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Introduction
One might think that the ideal surface for vacuum coating by physical 
vapor deposition (PVD) would be an atomically clean surface. Such a 
surface has been obtained in ultra-high vacuum by multiple stages of 
sputter cleaning and annealing [1] but is not really practical because 
the surface is easily recontaminated in most PVD handling/storage/
processing environments. Another approach to having an atomically 
clean surface/interface is to have a process that deposits the coating 
on the surface before it can be recontaminated – this is the approach 
of the PVD process of “ion plating” process where the surface has 
the initial coating layer being deposited while the surface is being 
sputter cleaned [2,3]. In electroplating the surface is prevented from 
being recontaminated by keeping it wet between an aqueous cleaning/
stripping process and the aqueous electroplating “bath” (a cardinal rule 

in electroplating is to never let the surface dry after cleaning).   
A realistic or pragmatic definition of a clean surface is “A clean 

surface is one that contains no significant amount of undesirable 
contaminant material” [4]. Thus the degree of cleaning necessary is 
determined by the subsequent performance of the coated surface. In 
many PVD processes the cleaning process takes place both outside 
(external cleaning) and inside (in situ cleaning) the deposition chamber. 
Outside is where most of the “gross” cleaning takes place while the in 

situ cleaning removes the last vestiges of undesirable contamination. 
The prior history of the surface may be important in designing 

and implementing a cleaning process. It is also important to know 
that the supplier has not changed their processing if problems are 
encountered in a previously good cleaning process. Some cleaning 
processes may leave a residue that is difficult to remove. For example 
if the contaminant to be removed is a silicone oil an oxidative cleaning 
process will convert the silicone to silica which may not be removed by 
subsequent cleaning steps.

Cleaning processes may be negated to some extent by the processing 
environment and subsequent storage. For external processing it has 
been shown that a cleaned surface start to be recontaminated by 
vapors as soon as it is exposed to an ambient containing vapors  [5,6]. 
Cuthrell observed vapor recontamination using the adhesion between 
cleaned gold surfaces brought into contact. He studied the different 
recontamination rates in a cleanroom and other environments.  Earlier 
Krieger [7] had used the adhesion of clean indium to oxide surfaces 
(“indium adhesion tester”) to quantify cleaning procedures. Bateson 
was apparently the first to quantify that glow discharge cleaned surfaces 
recontaminated in a vacuum system as a function of time using surface 
contact angle measurements [8].

In some cases in-line cleaning and deposition operations can 
be used. An example is mirror coating where washing and drying 
chambers are in-line with the vacuum processing chambers – this 
avoids the need for storage. Another example is injection molding/
vacuum deposition where the molded part is ejected directly into the 
vacuum  deposition line.

Dust particles are a major source of pinholes in vacuum coatings. 
A major contribution to vacuum coating (as well as many other fields) 
was the introduction of the “Ultra Cleanroom” by Willis Whitfield [9]. 
The filtered air of the cleanroom removes the dust particles but doesn’t 
remove vapor contaminants, which may be removed by the addition 

of an activated charcoal filter element. Prior to the clean room the 
approach was to use a “white room” to reduce dust and minimize vapor 
contaminates [10].

Cleaning may also be negated by improper storage between the 
cleaning process and use. Cleaned surface may be passively stored in 
clean containers, some times with a desiccant or under a fluid [11]. An 
attempt to use actively cleaned storage volumes was made by White 
who used freshly cleaned (high temperature air fire) alumina surfaces to 
selectively “getter” vapors in the storage volume [12]. A later approach 
to active storage was the use of ultraviolet light in the storage volume to 
generate ozone in the storage volume for the oxidation of hydrocarbon 
vapors [13].

In some cases a cleaned surface may be deliberately “contaminated” 
with a material that can be easily removed by in situ cleaning [14]. An 
example is the  “flash rust inhibitor” on alkaline/acid cleaned tool steel. 
Another example is J. Strong’s plasma cleaning of the Palomar telescope 
mirror (1947) - “When preparing to aluminize the Palomar mirror, 
John Strong notified the mirror polishers that he would be using a 
new cleaning technique using “a special fatty acid compound with 
precipitated chalk.” When he arrived the “special fatty acid compound” 
was Wild Root Cream Oil hair tonic. He stated, “In order to get glass 
clean you first have to get it properly dirty.” [From The Perfect Machine: 
The Building of the Palomar Telescope, Ronald Florence, pp 382-386, 
HarperCollins (1994)]. This cleaning process was an extension of the 
cleaning process developed by Colbert [14] and extensively used during 
WWII. Another example is the use of “strippable” coatings that leave 
a minimal amount of residue that can then be removed by in situ

cleaning. 
The most desirable surface for vacuum coating may not be a 

clean surface rather it may be an “altered” surface that has different 
properties/chemistry than what it would be if it were just cleaned. 
Examples of altering a surface are: reaction (e.g. oxidation), diffusion 
into the surface (e.g. plasma nitriding) [15], diffusion out of the 
material (surface enrichment), selective “leaching” of a component(s) 
from a surface (e.g. decarburization of a carbide by hydrogen ion 
bombardment), “subplantation” of an energetic species into the surface, 
and deposition of a nucleating or intermediate adhesion (“glue”) layer 
on to the surface. A combination of processes, such as plasma nitriding 
followed by a vacuum coating, is called “duplex processing.” 

History
Flame cleaning 

Though it was not an in situ cleaning process it is interesting to note 
that “flame cleaning” was studied by Lord Raleigh in 1911 using a “blow 
pipe” (high temperature) flame to clean a surface. Lord Raleigh then 
use a “breath figure” to evaluate the cleaning [16]. This technique is 
now called the “black breath test” [17] or the “atomizer test” [18] for 
evaluation of a cleaning process.
Electron bombardment cleaning

High-energy electron bombardment has been used to clean surfaces 
in a hydrocarbon-free environment [19]. If hydrocarbon vapors/
condensates are present the electron bombardment may cause them to 
polymerize thus making them more difficult to remove.
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Vacuum arc cleaning

Vacuum arc cleaning can be used in vacuum to remove contaminants 
such as oxides from metals [20,21]. The arcing action of the moving 
cathodic spot roughens the surface. It is commonly used in Low 
Pressure Plasma Spraying (LPPS) and is called “transferred arc” 
cleaning. The transferred arc is used to heat as well as clean the 
substrate.  
Glow Discharge Cleaning (plasma cleaning, “ion scrubbing”)

Glow discharge cleaning occurs when a surface is in contact with a 
plasma, A “plasma sheath” is formed between the plasma and the 
surface due to the difference in mobility of the electrons and ions in 
the plasma. The potential across the sheath is several volts and positive 
ions from the plasma are accelerated across the sheath to imping on the 
surface where they give up their ionization energy and some of their 
kinetic energy. 

If the plasma is that of an inert gas the local thermal energy 
imparted to the surface can desorbed gases and vapors from the surface. 
If the plasma contains a reactive gas such as oxygen or hydrogen the low 
energy bombardment can result in the chemical formation of a gaseous 
species (e.g. C + O→CO2; C + H→CH4) that is desorbed from the 
surface (sometimes called “chemical sputtering”) [22].

In a plasma containing a very reactive species such as chlorine 
or fluorine which attacks the substrate material the result can be 
an aggressive “reactive plasma cleaning” to the point of being called 
“plasma etching” [23-25]. However, as far as in situ cleaning is 
concerned one must be careful of residues from the etching process. For 
example, if using CCl4 for etching there may be a carbon residue left on 
the surface and HCl may be a more suitable vapor for in situ “reactive 
plasma cleaning” [26]. 

Reactive etching is a variation of low-temperature “plasma ashing” 
used in chemical analysis [27-30]. In plasma ashing oxygen in the 
plasma reacts with carbonaceous materials forming volatile species at a 
low temperature. The residue then contains materials such as mercury 
which would have been volatilized had a high temperature ashing 
process been used. 

John Strong seems to have been the first to report glow discharge 
cleaning of glass for PVD (using air in the discharge) in the technical 
literature in 1935 [31] though the German company Zeiss claims to 
have used the technique in 1934 [32] when G. Bauer made his studies 
on optical interference coatings [33]. 

It is interesting to note that one of the early vacuum technique 
“tricks” used to deposit optical coatings was to have the operator start a 
glow discharge (in air) during the vacuum pumpdown and then wait a 
specific time after the glow went out to “fire” their coating charge. They 
were doing glow discharge cleaning whether they realized it or not!

For uniform cleaning the glow discharge electrode design is 
important [34]. An early SVC paper (1958) from John H. Smith 
(Consolidated Electrodynamics Corp. - CEC) addressed this problem 
[35].
Plasma cleaning – hydrogen (reducing agent)

In cases where oxidation cannot be tolerated hydrogen can be used to 
convert hydrocarbon contaminates into volatile compounds [36,37]. A 
hydrogen discharge is used to clean the vacuum surfaces of TOKAMAK 
fusion devices [38,39]. The cleaning is monitored using the mass 
spectrometric measurement of hydrocarbon vapors pumped from the 
chamber. Fred Dylla tells the story that in one cleaning procedure it 
was taking an inordinate time for the chamber to clean up – after the 
experiment they found the residues from a polymer glove in the bottom 
of the chamber!

Hydrogen plasmas have been used to reduce the oxides and sulfides 

of silver and copper back to their atomic metallic state [40,41]. Can this 
be an in situ cleaning technique for PVD? – I don’t think so because 
it leaves a porous, friable surface layer that would be unsuitable for 
adherent film deposition. 

Hydrogen ion bombardment (50 – 1800 eV) has been shown to 
decarburize the first few monolayers of a carbide material [42].
Sputter Cleaning

Sputtering (physical sputtering) is the ejection of a surface atom 
by momentum transfer from a high-energy bombarding atom/ion. 
The bombarding atom/ion may be from an inert gas, a reactive gas, 
a high energy reflected neutral in sputtering or from an ion of the 
sputtered material (“self ion”). The ion source may either be a plasma 
or a separate ion source. As was mentioned in the Introduction an 
atomically clean metal surface can be prepared in ultra-high vacuum 
by repeatedly sputtering and annealing the metal surface [1,43,44]. 
Sputtering has long been considered as a surface cleaning process [45].   

Ideally the sputtering process would remove the surface one 
monolayer at a time. Any surface contamination would be the first 
to go thus giving a clean surface. Unfortunately this is often not what 
happens. When a low atomic number contaminant such as carbon is 
on a heavy metal substrate such as tungsten sputtering causes the last 
vestige of carbon to move around on the surface and not be sputtered. 
These mobile species may cluster into islands on the surface and the 
islands sputter at a lower rate compared to the substrate material. This 
results in the formation of cones on the metal surface [46]. Cones 
may be deliberately formed on surfaces being sputtered by continually 
adding contaminants to the surface during sputtering – this makes an 
optically trapping, very black surface [47].

Backscattering and deposition can be a problem in sputter cleaning, 
particularly at pressures where the mean free path of the sputtered 
atoms is short. Preferably sputter cleaning should be done at pressures 
where the sputtered contaminant deposits on surfaces rather than 
being backscattered to the substrate. Sputtered reactive species, such as 
oxygen, may become ionized in the plasma and be accelerated back to 
the surface being cleaned.

Probably one of the biggest problems is sputter cleaning irregular 
surfaces such as tool bits. The degree of cleaning may vary with 
geometry and plasma uniformity. In these cases some form of “energetic 
deposition” [48] such as ion plating, biased filtered arc deposition or 
biased HIPIMS, may alleviate the problem.

A problem that may be encountered in sputter cleaning with inert 
gas ions in that if too high an energy is used the inert/insoluble atoms 
may be “subplanted” (shallow subsurface implantation) into the 
surface [49-51]. Then when a film is deposited, over time the insoluble 
gas species may accumulate at the interface and cause deadhesion. 
Generally sputter cleaning should be done with ions having only a 
few hundred eV energies to avoid subplantation. Subplantation may 
also be minimized by having the substrate at an elevated temperature. 
Desorption of subplanted radioactive krypton as a function of 
temperature has been used as a temperature history indicator [52-54].

Surface removal of surface layers such as oxides by DC sputtering 
may be inferred from the cathode current density as a function of time 
at constant voltage [55].

Removal of large amounts of material by sputtering gives an etching 
process that is used in metallurgical preparation to delineate grain 
in materials for optical microscopy [56] or to produce thin foils for 
transmission electron microscopy [57]. Extensive sputter etching using 
inert ions (“dry etching”) may be used to replace wet chemical etching 
in delineating patterns in microelectronics [58,59]. 

Sputter cleaning is a common in situ surface preparation both for 

continues on page 52
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conductors where a DC bias can be used to accelerate the ions [60] and 
non-conductors where an RF, pulsed DC, bipolar or aself bias may be 
used. 
UV/O3 cleaning of vacuum surfaces
Bolton and Kunz first reported the use of ultraviolet radiation in air to 
remove photoresist from a substrate [61,62]. Mattox reported the use of 
UV/Ozone for substrate cleaning for PVD [63]. UV/O3 has been used 
to create an actively-cleaned storage environment [13]. Vig reported the 
use of  UV/Ozone to clean vacuum chambers for frequency controlled 
crystal oscillators where contaminant migrations may be a problem 
[64-66].

In UV/O3 cleaning the radiation creates ozone but also can also 
cause bond scission of the organic molecules.

Conclusion
The history of in situ cleaning for production started with optical 
coatings in the mid-1930s but is now an integral part of many if not 
most PVD processes.  
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