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The last 50 years have seen a dramatic change in low-pressure tech-
nology. 50 years ago, the emphasis was on reducing the gas pres-
sure to the lowest level (vacuum) consistent with the processes 

involved, such as resistive thermal evaporation of decorative or optical 
coatings (“thin films”). The main concerns were contaminant gases and 
vapors that affected film adhesion and film properties. Today, there is 
great emphasis on utilizing continuous flows of inert gases, reactive 
processing gases, and chemical vapor precursors and obtaining uniform 
gaseous and plasma environments for reactive, dissociative, and hybrid 
deposition processes. 

Vacuum Pumps for Coating Applications
In 1957, the choice of vacuum pumps was limited. There were several 
types of mechanical pumps, but THE high vacuum pump was the cold-
trapped metal oil diffusion pump (DP) (1937). In a few cases where a 
very high and clean vacuum was required, well-trapped mercury diffu-
sion pumps were used. 

With the advent of semiconductor processing, space science, surface 
science, and high-energy physics projects, cleaner types of pumps 
were needed. This led to the development of capture pumps such as 
ion pumps, cryopumps, and getter pumps, as well as the mechanical 
turbomolecular (turbo) pump. Cryosorption panels were developed 
to selectively remove water vapor. For best results, these adsorption 
surfaces needed to be placed in the vacuum chamber where there is a 
high conductance for the vapor to reach the cold surface from the pro-
cessing volume but are shielded from heat sources. Polycold Systems 
was an important company in marketing these refrigerated cold traps. 
Polycold was founded in 1974 by Dale Missimer.

For vacuum coating applications, the turbo pump began to be used 
in the early 1960s and the cryopump in the early 1980s, but the DP 
was, and still is, the workhorse of the vacuum coating industry. This 
is because of the robustness and simplicity of the pump as well as its 
ability to pump water vapor and particulates. Mars Hablanian at NRC 
(later Varian) significantly improved the DP in the1960s [1]. 

Mechanical pumps also saw changes. Higher volume processing 
systems and high gas and vapor release rates during pumpdown 
and during processing led to the need of booster pumps and larger 
roughing pumps. The requirement for cleaner processing environments 
led to the development of various types of “dry” mechanical pumps. 
The pumping of chemically reactive processing gases and vapors as well 
as chemically reactive byproducts required the development of special 
materials and construction for vacuum pumping. An example is the 
diaphragm pump used to back a turbopump to generate a very oil-free 
pumping system. Other types of dry pumps currently in use are multi-
stage Roots blowers, claw pumps, scroll pumps, and screw pumps.

Development of Vacuum Coating Systems
Before the development of good metal vacuum systems and elastomer 
sealing gaskets, many scientific vacuum studies used sealed glass sys-
tems. Almost all large universities had a staff of scientific glassblowers 
to make and repair vacuum systems and other scientific glassware. In 
many cases graduate students had to learn simple glass blowing tech-
niques in order to do their experiments.

In graduate school (1958) one of the author’s projects was to make 

single crystals of compound materials. For example, to make metal 
sulfides he would flame-seal one end of a quartz tube, place the required 
materials in the tube, evacuate the tube, carefully flame-seal the other 
end of the short tube, and then melt the materials in a rotating tube 
furnace. If the temperature got too high (vapor pressure of the sulfur got 
too high) or the seal was poorly made, there would be a big explosion 
and a burst of sulfur flame into the chemical hood! If successful, the 
tube, with its reacted material, was lowered slowly through a zone melter 
to get the desired single crystal material.

Since the early 1900s most industrial vacuum coating processes were 
performed in “bell jar” chambers, both glass and metal, which were 
lifted vertically (Figure 1). Prior to the development of elastomer seals 
(late 1930s), the bell jars were sealed to a “base plate” with melted wax. 
The metals used were mainly mild steel for chambers and brass for 
valves. The steel was generally porous, so systems were painted to reduce 
leaking. Improvements in welding in the 1950s led to the increased use 
of stainless steel. 

Figure 1. John Strong with a steel bell jar metallizing the Lick Observatory 36” 
mirror (Dec.1933) [2]. 

The web or roll coater was one the first vacuum chambers to be 
used in commercial vacuum coating. The web coater unwinds a roll of 
material (coated paper, polymer, cloth, etc.) in the vacuum, coats the 
material, and rewinds it under vacuum. The first major commercial 
use was in the early 1930s to make gold and silver foil. R. Bosch of the 
Bosch Company then used the web coater to make silver-nucleated, 
zinc-coated paper for paper capacitors (Figure 2).

Vacuum chambers are designed to hold both vapor sources and 
substrate fixtures. Access to the source and fixture is an important con-
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sideration. The “box coater” is made from flat welded steel plates and a 
side door. The door is opened to allow access to the substrate and source 
fixturing in the chamber (Figure 3). Larger box coaters used “gussets” 
to stiffen the plates to keep them from bowing under atmospheric pres-
sure. The box design was used by NRC as early as 1948 [4]. The metal 
box coater configuration supplanted the bell jar configuration in many 
designs. For instance, the metal box coater has the advantage that large 
planar magnetron sputtering sources can be built in the doors. By having 
doors at each end and a stationary middle section where the pumps are 
attached, the system can become a “clam shell” arrangement. One useful 
configuration is for the front door to open into a clean room and the r
ear door to open into a service area. The chamber can be cleaned 
through the rear door without contaminating the clean room area.

Sometime before 1954 the “roll-out” vacuum metallizer was 
developed. This metallizer was a horizontal cylinder with domed end 
plates. The end plate(s) could be made into a convex door with hinges 
that allowed movement along the axis of the chamber. In another 
model, the vapor sources were stationary, and a multiple substrate-
rotating fixture moved out of the chamber on tracks for loading and 
unloading. In 1957 several companies sold rollout coaters (F. J. Stokes 
Corporation, National Research Corporation [NRC], and Consolidated 
Electrodynamics [later CVC]) as shown in the 1957 Proceedings of the 
Society of Vacuum Coaters (SVC) [6]). Large panes of architectural 
glass coated by vacuum deposition were also made in large rollout 
coaters [7].

In 1960 Hereaus introduced the two-zone web coater [8]. In this 
design the roll of web material is unrolled in one vacuum zone where 
the gas load is high, while vaporization and deposition take place in 
another vacuum zone where the gas load is low. The film is re-rolled 
in the first zone. There are narrow slits (low gas conductance) between 
the zones where the web material passes from one zone to the next 
zone. The first commercial indium-tin-oxide (ITO) coater was made by 
Sierracin Corporation in 1974. ITO on a flexible transparent substrate is 
the basis of the “touch screens” so widely used in restaurants, etc. 

One of the first devices that used vacuum evacuation of a large 
number of items was the electron tube industry. Their equipment used 
sliding seals to pump the tube down and flashing getters to obtain a 
high vacuum. The 7-inch sealed beam headlight was introduced to the 
automobile industry in 1940 [9]. Their production used the same type 
of system as did the electron tube, and the aluminum was evaporated 
from the tungsten filament in the headlight [10].

Very large systems were built to electron-beam coat strip steel using 
straight-focus e-beam sources such as had been developed for vacuum 

continued on page 42

Figure 2. Bosch Co. web coater located at Western Electric in 1946 [3].
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melting. In 1959, Temescal made an air-to-air 
system for coating strip steel with aluminum. 
Air-to-air strip coating of steel strip with 
aluminum was explored by steel companies in 
the United States in the 1960s. The attempts 
failed because of the poor quality of strip steel 
giving pinholes and the poor vacuum during 
sputter cleaning giving poor adhesion. The 
work resulted in many research papers on the 
interface between aluminum and steel. This 
effort was a good example of success in the 
laboratory but failure in scale-up to produc-
tion. The effort was carried forward with suc-
cess in Germany. 

The development of integrated circuit (IC) 
technology in the early 1960s required high 
volumes of coated substrates. “Batch coaters” 
could not do the job. In-line systems were 
developed consisting of a series of chambers 
separated by valves and vacuum “buffer” 
chambers that allowed both sputter-deposited 
tantalum and reactively sputter-deposited 
tantalum nitride to be deposited in the same 
in-line system. In-line systems were made 
with both load-lock entry and as an air-to-air 
system (Figure 4). 

Figure 4 is from a patent on an in-line 
coater for integrated circuits to deposit tan-
talum as a conductor material and TaN as a 
resistor material [11] Tantalum is anodized to 
form a dielectric layer.

In the mid 1970s Hugh Smith at Temescal 
built a very large (150 kW) electron beam 
evaporator that vaporized material horizon-
tally [12]. A rotating crucible kept the molten 
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material in the crucible while it was on its 
side. Using this source, near-vertical plates of 
architectural glass were coated in a very large 
in-line system by LOF. Later, downward mag-
netron sputter deposition on horizontal glass 
plates replaced the e-beam in-line coater [13]. 

Hybrid processing systems involve two 
different manufacturing processes linked 

together in one system. In 1981 the process 
of plasma deposition of a polysilicon topcoat 
on aluminum reflector surfaces in the same 
system that the aluminum was deposited, 
was developed [14]. Washing modules placed 
before an in-line glass coating system is one 
such system (see Figure A-2 in the Appendix 
to this Chapter). Another application of this 
hybrid technology is in compact disc (CD) 
manufacturing. The CDs are pressed and 
sputter coated with aluminum one-at-a-time 
- with a cycle time of less than 3 seconds. 
This technology replaced having a separate 
molding machine and large batch coaters.

The random access, “pick-and-place” 
multi-chamber vacuum processing “cluster 
tool” was commercially introduced to the 
semiconductor industry in 1987 by Applied 
Materials. It is based on a central vacuum 
chamber and satellite processing chambers. 
Random movement between chambers is 
by “pick-and-place” robotic arms. Leybold 
developed what they called a “cluster system” 
design for coating batches of headlight reflec-
tors (and other objects). The cycle time is 30 
seconds. The design is more like a circular 
in-line system.

Vaporization and Bombardment
In 1957, the principal source of vaporized 
material was from resistive thermal evapora-
tion, usually from stranded tungsten wire 
filaments in the form of long or short coils. 
Aluminum was the most common material 
to evaporate, and it was made in the form of 
bent clips with a specified weight. 

Michael Hansen, who sold Sylvania tung-
sten wire coils, called these metallizers “clip 
and coil” metallizers.

Bent-beam, high-voltage electron beam 
evaporators became available in the mid1960s. 
The material to be evaporated could be in a 
crucible, sometimes fed by a wire-feeder or a 
rod being fed into the molten region where 
the electron beam continually vaporized the 
material. Lines of these evaporators could be 
used in web coaters.

Ion plating (IP) or ion-assisted deposi-
tion (IAD) was developed in the mid 1960s 
using ions extracted from a plasma to sputter 
clean the substrate and densify the depositing 
material by concurrent bombardment during 
deposition (“atomic peening”). IAD was easily 
accomplished with resistive thermal evapora-
tion in a plasma discharge (plasma-based ion 
plating, Figure 5). 

The introduction of a “barrel plating” 
fixture for coating metal fasteners with 
aluminum in the late 1960s introduced ion 
plating to the aerospace industry under the 

Figure 3. Box coater containing a moveable post cathode magnetron sputtering target [5].

Figure 4. In-line coater for making integrated 
circuits [11].

| | | | | |Previous Page Contents Zoom in Zoom out Front Cover Search Issue Next PageB
A

M SaGEF

| | | | | |Previous Page Contents Zoom in Zoom out Front Cover Search Issue Next PageB
A

M SaGEF

http://www.svc.org
http://www.qmags.com
http://www.svc.org
http://www.qmags.com


2011 Spring Bulletin  43  

tion compared to the planar magnetron.
The development of Kaufman-type ion 

sources allowed ion bombardment and 
thermal evaporation to take place in a good 
vacuum, and the process was called “ion 
beam-assisted deposition (IBAD). This 
technology allowed e-beam evaporation to 
easily be used with bombardment from an 
ion source because the substrate could be 
at ground potential. The ion bombardment 
from an ion source had the same effect on 
film formation as did bombardment from 
a plasma and can be called vacuum-based 
ion plating. Thus, various forms of ion and 
plasma guns became vacuum components for 
vacuum coating. Later, linear ion sources were 
developed for large area and in-line coating 
systems. Ion guns could be mounted in the 
chamber walls 

name “ion vapor deposition” (IVD), and that 
name has remained in the aerospace and mili-
tary industry. Large systems have been built 
to IVD aerospace parts. 

Using a bent-beam, high-voltage electron 
beam evaporation source for plasma-based 
ion plating, however, presented a problem; the 
ion bombardment of the electron-emitting 
filament rapidly caused failure. In the early 
1970s, a two-chamber ion plating system was 
developed that allowed plasma to be main-
tained in the deposition chamber while the 
filament chamber was under good vacuum. 
This was achieved by using an electron beam 
to melt a small hole, with low conductance, 
in a tantalum foil window between the two 
chambers as shown in Figure 6. By pumping 
on the filament chamber and introducing gas 
into the substrate chamber, several decades 
of pressure difference could be maintained 
between the two chambers. 

The development of the planar mag-
netron-sputtering source, particularly the 
linked-field unbalanced magnetron configu-
ration, resulted in the incorporation of the 
magnetron(s) in the chamber wall(s). In some 
cases the magnetron sputtering targets are 
a significant portion of the chamber walls 
(Figure 7). The planar magnetron source was 
incorporated into a web coater in 1977, and 
the first commercial wide-web coater began 
commercial fabrication in 1980. Later the 
rotatable magnetron cathode design replaced 
the planar magnetron design in many applica-
tions because it yielded better material utiliza-

Figure 6. Plasma-based ion plating with a bent-beam e-beam evaporation source using separately 
pumped chambers.

continued on page 44

Gas and Vapor Control
The use of plasmas in various types of sput-
tering and in evaporative ion plating required 
the pressure in the processing chamber to be 
above about 0.1 millitorr. Thus, vacuum tech-
nology processing involved not only pumping 
down a chamber to a good base pressure (e.g. 
10-6 Torr) to remove contaminant gases, but 
also the introduction of gases and/or vapors 
and the control of them to a specific pressure. 
This generally means reduction of the high-
vacuum pumping conductance to reduce the 
gas load on the pumps. In the 1960s, this was 
performed by manually “throttling” the high-
vacuum (gate) valve. Later, automatic variable 
conductance valves were developed. Mass flow 
controllers were developed to control the pro-
cessing gas flow. 

Plasma cleaning has been used to clean 
glass surfaces since at least 1933. Optical 
coaters have included a “glow bar” for gener-
ating a plasma for many years. The activation 
of reactive gases includes dissociation, excita-
tion, and ionization. Plasmas are also used to 
clean and “activate” the surface of polymers 
prior to coating. This is especially true in web 
coating where the plasma source is near the 
unwinding roll. 

The introduction of the use of activated 
reactive gases (first for reactive evaporation 
and then reactive sputtering and arc vaporiza-
tion) required partial pressure control and 
mass flow control of both reactive gases/vapors 
and inert gases. The sensor for the mass flow 
control (MFC) is typically from a differentially 

Figure 5. Plasma-based ion plating with a glass 
bell jar and a thermal evaporation source (circa 
1963).

Figure 7. Box coater with four planar sputtering 
magnetrons mounted in the doors for tool coat-
ing. (Photo courtesy of Hauzer Techno Coating b.v.)
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pumped mass spectrometer or an optical emission spectrometer (OES). 
In reactive deposition, one or more of the process gases/vapors is 

consumed, and this makes gas/vapor distribution an important factor 
for product uniformity in the process chamber. Thus, the manifold 
used for introducing gases/vapors is an important design factor. Fixture 
design and movement is also important for obtaining a uniform product 
by mitigating plasma uniformity problems. Pumping port and pumping 
speed design is important to allow a uniform gas density over the depo-
sition area. In some cases this means having multiple station pumping 
built into the chamber or using baffles to define the position of the 
pumping port(s). 

Another control problem when pumping gases in the millitorr 
range is having a uniform gas/vapor density where a uniform plasma is 
desired. For example, near the high-vacuum pump inlet, the gas/vapor 
density may be significantly different than in other parts of the system. 
This means designing the pumping system so that the high-vacuum 
pumping inlet(s) are well away from the processing region. This can be 
achieved with baffles in the deposition chamber. 

Vacuum Gauging and Conductance
Vacuum gauging requirements are also different when processing in the 
millitorr pressure range. Gas density is an important factor in sputter 
deposition because it changes the sputtering and deposition conditions. 
Below about 5 millitorr, bombardment of the depositing material by 
high-energy reflected neutrals from the sputtering target may influence 
the properties of the deposited material. In vacuum processing, the typi-
cal vacuum gauging is: 1) a thermocouple gauge, 2) a Pirani gauge, and 
3) an ionization gauge. When processing at about 1 millitorr pressure in 
a plasma, another gauge must be added for process reproducibility. This 
is typically a diaphragm gauge or spinning rotor gauge designed for the 
low millitorr range. 

The use of reactive gases and vapors also raises the question of 
chemical compatibility with vacuum materials. For example, a plasma 
containing chlorine will rapidly corrode stainless steel. Therefore, mate-
rials like tantalum, anodized aluminum, and some fluropolymers that 
are very resistant to chemical attack are used in some cases. 

Disposal of the unused reactive process gases/vapors as well as reac-
tive byproducts of the processing can also pose a problem. Vacuum 
system exhausts may have to be equipped with “scrubbers” to capture or 
neutralize the chemical species. 

Some deposition processes use two or more reaction processes at the 
same time. For example, depositing a metal carbonitride involves sput-
tering the metal (mainly from argon bombardment) into a partial pres-
sure of nitrogen, acetelyene, and argon. The depositing metal reacts with 
the gaseous nitrogen (reactive sputter deposition) and with carbon from 
a carbon-based chemical precursor (plasma-enhanced chemical vapor 
deposition [PECVD] reaction).

Another aspect of modern vacuum technology is the conductance 
of vapors that have a residence time when they collide with a surface as 
compared with a gas that only has a collision contact time. This means 
that the “transit conductance” time for a single molecule of vapor from 
one place to another is much higher than that for a gas. This concept 
of “transit conductance” is quite different from that of conductance 
(“equilibrium conductance”) normally discussed in vacuum technology. 
In the conductance of gases or the equilibrium conductance of vapors, 
the residence time of a gas or vapor molecule on a surface is not a factor 
in the mass flow. 

An interesting byproduct of using some plasmas is ultrafine particles 
(nanoparticles). The atoms for these particles can come either from the 
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vaporization source (sputtering, thermal evaporation, arc vaporization) 
or from a chemical vapor precursor (carbon, boron, sulfur). These gas 
phase nucleated particles grow in the plasma and are suspended in the 
plasma by their electrical charge. When the particles enter a plasma-
free region such as the high-vacuum pump inlet, they are attracted to 
surfaces at ground potential and deposit as “soot.” This soot can deposit 
on the screen over a turbo pump or on the plates in a cryopump, thus 
changing their pumping characteristics with time. Commercial produc-
tion of ultrafine particles began in the 1970s [15]. Today nanoparticles 
and multi-layer interference “flakes” for paints are formed by depositing 
on moving webs. 

In 1957 vacuum systems were operated manually with manual 
vacuum valves, manual gas control valves, and visual monitoring. With 
the advent of microprocessors and computers today’s vacuum systems are 
computer controlled with programs controlling every phase of the pro-
cess from the start button to the cool down and vent cycle. This means 
that sensors are necessary that have the proper precision to maintain the 
desired level of process control. Interlocks are applied in the computer 
program to ensure proper sequencing of events.

Conclusion
Vacuum technology has changed tremendously in the past 50 years. 
Vacuum technology has gone, in many cases, from simply obtaining a 
good vacuum to maintaining the proper partial pressures of gases and 
vapors in the system and having a uniform plasma over large areas and 
large volumes in the system. Multi-chamber systems and processing in 
plasmas of reactive and inert gases/vapors has required the development 
of new vacuum processing systems and vacuum components. This paper 
has addressed some, but certainly not all, of the important changes and 
considerations. Much more information on industrial vacuum and subat-
mospheric process technology can be found in the SVC publications. 
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