures were 

attractive features. The CCG and SRG had a high correlation 

through the operating range of the SRG. The CCG and the BA 

also had a high correlation over the entire range of operation 
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of the CCG. See Fig. 5. The cold cathode gauge did suffer 

from start-up times greater than 7 min. in the low pressure 

regions, if there were no hot filaments operating. If there 

were hot filaments operating or if the pressure region was 

greater than the 10"5 Pa (10"7 Torr) range, ignition was almost 

instantaneous. Large fluctuations in the mid 10"8 Pa (10'10 

Torr) range indicated it had reached its limit. 

The BA had the advantage of reading to the low 10'8 Pa 

(l0-i° Torr) scale with little fluctuation of the display. Its 

start-up was instantaneous within its operating ranges. The 

BA and the SRG had high correspondence through the operating 

range of the SRG. Since the CCG was unstable in the 10'8 Pa 

(10"10 Torr) range, it was not possible to determine the extent 

of CO and C02 production by the filaments of the hot cathode. 

The open source RGA was also unable to detect this likely due 

to the chamber size, relative location of gauges, and the 

background gases present. 

The SRG was useful for measuring pressures in its 

operating range and for calibrating other gauges. 

Confirmation of magnetic strength of the ball was essential to 

guarantee accurate readings. This should be checked, 

especially after baking the system. The NIST material on the 

SRG (Molecular Drag Gauge) is a good reference to its 

operation and understandings [12]. 



67 

The CM display was legible and was the gauge of choice in 

its operating range since the reading was instantaneous and 

needed no correction factor. The SRG and CM had a 1:1 

correspondence. 

5.2. RGA COMPARISONS 

The RGA with the open source ionizer exhibited 

sensitivity values an order of magnitude higher than the 

differentially-pumped closed source unit. It should be noted 

the sensitivities were determined using values of the chamber 

pressure. This does not affect the open source sensitivity 

values but will affect those of the closed source since the 

actual ionizer pressure was not used [27] in the calculation. 

The argon m/e = 40 ion currents in the UTI were masked by 

background at pressures as low as the mid 10"6 Pa (mid 10"8 

Torr) range limiting its effectiveness in the UHV region. 

This limited its usefulness in determining the system 

cleanliness for this UHV station. When implemented above 0.4 

Pa (3 mT) , the pressure reduction valve in combination with 

the closed source caused an order of magnitude drop in the 

sensitivity values for the RGA. This configuration did, 

however, allow system monitoring during high pressure 

operations such as sputtering. We found qualitative 

observations of species released by the system during 
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sputtering useful in process troubleshooting. 

Another drawback of the differentially-pumped RGA used in 

this system was the turbo/mechanical pump backed combination. 

This leaves the UHV system at present, vulnerable because the 

hydrogen background can be high due to a low compression 

ratio, and the system can vent through this manually valved 

path if a power failure or power surge occurs. 

The usefulness of the Dycor ended in the 10"3 Pa (105 

Torr) range above which point the electron multiplier had to 

be shut off. The filaments need not be turned off until the 

high 10"2 Pa (high 10"4 Torr) scale so that detection is still 

possible with the Faraday Cup. The argon m/e = 40 ion current 

saturated in the mid 10"6 Pa (mid 10'8 Torr) range but argon 

could be monitored with the m/e = 3 6 or 38 isotopes until the 

total pressure was 10"2 Pa (10^ Torr) . 

Mention should be made that upon replacement of a new 

Dycor head, a m/e = 69 peak appeared. This implies that false 

readings are possible any time an instrument is contaminated. 

It is evident that for this system, which operates from 

the UHV range to sputter pressures, both an open source and 

differentially pumped closed source RGA are required. There 

does exist a region of overlap for the two RGAs, so there will 

be no loss in the capability of species detection. 
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5.3. PUMPING SYSTEM PERFORMANCE 

This portion of the study gave many key results. The 

turbo and cryo exhibited different background gases at base 

pressures relating to their distinct pumping mechanisms. The 

cryo was able to pump the chamber to lower base pressures and 

in less time than the turbo because of the greater pumping 

speed of the cryo. Both pumps did show evidence of poor 

performance at sputter pressures but the results do strongly 

indicate a cleaner sputter system is possible with the cryo 

pump rather than the turbo pump. It is significant to note 

that no further impurities were detected upon addition of 

argon gas signifying the contamination in this system was 

system limited and not sputter gas limited. The turbo was 

seen to contribute a m/e=69 peak to the chamber not present 

with the cryo indicating possible perfluoropolyether fluid 

contamination from the turbo bearings. Perhaps a Maglev" 

turbo with a dry backing pump would result in better system 

performance. The analysis of the steady-state performance of 

the pumps under gas load was limited by the instrument 

sensitivity of the closed source RGA. 

Another significant item was the effectiveness of the LN2 

trap and TSP in helping the turbo and cryo pumps reduce 

impurities. Some data indicated instability of the LN2 trap's 
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temperature causing evolution of argon and nitrogen during 

recovery pumpdown and causing increased pumpdown times. This 

is presumably only an on-site problem. 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

APPENDIX I 

MEASURING TOTAL PRESSURES 

There are five gauges used on the UHV station to measure 

pressures. See Fig. 4. Depending on the number of atoms or 

molecules present in the chamber, their detection is based on 

the fundamental principles of the ideal gas law or the basic 

definition of pressure. It can be written as: 

P = nkT = F/A 

where P is pressure, n is density, k is Boltzmann's constant, 

T is temperature, F/A is force per unit area, all in SI units. 

The gauges are 1) the Convectron" for pressures of 1 mT to 

1000 Torr (mentioned here for completeness but not discussed) , 

2) the capacitance manometer (CM) for pressures 1.3xlO"3 to 133 

Pa (0.01 mT to 1 Torr), 3) the spinning rotor gauge (SRG) for 

pressures 1.3xlO"5 to 1.33 Pa (0.1 microtorr to 10 mT) , 4) the 

Bayard-Alpert nude ion gauge (BAG) for pressures 1.3xlO"8 to 

0.133 Pa (lxlO10 Torr to 1 mT) , and 5) the cold-cathode 

(Penning) gauge (CCG) for pressures 1.3xl0"8 to 1.33 Pa (lxlO10 

Torr to 10 mT). 

The operating principles of these various gauges can be 

classified as follows [18]: 
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A. DIRECT GAUGES (DISPLACEMENT OF A WALL) 
I l 

SOLID WALL 
j 

DIAPHRAGM 
l 

1.CAPACITANCE MANOMETER 

B. INDIRECT GAUGES 
(MEASUREMENT OF A GAS PROPERTY) 

I I i 

l I I 
MOMENTUM TRANSFER CHARGE GENERATION ENERGY TRANSFER 
(VISCOSITY) (IONIZATION) (THERMAL 

I J CONDUCTIVITY) 

• i 1 
1.SPINNING ROTOR | 4.CONVECTRON 

GAUGE | 
I I I l l 
I „ i r i i 

HOT CATHODE 3.COLD CATHODE 

2.BAYARD-ALPERT 

1.1. DIRECT PRESSURE GAUGES 

I.1.1 CAPACITANCE MANOMETER (CM) 

a. Model number and manufacturer: MKS 315 

Baratron Capacitance Manometer with an MKS 270A 

Display/Controller. Heating of the head is accomplished with 

an MKS 273 3-channel Temperature controller. 

b. Range: This capacitance manometer is designed 

to operate in the range 1.3xl0"3 to 133 Pa (lxlO05 Torr to 1 

Torr). 
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Fig. 4. The UHV Sputter Deposition Station at Components 

Research, Intel corporation/ Santa Clara, CA. 
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Fig. 10. Capacitance Manometer (CM). Model MKS 315 Baratron 

Illustration courtesy of MKS Instruments Inc. 
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c. Method of measurement and theory: 

Theory: In the capacitance manometer, an elastic 

metallic diaphragm separates two cavity volumes subjected to 

a known reference pressure Pr and the unknown pressure Px to be 

measured. See Fig. 10. The diaphragm deflects due to the 

pressure differential, thus modifying the capacitance of an 

electrical circuit where the diaphragm constitutes one 

electrode, and two metallic insulated plates or rings 

constitute the other electrode. The deflection of the 

diaphragm, hence the change in the capacitance of the 

electrical circuit, is a function of the force exerted by the 

gas per unit area of the diaphragm. 

The capacitance of a system of two parallel electrodes is 

proportional to the dielectric constant of gas separating the 

electrodes and to a geometric factor expressed as the ratio of 

the electrode area to the distance separating the electrodes. 

Measurement: The capacitance manometer consists of a 

gauge head containing the capacitance transducer and an 

electronic unit to both energize and display the transducer's 

output. The transducer may be of the double-sided or single-

sided type according to the relative position of the elastic 

diaphragm and fixed electrodes. In the single-sided 

structure, as used in this system, there is no electrode in 

the cavity volume containing the gas at the unknown pressure. 
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See Fig. 10. Therefore the capacitance is not dependent on 

the gas being sampled. The two electrodes, one at the center 

of the diaphragm for sensing large displacements and the other 

around the first electrode for sensing small displacements, 

are located in the cavity volume sealed at the reference 

pressure PR. A baffle keeps gas at unknown pressure, Px, from 

directly impinging on the diaphragm when entering the cavity 

volume [2]. In the sealed cavity, there is usually a Barium 

loop used as getter to keep this volume clean [17]. 

Electronic input circuitry applies an ac signal to the 

electrodes at some frequency (typically 10 Khz), referred to 

as the carrier frequency. The deflection of the diaphragm 

modulates an input drive. A synchronized phase-sensitive 

detector circuit generates positive and negative signals 

according to the direction of the diaphragm deflection, hence 

according to the sign of the applied pressure. These signals 

are then demodulated, amplified in a very stable output, and 

displayed in analog or digital form. 

d. Errors in measurements: The main systematic 

errors which affect pressure determination with capacitance-

type transducers are produced by variations of the ambient 

temperature, nonlinearity, and hysteresis. Other errors are 

due to the gas composition, the adsorption, and ionization 

during the transducers operation[2]. These errors are usually 
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small and will not be discussed further. 

Temperature effects produce changes in the geometry, the 

diaphragm stiffness, and the dielectric constant of the gas, 

and a thereby a change in the capacitance of the electrodes 

[Brombacher, 1970]. This change in the capacitance of the 

electrodes can account for the largest source of errors. It 

can be reduced by a proper choice of materials (e.g. Inconel*) 

for the construction of the diaphragm and the box and by 

special techniques to compensate for or to control the 

variations in ambient temperature. 

Since the capacitance manometer measures deflections on 

the order of 1 mm to l micron or smaller, small amounts of 

temperature variation would greatly affect the reading. One 

temperature control technique consists of maintaining the 

transducer at constant temperature (usually 4 5°C) within very 

close limits of variation (+/- 0.1°C). The control ratio, 

i.e. the ratio of the transducer temperature to the change in 

the ambient temperature, is usually 1/10. Proper temperature 

regulation of the transducer can improve the zero changes with 

ambient temperature (zero stability) and the span variations 

by about one order of magnitude [2,11,18]. When using this 

technique, thermal transpiration becomes important. If, for 

example, the head is kept at 45°C and the system is at 20°C, a 

correction of (318/298)05 or approximately 4% is required 
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[11,18]. 

Nonlinearity of readings account for the largest error 

apart from temperature effects, which account for about 80% of 

the total error [23]. Errors due to nonlinearity can be 

reduced by choosing an adequate transducer design [Brombacher, 

1970] and suitable electronic components of the control unit. 

Hysteresis is significant for sensors where the diaphragm 

is simply stretched and the assembly of the cavity volumes 

accommodating gas at Px and Pr is clamped together with metal 

clips under large forces. This construction was used from 

1961 to 1966 and was then abandoned. In modern construction 

the error due to hysteresis is negligible [2]. 

Other errors can occur from the diaphragm slamming 

against the post when brought to atmosphere thereby damaging 

gauge which has low mechanical tolerances. 

e. Benefits / Limitations to UHV: The capacitance 

manometer is the first gauge to safely indicate the amount of 

vacuum and to signal the ability to turn on an ion gauge 

unharmed. It is also very useful for pressure indication 

during sputtering when the pressure is 0.4 to 2 Pa (3-15 mT). 

The capacitance manometer, however, contributes no information 

about the system while it is in the high and ultra high vacuum 

regions. 

f. Contamination issues: 1) particles trapped 
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between the diaphragm and electrode will cause gross error in 

capacitance values. 2) cracks in the diaphragm due to rough 

handling can cause contamination of the system by manometer 

parts not normally exposed to vacuum and will cause the gauge 

to cease functioning. 

q. Calibration: Calibration of the capacitance 

manometer is accomplished by pumping the system below the 

reference pressure by at least two orders of magnitude and 

setting the zero offset to a null value. This allows the 

controller to identify the spacing of electrodes at which 

there should be a zero reading. Accurate pressure readings 

between the specified ranges then become possible [20]. 

1.2. INDIRECT PRESSURE GAUGES 

1.2.1 SPINNING ROTOR GAUGE- VISCOSITY/DRAG GAUGE 

a. Model number and manufacturer; MKS Spinning 

Rotor Vacuum Gauge/SRG-2. 

b. Range: The SRG is designed to operate in the 

range 1.3xl0"5 to 1.33 Pa (0.1 microtorr to 10 mT) . 

c. Method of measurement and theory: 

Overview: The spinning-rotor viscosity gauge 

(SRG) is based on the viscous drag due to the momentum 

transfer effect of a gas at reduced pressure on a spinning 

ball bearing suspended by levitation in a magnetic field [2, 



80 

5, 12]. The gauge determines pressure by measuring the rate 

at which momentum is transferred from a rotating ball to the 

surrounding gas, which causes a deceleration of the ball. 

The pressure can be calculated from the drag resulting 

from the momentum transfer between the gas molecules and the 

ball, the moment of inertia of the ball r, and the times tn 

and tn., required for completing a given number of revolutions 

of the ball as 

P = XTT&aB/10a) ft„ - t„.,l (0) 

where 6 is the average speed of the gas molecules, pb the 

density of the ball, and a the macroscopic coefficient of the 

tangential momentum transfer. 

This equation holds provided that 

a) the mean free path of gas particles is large 

compared with the radius of the ball, 

b) thermal equilibrium conditions prevail during 

measurements, and 

c) the residual drag (due to eddy currents) 

associated with the magnetic suspension is accounted 

for [12]. 

The SRG includes the following parts: The ball or sensor, 

generally a 4.5 mm or 4.76 mm diameter steel ball bearing. 

The thimble, a thin wall 8 to 8.5 mm o.d. stainless steel 
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Fig. 11. Spinning Rotor Gauge (SR6). Model SRG-2. 

Illustration courtesy of MKS Instruments Inc. 
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(316L) tube usually welded to a 2-3/4" o.d. conflat type 

flange. The thimble is an extension of the vacuum system with 

the ball inside exposed to the pressure to be measured. The 

suspension head fits over the thimble, and contains the 

permanent and electromagnets used to suspend the ball, 

sensingcoils to determine and stabilize its position, drive 

coils to spin or brake the ball, and pickup coils to detect 

the rotation of the ball. The controller contains the 

electronics to power and regulate the suspension, amplify the 

pickup signal, and time the ball's rotation, and a data 

processor to calculate the pressure [5]. See Fig. 11. 

A high frequency two-phase inductive drive connected to 

the four drive coils in the suspension head causes the ball to 

spin to 400 Hz. By reversing the phases of the signal, the 

inductive drive can be used to slow the ball down. In second 

generation type SRGs, the ball is driven to about 800 Hz and 

then back to about 415 Hz [12]. Drive times vary from 30 

seconds to several minutes for different units. 

Depending on the magnetic structure and shape of the 

ball, some component(s) of the ball's magnetic moment(s) will 

rotate about the spin axis, including a periodic voltage in 

the pickup coils in the suspension head. This signal is 

amplified in the control unit and its period is timed to 

obtain a precise measure of the ball's rotational rate. Gas 

molecules colliding with the ball's surface will slow it down 
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at a pressure-dependent rate. 

d. Effects to be considered: In the molecular flow 

regime, the pressure range below 1 mT where molecules rarely 

collide with one another, the theory of the SRG is derived 

using several assumptions and then modified to more closely 

reflect reality. 

Gas molecules colliding with the perfectly smooth surface 

of a rotating ball, if they are momentarily adsorbed and then 

re-emitted, will exchange tangential momentum with the ball at 

a rate that will cause the ball's rotational rate, d), to 

decrease at a fractional rate 

-a) = 10P (1) 
cj npad 

where P is the pressure, p is the ball's density, a is the 

ball's radius, and c is the mean gas molecular speed [2]. The 

prime or hat above a symbol indicates the time derivative of 

that quantity. From gas kinetic theory the mean molecular 

speed can be calculated using 

c = (8kT/7rm)1/2 (2) 

where k is Boltzmann's constant, T is the absolute 

temper a t u r e ,  a n d  m  i s  t h e  g a s  m o l e c u l a r  m a s s  [ 1 8 ] .  S i n c e  p ,  

T and a are easily determined and m is known if the gas 

composition is known, Eqs. 1 and 2 could be used to determine 

the pressure from the measured value of oj/oj. 

There are several factors to be considered so that 
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Eg. 1 must be modified [13] to, 

-w = 10P aeff + RD + 2aT (3) 
o) npa6 

The first modification, the effective accommodation 

coefficient, aefr, takes account of the fact no ball is 

perfectly smooth, and not all molecules exchange tangential 

momentum upon collision. Surface roughness will increase the 

rate of momentum transfer while incomplete tangential momentum 

accommodation will decrease that rate. In theory, aeff could 

vary from below 0.5 to 1.27. In practice it varies from a low 

of 0.96 for smooth balls to a high of 1.22 for deliberately 

roughened balls. This derivation of the momentum transfer and 

rate of slowing as a function of pressure assume that gas 

molecules do not collide with one another. As the pressure is 

increased above 0.133 Pa (1 mT) the molecular mean free path 

approaches the separation between the ball and the thimble and 

molecule-molecule collisions become significant, causing a 

nonlinearity in the gauge that amounts to about 2% at 1 Pa 

(7.5 mT) of nitrogen and increases with increasing pressure. 

The second modification, the residual drag, RD, is a 

pressure-independent magnetically-induced slowing of the ball. 

If the suspension field is not perfectly symmetric about the 

ball's axis of rotation, eddy currents will be induced in the 

ball. Conversely, the rotating component of the ball's 

magnetic moment, which induces the timing signal in the pickup 
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coils, will also induce eddy currents in surrounding metallic 

components. Both result in a slowing of the ball. 

The third modification accounts for changes in the ball's 

moment of inertia, I, due to thermal expansion. The 

fractional rate of change of the moment of inertia, I/I, is 
t I 

given by 2aT where T is the rate of change of temperature, and 

a is the linear thermal expansion coefficient of the material. 

Since the ball is magnetically suspended in a vacuum it 

follows outside temperature changes with a time constant of 

about 1 hour. Shorter term ambient temperature changes are 

attenuated, longer term changes can cause significant 

perturbation of the rotation rate. The inductive drive used 

to spin the ball causes significant increases and consequent 

cooling over a period of hours. 

Combining Eqs. 2 and 3, 

P = TTfia (8kT/7rm)1/2 ( -w/u - RD - 2aT ) (4) 
10tfefr 

This can be simplified to 

P = CAL ( - 0 3 / 0 ) )  - OFFSET + error (5) 

The CAL factor is the calibration factor of the gauge so 

its value and stability are of great importance. All 

contributions to CAL are readily available (assuming gas 

temperature and composition are known) except for acff. The 

value of aeff is determined by pressure calibration. In second 

generation gauges, the calibration factor is internally 
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calculated from the values of m, T, p, a, and aeff entered into 

the controller. The temperature, T, should be the temperature 

of the gas in the vacuum chamber, not the temperature of the 

ball or suspension head. 

OFFSET is a zero offset that typically is equivalent to 

a nitrogen pressure between 1.3x10^ and 4xl0"3 Pa (1 and 3 0 

microtorr). It can be determined by evacuating the chamber to 

"zero" pressure (<10~6 Pa / <10"8 Torr) . This value is entered 

into the controller, which then automatically corrects for it. 

Since the offset can be more than an order of magnitude 

greater than the low pressure limit of the SRG, its stability 

is critical in determining the low pressure performance of the 

gauge. The offset varies with several factors and its 

determination and stability are discussed below. 

The error term is caused by perturbations of the ball's 

temperature. There is no way to correct for this but it can 

be minimized. The magnitude of these perturbations can be 

evaluated from instabilities in the offset, although other 

factors will contribute to changes in the offset. 

Random errors in the determination of u>/will be 

determined by the signal to noise ratio of the pickup signal 

and the statistical procedure used to evaluate the data. The 

signal strength will be determined by the magnitude of the 

rotating component of the magnetic moment. The noise will 
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include contributions from vibration, suspension system 

instabilities, and electromagnetic pickup. 

In summary, in order to measure a pressure in the high 

vacuum range with an SRG, the residual drag must first be 

determined by measuring the deceleration rate at "zero" 

pressure. This is subtracted from subsequent measurements by 

the SRG using an offset correction. A calibration constant, 

determined from the ball's geometry, gas properties, and the 

effective accommodation coefficient, is used to derive a 

pressure from Eq.5. The lower usable limit of the gauge 

depends on the measurement noise, the stability of the 

residual drag, and the stability of the ball's temperature. 

Assuming the gas composition is known, at higher pressures the 

percentage uncertainty of the indicated pressure is primarily 

determined by the uncertainty of the effective accommodation 

coefficient or CAL factor [11]. 

e. Benefits / The SRG as a secondary standard: The 

SRG is considered an excellent instrument as a secondary 

pressure standard to which other gauges in the system can be 

calibrated [11]. It is first correlated to a Mcleod gauge, an 

accepted primary standard [2]. The SRG in a UHV system can 

help to insure accurate monitoring of pressures in the high 

vacuum region and calibrate other gauges that reach into the 

ultrahigh vacuum region. 

f. Contamination issues: A UHV system is typically 
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baked to 200°C after exposure to atmosphere to remove moisture 

and air contamination. Should the system accidentally vent to 

atmosphere during baking the stainless-steel ball bearing may 

become oxidized, altering its mass and spin characteristics. 

This contamination of the ball-bearing could drastically alter 

the accuracy of the pressure readings [12]. 

The SRG sensor unit is constructed of components made of 

stainless steel and other UHV compatible materials. Dropping 

the ball before it ceases spinning can cause the ball to chip 

and produce stainless-steel particles. Gross contamination 

may occur if the thimble should rupture and expose the system 

to atmosphere or if the ball should oxidize as described 

above. 

q. Environment: Optimum performance from the SRG 

requires a favorable environment for the ball. Important 

considerations include freedom from external magnetic fields, 

vibration, and temperature stability. (These are also 

requirements for a good UHV system). Since the casing of the 

suspension head provides some, but not total, magnetic 

shielding, an external magnetic field can perturb the 

suspension field and increase the residual drag. Therefore 

care must be used not to expose the head to fields during 

operation. 

Vibrations should be eliminated as much as possible for 
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accurate readings. Mechanical pumps are a source of such 

perturbations. This can be resolved by not placing these 

pumps physically adjacent (touching) to the system and by a 

vibrationally isolated foreline. 

Temperature stability is also important. The time 

constant for radiation cooling (or heating) of the ball can be 

about 70 minutes and that for commercial units can be 2 to 3 

hours, so that time must elapse after spin up before the 

offset will stabilize at the 10~5 Pa (10"7 Torr) level, and 4 to 

7 hours before it will stabilize at the 10"6 Pa (10"4 Torr) 

level. Therefore, whenever possible, the ball should be spun 

up the day before measurements are to be made [12]. 

h. Calibration: As explained previously, the 

residual drag must be determined to zero the gauge. With a 

zero offset initially in the controller, 20 to 30 pressure 

readings over 10 minutes or so should be obtained while the 

system is at "zero" pressure (<10"6 Pa / <10"8 Torr) . The mean 

value is then used as the residual drag and entered into the 

controller with the other required CAL parameters. 

Attention should also be given to the magnetic strength 

of the ball, especially after baking. Since the SRG operation 

is dependent on the magnetic moment of the ball bearing, 

remagnetization may be required by a separate strong magnet if 

the signal strength is depleted. Therefore, the signal 
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strength should also be checked as part of the calibration 

procedure. This is effected by connecting an oscilloscope to 

the output at the back of the SRG controller and checking the 

signal strength. For the MKS SRG-2, the strength should be 

>lVJ>.p. Over magnetization can result in error too if the 

harmonic of the primary frequency is too large [12]. 

1.2.2 IONIZATION GAUGES 

General Statement: In the high and ultrahigh vacuum 

region where the particle density is extremely small, it isn't 

possible, except in specialized laboratory situations, to 

detect minute forces resulting from direct momentum transfer 

or energy between the gas and a solid wall. An indirect 

measurement of a property of the gas that can be related to 

pressure is required for pressure determination in these 

vacuum regions, such as was done with the SRG for the high 

vacuum regions. One such gauge is the ion gauge. There are 

two types of ion gauges based on the source of electrons for 

ion generation, the hot cathode and the cold cathode gauges. 

Ionization gauges are density gauges, not pressure gauges. 

Their basic operating principles and characteristics are 

discussed in the following sections [18]. 
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1.2.2.1 HOT CATHODE GAUGES 

a. Model number and manufacturer: Granville-

Phillips Series 274 Bayard-Alpert nude ion gauge with a Series 

271 gauge controller. 

b. Range: The hot cathode gauge is designed to 

operate in the range 1.3xl0"8 to 0.13 Pa (lxlO10 Torr to 1 mT) . 

c. Method of measurement and theory: In hot cathode 

ionization gauges, commonly known as Bayard-Alpert ion gauges 

(BAG), electrons are thermionically emitted by a hot filament 

(usually tungsten, rhenium, or thoriated iridium) to produce 

a current of 1 to 10 mA. These electrons are accelerated by 

a potential, typically 100-150 volts, between the filament and 

a cylindrical grid. See Fig. 12. The electrons follow orbits 

of varying length before finally striking the grid. A small 

fraction, however, will strike and ionize gas molecules 

present in this region. The number of ions formed by electron 

impact are proportional to the number density and not the 

pressure. A large fraction of these ions reach the fine wire 

collector that is negatively biased with respect to the 

filament and the grid. The collector current, which is 

usually measured by an ammeter or electrometer, is 

proportional to the electron current emitted by the filament, 

the electron impact ionization cross-section of the gas 

molecules, and the gas density. The gas number density, n, 
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Fig. 12. Bayard-Alpert type nude ion gauge (BAG). Illustration 

courtesy of Granville-Phillips Inc. 
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and pressure, P, are related by the kinetic theory of gases, 

P = nkT 

where k is Boltzmann's constant and T is the absolute 

temperature. 

It is generally assumed ion gauges operate at room 

temperature and the relationship between collector or ion 

current, Ic, and the electron emission current, Ic, electron 

path lengths, ionization cross section, ion collection 

efficiency, temperature, and pressure is summarized by the ion 

gauge sensitivity, 

S = Ic/(IeP) 

The sensitivity has dimensions of reciprocal pressure and is 

dependent on tube geometry, grid and plate voltages, type of 

control circuitry, and nature of gas being measured. 

d. Effects to be considered: The sensitivity for 

different gases varies with the ionization cross-section 

probability [11]. The gauges are calibrated to nitrogen so no 

correction factor is required for it but if, for example, 

argon was to be measured, the gauge reading would be divided 

by 1.2 to account for the different ionization probability of 

argon to that of nitrogen. See reference [18] for a table of 

correction factors. 

Using this gauge at higher pressures can physically burn

out the filament due to the increased amount of oxygen in the 
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vicinity. The result is an active gas and a large amount of 

energy causing the filaments to burn. 

There are two effects that limit the capability of the 

ion gauge to measure even lower pressures. One is the "X-ray" 

effect and it arises from energetic electrons striking the 

grid and generating soft X-rays. Some of these X-rays are 

intercepted by the collector (anode), causing the 

photoemission of electrons. These photoemitted electrons 

cannot be distinguished from collected positive ions so there 

exists a pressure independent residual collector current [11]. 

This effect was very pronounced in the conventional triode 

gauge which had its lower limit equivalent to 1.3-2.6X10"6 Pa 

(l-2xl0~8 Torr) equivalent of nitrogen. The B-A gauge has 

taken better account of the X-rays in two ways; 1) reversing 

the locations of the collector and filament and, 2) using a 

fine wire collector to minimize the effective cross-section 

the X-rays see. This has reduced the lower limit of the 

Bayard-Alpert type ion gauge to the 10"8 to 10"9 Pa (1010 to 

10'n Torr) range [12]. 

The second effect is electron impact desorption. This 

can occur when an electron strikes the grid causing the 

ionization of an adsorbed atom which may be then collected 

[21]. This may also contribute falsely to the pressure 

indication of the system. 
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For a discussion of carbon and oxygen effects, see the 

contamination issues section. 

e. Benefits / Limitations to UHV; The hot ion 

gauge is one of the very few gauges that will measure pressure 

from the low vacuum region into the low 10"8 to high 10"9 Pa 

(low 10"10 to high 10"11 Torr) vacuum range. It is thought to be 

linear as it approaches its lower limit. Its usefulness ends 

there due to the effects discussed above. It cannot go below 

these values even though the technology in the 1990's is 

proceeding further into 10"11 Pa (1013 Torr) regions. The point 

collector gauge is emerging as the gauge to take us further 

down the pressure scale without detrimental effects [24]. 

For a discussion of carbon and oxygen effects, see the 

contamination issues section. For a discussion of X-ray 

limit, see effects to be considered section. 

f. Contamination Issues and Choice of filaments: 

Contamination of a system under UHV conditions is not caused 

only by particles, but by atoms and molecules themselves. A 

filament made of tungsten can generate copious amounts of CO 

and C02 besides producing electrons, thereby raising the 

ultimate base pressure of the system. This can also cause 

atomic incorporation of these elements into the films 

produced. A rhenium filament does not consume hydrocarbons 

while a thoriated iridium filament is used in oxygen 
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environments since it will not be destroyed when a momentary 

vacuum loss occurs but they do have less stable sensitivity 

[18]. The emission characteristics of the Th02 filament are 

easily changed after contamination by hydrocarbons or 

halocarbons. An ion gauge with a glass envelope is not used 

in a UHV system since the glass can outgas. Recent studies by 

Tilford, et. al., however, suggest gauges with glass envelopes 

give more reproducible readings than a nude gauge 

q. Calibration: If a spinning rotor gauge is 

available, the ion gauge is compared through the regions of 

the overlapping ranges of the instruments. One should not 

forget that the ion gauge displays nitrogen equivalent 

pressure and must be corrected for other gases whose 

ionization cross-section is different than that of nitrogen. 

The emission current is set to a value given by the 

manufacturer. 

At pressures below 10^ Pa (10"6 Torr) the ion gauge should 

be degassed to reduce electron impact desorption. This will 

help provide truer density detection [19], 

1.2.2.2. COLD CATHODE GAUGES. 

a. Model number and manufacturer; MKS Cold Cathode 

Gauge, inverted magnetron geometry, with a 421 CCG 

microcontroller. HPS, Division MKS Instruments, Inc. 
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b. Range: The cold cathode gauge is designed to 

operate in the range 1.3xlO'8 to 1.33 Pa (lxlO10 Torr to 10 mT) . 

c. Method of measurement and theory: The cold 

cathode gauge with inverted magnetron geometry consists of a 

central anode probe, a cylindrical cathode cup with a 

perforated end, and an axial magnetic field provided by an 

external permanent magnet. See Fig. 13. An initial ionizing 

particle, from some event such as field emission or a cosmic 

ray, is needed to start a cold cathode gauge. 

Electrons in an inverted magnetron gauge are trapped by 

crossed magnetic and electric fields and move in a series of 

cycloidal jumps. They travel long distances in spiral paths 

before finally colliding with the anode. These long 

trajectories considerably enhance the ionization probability 

and result in a gauge with a much higher ionization efficiency 

than the hot cathode gauge [18]. They quickly reach energies 

capable of causing ionization. An electron at UHV can take 

twenty minutes to traverse from cathode to anode while, 

because of their higher mass, the ions describe much larger 

cycloids and are quickly collected. In striking the cathode, 

the ions produce secondary electrons which enter the 

discharge. The circulating electron current soon builds up to 

a stable value determined by the geometry and fields. At some 

critical electron density, space charge depression of the 
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electric field prevents further electrons from leaving the 

cathode. Thus the circulating electron current becomes quite 

stable, nearly independent of pressure and surface conditions. 

The electron current follows the equation 

"I = If / pn 
giuge * 

over many decades of pressure approximately 10"7 to 10"1 Pa (10"9 

to 10"3 Torr) , where K' and n are constants which depend upon 

the geometry and fields of a given gauge. Usually n falls 

between 1.00 and 1.15. If the space charge were strictly 

constant, i.e independent of pressure, the value of n would be 

1.00 [21]. 

d. Effects to be considered; One problem with 

cold cathode gauges is from the circulating current which is 

subject to small discontinuous changes. These cause small 

steps in the current versus pressure curve. These 

discontinuities may be so small they are not easily observed 

or they may be as large as 20 percent of the total current. 

The inverted magnetron appears to be less susceptible to this 

problem. 

As with the hot cathode gauges, cold cathode gauges have 

sensitivities which vary with gas species and in a similar 

manner [8]. 

e. Benefits / Limitations to UHV: The problems of 

x-ray current and surface ionization do not exist for cold 
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cathode gauges because the electron current reaching the anode 

is not constant. Instead, the current decreases as the 

pressure decreases. Therefore there is no X-ray limit for 

lower pressure measurement as is found with hot cathode 

gauges. There are no adjustments required. Also there is no 

appreciable power input at low pressure to cause outgassing, 

and the gauge requires no degassing beyond that given to the 

vacuum system. Modern inverted magnetron gauges can easily 

maintain a discharge in an ultra high vacuum [21]. 

Cold cathode electrode assemblies are very rugged and 

usually user repairable. Contrary to hot cathode electrode 

assemblies, they may be turned on at any pressure up to 

atmospheric without harm but they won't read above their upper 

limit, typically 1 Pa (10~2 Torr). 

A major benefit of the cold cathode is they have no 

filaments to burn out which makes them immune to inrushes of 

air and relatively insensitive to damage by vibration. 

For a discussion of lack of filament, see Contamination 

Issues section. 

A weak point of the cold cathode is the slow starting at 

very low pressures. At pressures above 10"4 Pa (10"6 Torr), 

starting is very fast, at 10"* Pa (10'8 Torr) it may take a few 

minutes, and at 10"8 Pa (10~10 Torr) it may take a very long 

time. It is best to start the gauges at higher pressures and 
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leave them on as the system pumps down. Lacking that, any 

source of ionization within the system will promote starting. 

Points to encourage field emission or radioactive sources are 

sometimes put within the gauge by manufacturers as starting 

aids. 

f. Contamination Issues; A major benefit provided 

to UHV by the cold cathode gauge is its absence of an electron 

emitting filament. This results in pressure monitoring 

without generation of CO and C02 in contrast to that of the 

hot cathode [11]. At pressures of 10"8 Pa (1010 Torr) , even 

small amounts of these substances can limit the base pressure 

and at sputter pressures of 10"1 Pa (103 Torr), these 

contaminants constitute greater than 1 ppm [18]. 

At higher pressures, the cathodes of this gauge can 

sputter themselves introducing metallic contaminants into the 

system. Depending on the cathode material (typically nickel 

or aluminum) and system, this could be a detriment. 

g. Calibration: If accuracy is important, a new 

cold cathode gauge can be stabilized by running it in nitrogen 

for several hours at 10"1 Pa (103 Torr) . Then, at high vacuum 

under laboratory conditions, a given tube can repeat within 

approximately 5 percent and different gauges vary from one 

another by perhaps +25 percent [21]. 
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CHARACTERIZATION OF AN UHV SPUTTERING SYSTEM 

APPENDIX II 

MEASURING PARTIAL PRESSURES 

II.1 BASIC THEORY: 

Ultrahigh vacuum is defined as a region of pressure from 

approximately 10"6 to 1010 Pa (108 to 1012 Torr) [18]. This 

pressure is monitored, usually indirectly, by a variety of 

different gauges based on the relationship known as the Ideal 

Gas Law: 

P = nkT 

where P is pressure, k is Boltzmann's constant, T is absolute 

temperature, and n is gas density all in SI units. The 

pressure display of many gauges gives a density indication 

only, not the actual gas composition of the vacuum system. 

The actual gas composition is typically determined using the 

information obtained from a specialized version of a mass 

spectrometer called a Residual Gas Analyzer or RGA. 

There are three fundamental components of the RGA: the 

ionizer, mass filter, and detector. See Fig. 14. The basic 

theory of the RGA is as follows. The RGA analyzes a sample of 

gas by first converting the gas atoms and/or molecules into 

positive ions by bombarding the gas with electrons. When an 

electron hits a molecule or atom hard enough, one or more 
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Fig. 14 Fundamental components of a residual gas analyzer 

(RGA); ionizer, mass filter, detector. Illustration courtesy 

of UTI Inc. 
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electrons are ejected from the particle that is hit, leaving 

it positively charged. This also causes molecules to 

dissociate into fragments which are also ionized. The ions 

are then separated (analyzed) according to their mass-to-

charge ratio, m/e. The amounts of the separated positively 

charged ions of each mass value are then measured 

electronically and usually displayed on a graph of current 

intensity versus m/e ratio. 

For given constituents of the residual gas, a series of 

ions of differing mass-to-charge ratios may be formed. Under 

the action of electron bombardment, commonly called electron 

impact ionization, molecules may lose one electron or more 

becoming singly, doubly, or triply, etc. ionized. Since there 

are only certain points at which the molecule can break, the 

types of fragments that can be formed are limited. No two 

materials give precisely the same kinds and/or amounts of 

ions. Moreover to a good approximation, ions from one 

material do not affect the kinds or amounts of ions produced 

by another material [6]. 

II.2. IONIZATION 

Ionization is typically accomplished, as stated above, 

by electron impact ionization. See Fig. 14. First, a 

filament thermionically produces electrons which are then 

drawn across the ionization chamber to the anode. While 
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crossing this space, some of the electrons collide with gas 

molecules existing there stripping off one or more of their 

electrons, and create positive ions. The ions produced are 

drawn out of that region, focused, and accelerated toward the 

mass separation stage [18]. 

As in other ionization gauges, positive ion production 

varies for different gases since it is dependent on the 

ionization cross-section for the particular species and upon 

the ionizing energy used to accomplish ionization. Ionization 

cross sections do not peak at the same energy for all gases, 

but they are generally greatest for most gases somewhere in 

the 50-to-150eV range. For this reason most ionizers operate 

at 70eV [11, 18, 27]. Some instruments allow adjustment of 

this voltage, for example, to reduce the dissociation of 

complex molecules for qualitative analysis. 

The ion production of each species is proportional to its 

density or partial pressure. Doubling the pressure of a gas 

under analysis would effectively double the amplitudes seen by 

the RGA. That is, the instrument is linear with pressure. 

Linearity of the ionizer extends to a maximum total pressure 

of the order of 103 Pa (105 Torr) . At higher pressures space 

charge effects and gas collisions become important limiting 

the efficiency of ionization [11,17]. 
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II.2.1. OPEN AND CLOSED ION SOURCES. 

RGAs can be equipped with different types of ionizers 

classified by what pressure ionization of the gas occurs and 

where the ionizer and ionizing filaments are located. If the 

ionization occurs at system pressure and the ionizer and 

filaments are located directly in the chamber that is being 

monitored, it is called an "open-source". See Fig. 15. If 

the gas to be ionized goes through pressure reduction first 

and the ionizer is located in a separate chamber at lower 

pressure relative to the one being monitored, it is a 

"differentially-pumped closed-source". See Fig. 16. There 

are advantages and disadvantages of each type. 

The open source usually operates at pressures below 10"3 

Pa (10'5 Torr) down into the UHV region. A disadvantage of the 

open source is the direct exposure to the chamber. When 

maintenance of the chamber is required or venting accidentally 

occurs, the RGA is exposed to atmosphere and damage to the 

ionizer and electron multiplier is highly possible. By having 

direct exposure to the chamber, background interference is 

eliminated and the mass-to-charge spectra obtained is a good 

indication of the system. 

The closed source typically operates above 10"6 Pa (10'8 

Torr) . Its ionizer is housed in its own chamber with the 

entire unit backed by a dedicated pump. This allows sampling 
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of gas at higher pressures requiring the gas to go through 

pressure reduction before ionization. See Fig. 17. Because 

the ionizer is located in a separate housing, it may be 

ionizing species contained on the walls of the ionizing 

chamber, species not present in the system chamber. 

Therefore, sampling may not be a true indication of the system 

but may be an artifact. The main advantage of the closed 

source is its ability to be operated at higher pressures, 

typically as high as 0.13 - 0.4 Pa (1-3 mT). With the aid of 

pressure reduction devices, the operating range can be 

extended to as much as 3.3 Pa (25 mT). This benefit allows 

system monitoring during sputtering and other high pressure 

operations. 

II.3. MASS SEPARATION. 

Many techniques exist for the mass separation 

(filtering) of the ions generated, the RF quadrupole is the 

only one considered here. 

The basic principle upon which charged particle 

separation is achieved on the basis of their mass-to-charge 

ratio can be explained from a simplified physical standpoint 

as follows. Consider two circular rod-shaped electrodes of 

equal length L and distance 2r0 centimeters apart. See Fig. 

18. Assume a positive dc potential (+U) is applied to both 
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electrodes simultaneously with respect to the axis of 

symmetry (i. e. the midpoint between the two rods is to be 

maintained at ground potential). A positive ion injected into 

this electric field region will be restricted near the central 

axis by the repulsive forces caused by the potential on the 

two electrodes. The positive ion will therefore oscillate, 

but tend to remain at the bottom of the "valley" created by 

the potential distribution. This electric field configuration 

corresponds to a "stable" condition for positive ions, 

independent of their mass-to-charge ratio, m/e. 

Consider now the case with a negative applied dc 

potential (-U). Similar analysis shows that positive ions will 

be swept to the rods and are therefore in an "unstable" 

condition since they are positioned on a "hill" created by the 

potential distribution. 

If an alternating field is superimposed on the stable 

configuration with a peak amplitude V larger than +U, and a 

positive ion of small mass-to-charge ratio is injected very 

near the central axis of the field, the ion is able, due to 

its light mass, to respond easily to the changes in the 

electric field. Hence as the resultant field becomes negative 

during the part of the negative half cycle of the alternating 

field, the positive ion will be accelerated towards the 

electrodes and will achieve a substantial velocity. The 

following positive half cycle will have an even greater 
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influence on the motion of the ion, causing it to reverse its 

direction and accelerate even more. The ion will exhibit 

oscillations with increasing amplitudes until it finally 

strikes one of the two electrodes. The lighter the ion in 

mass, the smaller the number of cycles before it is collected 

by the electrode. Hence, positive ions with small mass-to-

charge ratios become "unstable". On the other hand, positive 

ions with large mass-to-charge ratios (heavy ions) would move 

very slowly in the field, their velocity being virtually 

unaffected by the short period of attractive forces during the 

alternating cycle. They will tend to oscillate in the field 

and remain "stable". The field configuration at the left of 

the illustration can therefore be considered as a "High-pass 

Mass Filter". Heavy positive ions injected parallel to the 

axis of the field will oscillate with a finite amplitude and 

exit from the far end of the field; light positive ions will 

be swept away from the field and collected by the electrodes. 

Consider now the "unstable" field geometry at the right 

of the illustration. In this case, positive ions with small 

m/e ratios will, under certain conditions, become stable; 

heavy positive ions will gradually drift toward the electrodes 

since they will not respond to any significant extent during 

part of the positive half cycle of the alternating field. 

This field geometry corresponds to a "Low-pass Mass Filter". 

These two field geometries are combined in two 
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perpendicular directions as shown at the bottom of the figure 

to form a "Band-pass Mass Filter". Motion of the positive 

ions in the x-direction is controlled by the high-pass filter, 

while that in the y-direction is controlled by the low-pass 

filter. Therefore for a positive ion entering at one end of 

this combined field geometry to penetrate through the field 

and exit from the other end, it must undergo stable 

oscillations in both the x and y directions. With all other 

parameters maintained constant, this stability is dependent 

upon the ion's mass-to-charge ratio, m/e. Other particles 

with a different m/e are swept out of the electric field and 

collected by the rod-shaped electrodes. This is the principle 

upon which the quadrupole mass spectrometer operates [16]. 

The width of the pass band, or resolution, is a function 

of the ratio of dc to RF potential amplitudes U/V, while the 

"sharpness" of the pass band is determined by the electrode 

uniformity, electrical stability, and ion entrance velocity 

and angle. The stability limits for a particular m/e ratio 

are determined from the solutions of the equations of motion 

of an ion through the combined RF and dc fields and involve 

ratios of omega, m/e, rc2, and the potentials U and V. By 

sweeping the RF and dc potentials linearly in time the 

instrument can be made to scan a mass range. Scan times as 

slow as 10 to 20 minutes and as fast as 80 msec are typical in 
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commercial instruments with a range of 1 < m/e < 300. A 

detector is mounted on the z-axis at the filter's exit to 

count the transmitted ions. 

One advantage of the guadrupole over other mass 

separators is that ions with a range of energies or entrance 

velocities will focus, even though not with the same 

resolution. The slow ions are resident in the filter for a 

longer time and therefore are subjected to a greater number of 

oscillations in the RF field than are those ions with larger 

z-components of velocity. As a result, the slow ions are more 

finely resolved but suffer more transmission losses than the 

light ions. For this reason quadrupole transmission usually 

decreases with increasing mass. By proper choice of potentials 

U and V the mass dependence of the transmission can be 

improved at the expense of resolution. Experimentally mass 

independent transmission can be achieved by adjusting the 

sensitivity for two gases, say, argon and xenon, to be the 

same [18]. 

II.4. RESOLUTION 

The absolute resolution of an RGA is a measure of 

the ion-separating ability of the instrument of a given mass 

M and is given by the peak width delta-M however there are 

many definitions for resolution. In RGA work, it is necessary 

to resolve adjacent peaks separated by one mass unit so that 
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the minimum absolute resolution needed is unity. 

The RGA is not capable of differentiating small mass 

differences, for example between CO ions (M=27.9949 AMU) and 

N2 ions (M=28.0061 AMU). To resolve these peaks, an 

analytical mass spectrometer would be required. Therefore 

when one observes a peak at mass 28 on an RGA, one would also 

need to look at the 14 and 16 peaks to conclude the presence 

or absence of nitrogen. See the section on interpretation of 

mass spectra. 

II.5. DETECTION 

An ion current detector is located at the exit of 

the mass filter stage to catch the ions that have been 

transmitted through the quadrupoles. This detector must be 

sensitive to small ion fluxes. The ion current at mass n is 

related to the pressure in the linear region by 

i„ = S'nPn 

where in, S'n, and P„ are, respectively, the ion current, 

sensitivity of the ionizer and filter, and partial pressure of 

the nth gas. 

If one assumes an average sensitivity of 10"5 A/Pa and a 

dynamic pressure range of 10'1 to 10'12 Pa (103 to 10'14 Torr) , the 
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ion current at the entrance of the detector can then range 

from 10"6 to 10"17 Amps. For the upper half of this range a 

simple Faraday cup followed by a stable, low noise, high FET 

amplifier will be suitable for detection, but below 10"12 Amps, 

an electron multiplier is needed to amplify the signal. The 

detector shown in Fig. 14 illustrates a typical Faraday Cup-

Electron multiplier combination. When the Faraday cup is in 

operation, the first dynode is grounded to avoid interference. 

When the electron multiplier is used, the Faraday cup is 

grounded or connected to a small negative potential to improve 

the focus of the ions as they make the 90° bend toward the 

first dynode. In quadrupole analyzers the first dynode is 

generally located off-axis to avoid x-ray and photon 

bombardment which can contribute false signals [18]. 

The electron multiplier is a device composed of a 

material which generates secondary electrons from incident 

electrons. These secondary electrons generate more electrons 

causing a cascading effect. There are two common 

configurations of electron multipliers: 1) a dynode 

configuration consisting of n dynodes in which the material is 

typically Cu/2-4% Be alloy with a beryllium oxide surface; 2) 

a channel electron configuration that resembles a tube shaped 

like a banana in which the material is Pb0-Bi203. The banana 

shape prevents ions generated near the end from travelling 



118 

very far in the opposite direction. The channel electron 

multipliers have the disadvantage of saturating at lower 

currents than the Be-Cu dynodes and cannot be operated with a 

linear output at higher pressures unless the emission current 

or operating voltages are reduced. Both units can accept air 

exposure. 

II.6. CONTAMINATION ISSUES 

RGAs are constructed of UHV compatible materials, 

304 or 316 stainless steels, high quality ceramics for 

feedthroughs and supports. The issue of contamination enters, 

as it did with the ion gauge, with the use of an electron 

emitting filament used for the production of ions. In the 

process of emitting electrons, the filaments can contribute CO 

and C02 to the system thereby masking levels of these 

components present in the background. Filaments composed of 

rhenium or thoriated iridium are available to circumvent these 

problems. Craig and Harden report the use of rhenium rather 

than tungsten as filament material reducing to a very small 

amount the formation of CO by chemical reaction at the 

filament [3]. Appendix I discusses this subject in the Choice 

of Filaments section. 
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II.7. INTERPRETATION OF MASS SPECTRA 

The information obtained from the mass spectra can 

be simple or quite complex but it is always useful in 

elucidating the state of the system. It can tell whether 

processes are in or out of balance or if a pump or gauge is 

malfunctioning. On a system to which the RGA is attached, the 

information obtained can inform the equipment user of the 

presence of an air leak. Solid evidence of a leak would be 

confirmed by both nitrogen and oxygen with peaks at m/e = 28 

and 32, respectively, in approximately a 4:1 ratio (the ratio 

that is naturally abundant in air) . This is an example of 

information that is relatively easy to discern. 

Similar mass components, natural abundancies, and/or 

doubly ionized species can make spectra interpretation quite 

difficult. For example the main peak of water vapor occurs at 

mass 18 with an isotope at m/e = 19 and a dissociation 

fragment at m/e = 17. Also included in the spectra for water 

would be the individual components of the water molecule, 

namely hydrogen at mass 1 and oxygen at mass 16. Each of 

these peaks have relative intensities tabulated in the 

literature. A strong characteristic of water as evidenced by 

an RGA is the 16, 17, and 18 peaks displayed on a log scale. 

A straight line can be formed through the tips of the three 

peaks. Water in the presence of argon gas would cause the 18 

peak to have contributions due to both 18-water and from the 
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doubly ionized mass 36 isotope of argon. Quantitative 

interpretation of the actual water content in this case is 

difficult. 

For a thorough discussion of interpretation of mass 

spectra, consult the references given [3, 14, 18], 
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CHARACTERIZATION OF A UHV SPUTTERING SYSTEM 

APPENDIX III 

IMPURITY CALCULATIONS. 

1) Start with the ion current reading of the impurity 

at base pressure, example, 2X10"09 A at m/e=28. Note: All 

currents have been corrected previously for nitrogen 

equivalent. 

2) Use the sensitivity for argon mass 40. Multiply this 

value by the current to get partial pressure. Note: All 

pressures have been corrected for nitrogen equivalent for 

argon mass 40. 

Ex. Mass 40, Sensitivity= lxlO'mA/T 

2X10"09 A -s- lxlO"01 A/T = 2x10"08 Torr 

3) Divide this partial pressure by the sputter pressure 

to get amount of impurity in ppm or ppb of the sputter gas. 

Sputter pressure has typically been 8 mT. 

Ex. 2X10"08 Torr -5- 8X10"03 Torr = 2.5X10-06 = 2.5 ppm 
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