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Introduction
A pragmatic definition of “good adhesion” (“practical adhesion”) 
between a thin film/coating and a substrate is that the interfacial 
region (or “nearby material”) does not fail (“deadhesion”) 
during processing, or service conditions over its lifetime, nor at 
unacceptably low stress levels under test conditions [1]. Good 
adhesion is promoted by: 1) strong chemical bonding across 
the interfacial region, 2) low mechanical stress at the interface, 
3) absence of easy failure/fracture modes, and 4) no long-term 
degradation modes. 

The failure mode depends on the properties of the interfacial 
region and “near-by” material and to the total of the stresses to 
which it is subjected. These stresses may be physical (intrinsic, 
extrinsic, and applied) as well as chemical, electrical, etc. 
Mechanical stresses may be tensile, shear or a combination. They 
may also be cyclic in nature leading to fatigue failure. 

Fracture initiation and propagation at the interface, in the 
interfacial region, and/or in the nearby material, is an important 
aspect of adhesion failure [2]. Early treatises on adhesion of films 
only considered chemical bonding and not fracture concepts [3]. 

The nature and properties of the interface between the film and 
the coating is important to adhesion. The general types of interfacial 
regions are: 1) an abrupt transition of composition and properties, 
2) A gradual transition of composition and properties (“graded”) 
over a few to many atomic layers, or 3) multiple interfaces from 
layering between substrate and coating. 

The properties of the deposited coating/layers may be important 
to adhesion. Important among these properties are: 1) extrinsic 
and intrinsic film stress since they add to the applied stress and 
affect fracture propagation, 2) film/coating structure, density and 
morphology since they affect the failure mechanism, and 3) coating 
defects such as pinholes and scratches since they may serve as 
initiation points for fracture or corrosion. The properties of the 
substrate may also be an important factor in the apparent adhesion. 
Changes in the substrate near the interface (“nearby” substrate 
material) may affect adhesion (e.g. loss of carbon from a carbide 
substrate during high temperature coating deposition [4]).  

Adhesion may change with time to either improve [5,6] or 
degrade the adhesion so an adhesion test program should reflect 
this aspect [7]. For example a chrome-gold metallization on glass 
(Cr as a “glue” layer) may improve with time at low temperature 
as the Cr reacts with the glass but may deteriorate with time at 
elevated temperature (>200°C) in air where the Cr diffuses to 
the gold surface and reacts with oxygen to form an oxide (i.e. the 
surface acts as a “sink” for the Cr) [8].

Substrate history, handling/storage, and pretreatment such as 
sputter cleaning may affect the long-term stability of the adhesion. 
For example: moisture from the bulk polymer may diffuse to the 
interface with an aluminum film causing interfacial corrosion and 
a loss of adhesion; high- energy, low-temperature sputter cleaning 
may “subplant” non-soluble gas species into the substrate surface 

which later precipitate in the interfacial region giving voids and easy 
fracture [9].

Interface Formation
The interface between a coating and the substrate is important to the 
adhesion and “deadhesion” of a film/coating. This is particularly so as 
“Surface Engineering” becomes more functional involving changes-in-
depth of the surface region. 

Mattox characterized the types of interface as: 1) Monolayer-
to-monolayer (abrupt), 2) mechanical interlocking (abrupt), 3) 
diffusion (alloying), 4) compound (diffusion with reaction), and 5) 
“pseudodiffusion” (mixed) [10,11].
1. Monolayer-to-monolayer interface
The monolayer-to-monolayer interface is characterized by an abrupt 
change from the film material to the substrate material in a distance 
comparable to the separation between atoms, with no diffusion 
between the film and substrate. For example: Gold on carbon films 
as used for early TEM (transmission electron microscope) studies of 
nucleation. 
2. Mechanical (abrupt with interlocking) interface
This type of interface is characterized by interpenetration of the 
depositing atoms into the pores, grain boundaries, and roughness 
of the substrate to produce a mechanical interlocking as well as the 
atom-to-atom bonding. 
3. Diffusion (alloying) interface
Diffusion is the net movement of molecules or atoms from a region 
of high concentration to a region of lower concentration. Some 
degree of solubility is necessary for diffusion. Diffusion may be by 
substitutional between lattice sites or interstitial between the lattice 
sites. In substitutional diffusion the diffusing species may leave 
Kirkendall voids in the interfacial region due to differing diffusion 
rates (Kirkendall Effect) [12,13].
4. Compound interface
Compounds are formed by the joining of two or more elements by 
chemical bonds. The strongest chemical bonds are the ionic bonds 
formed when one atom loses an electron to the other atoms thus 
producing a charge separation (e.g. oxides, nitrides). Metal-metal 
compounds take place to form intermetallic compounds (e.g. UAl2 
[14], AuAl2 {“purple plague”}[15], Au5Al2 {white plague}).

It has long been noted that the adhesion of oxygen-active metals 
to oxide surfaces was better if the deposition was started with 
a poor vacuum [5,16] i.e. the first depositing atoms “getter” the 
oxygen from the system. The extent of the compound interface can 
be self-limiting if the interfacial layer does not allow diffusion.
5. Pseudodiffusion interface
The pseudodiffusion type interface is characterized by a gradient 
of composition that is not due to normal concentration-driven 
diffusion. The pseudodiffusion type interface may be generated is 
a variety of ways including: 1) high energy ion implantation (>5 
keV) with gradually lowering of the incident ion energy [17], 2) low 
energy (<5 keV) ion implantation into the first few atomic layers of 
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the near surface region (“subplantation”) [18], 3) recoil implantation 
of surface atoms into the near surface region [18], 4) reaction with a 
gas or vapor to give a compound, composite or graded interface the 
composition of which may be controlled by the availability of the 
gas/vapor (O,N), or 5) co-deposition of two or more condensable 
species to give a reacted, mixed, composite or graded interfacial 
region the composition of which may be controlled by the relative 
flux of condensing species. 

The Type 5) interface does not require that there be solubility of 
the condensable materials [19]. Type 2) interface is found in arc 
vapor deposition [20] and HIPIMS [21-23] process technology 
where copious numbers of “self-ions” are generated in the 
vaporization process.

 
Multi-Layer Interfacial Region

Of course there may be more than one type of interface in the 
interfacial region. Hollar et al (1970) used a dual graded interfacial 
region to metallize an oxide surface by sputter deposition [24]. 
The construct was: oxide → Nb:O → Nb → Nb:Ag → Ag. The 
resulting coating could be brazed with a Cu:Ag eutectic braze 
material (780°C; 72%Ag: 28%Cu) to give a strong, vacuum tight 
seal. The same construct was used with Al:Ag to give a solderable 
metallization. The oxygen partial pressure during the deposition of 
the graded oxide layer was monitored by a differentially pumped 
mass spectrometer and manually controlled with needle valves from 
Ar and Ar+O2 tanks.

Nucleation of the Adatoms
Of course adatom condensation and nucleation on the surface 
is the first step in any type of interface formation. If there is no 
diffusion then the “nucleation density” is an important factor in the 
resulting adhesion. If there is diffusion then the nucleation density 
is less important because diffusion can be both into the surface and 
laterally along the interface [25]. 

As a general statement it may be said that the abrupt type 
interfaces are the least conducive to good “practical adhesion.” If 
the abrupt type of interface is to be present then a high nucleation 
density as well as strong chemical bonding is desirable for adhesion.

Classical nucleation theory started in 1925 with the work of 
Volmer and Weber [26]. In 1938 Stranski and Krastanow noted the 
growth of films by nucleation and coalescence of nuclei “islands” 
on a surface [27,28]. For cases where there is no diffusion (i.e. 
an “abrupt” type of interface) of the adatoms into the surface 
the growth models were discussed by Mayer [29] in 1955 and 
summarized by Bauer in 1958 [30]. Bauer’s classification has been in 
popular use since that time. 

Bauer’s classification is:
1. Volmer-Weber (V-W) model. In the V-W model adatoms move 

over the surface and form isolated islands that grow 3 dimensionally 
(they like each other more than the substrate atoms). The nucleation 
may be random due to adatom collision on the surface or may be 
associated with “preferential nucleation” sites and generally the 
adhesion is poor (e.g. Au on glass). Nucleation gives an “island 
growth” structure to the film. Nucleation density and development 
into a continuous film with total adatom flux may be studied by 
means of the electrical conductivity and the temperature coefficient 
of resistivity (TCR) [31].

2. Frank-van der Merwe (F-vdM) model – This model is also 
called the “layer-by-layer” growth model. In the F-vdM model 
adatoms form continuous layers on the surface. The nucleation 
density is high.

3. Stranski-Krastanov (S-K) model – This model of growth is also 
called the “layer plus island” growth model. In S-K there are several 
monolayers of the adatoms that are absorbed on the surface and 
change the composition and structure of the surface. These layers 
may change the properties of surface to become less conducive to layer 
growth and more conducive to island growth (i.e. V-W type growth).

The growth of isolated V-W islands leads to the “island-
channel-continuous” phases of film formation. The islands grow 
by collecting adatoms that are mobile on the surface. Transmission 
Electron Microscopy (TEM)* shows that some isolated nuclei on a 
surface may exhibit a “liquid-like” behavior in that they can move 
over the surface to coalesce [32,33]. The nuclei may primarily 
grow laterally (“wetting growth”) or may primarily grow vertically 
(“dewetting growth”) [34]. Low energy ion bombardment during 
deposition may enhance the surface mobility of the adatoms [35-37]. 

Modification of Nucleation
There are many ways to enhance the nucleation density of adatoms 
on the substrate surface. 

The highest nucleation density is attained when there is strong 
chemical bonding between the adatom and the surface atoms 
such that the adatom kinetic energy is rapidly lost by making 
and breaking chemical bonds. Thus each surface atom acts as a 
“nucleation site.” Plasma treatments of polymers in nitrogen or 
oxygen plasma to form carbonyl (C=O) (acidic) or amine (N=R,H) 
(basic) groups on the surface are examples of surface modification 
that affects only the surface atomic layer but makes the surface 
species more chemically active [38]. 

Early work on plasma treatment to modify polymer surfaces for 
adhesive bonding was done by Rossman at both atmospheric and 
reduced pressure discharges in air (1956) [39]. Rossman identified 
the surface carbonyl group and oxidation as being the source of 
improved bonding. Later Hansen and Schonhorn showed that 
exposure to UV from an inert gas rf plasma causes crosslinking that 
strengthens the “weak boundary layer” material that often exists on 
polymer surfaces [40]**. Hansen and Schonhorn, called the process 
CASING (Cross-linking by activated species of inert gases). 

 The flux (deposition rate) of adatoms to the surface determines 
their collision rate on the surface. During a collision energy is given 
up to the surface thus the higher the collision rate the higher the 
nucleation density. From a thermal evaporation processing point 

*Until 1939 nucleation on surfaces could only be studied directly by optical 
microscopy with its low resolution or by some property such as optical 
densitometer/extinction or electrical conductivity. In 1939 the first commercial 
Transmission Electron Microscope with a higher resolution than the optical 
microscope was installed in the Physics Department of IG Farben-Werke [The 
Early Development of Electron Lenses and Electron Microscopy. Ernst Ruska, 
translation by Thomas Mulvey, S Hirzel Verlag (1980) (ISBN 3-7776-0364-3); 
www.nobelprize.org/nobel_prizes/physics/laureates/1986/ruska-lecture.pdf]. 
The TEM allowed direct visualization of nucleation performed ex situ. Later the 
TEM allowed the studies of nucleation and agglomeration in situ. A limitation 
of the TEM is that the substrate of the nuclei being viewed must be transparent 
to electrons so nucleation studies have to be done on thin or low-Z substrates 
(e.g. carbon) or on shadowed replicas of the surface. In many cases the nuclei 
structure must be stabilized by an overcoat to be sure that they retain their 
morphology under electron bombardment. 

continued on page 34
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** Too much crosslinking creates a brittle surface material (i.e. “nearby” 
interfacial material) which may be easily fractured. This means that care must be 
taken to not “over-treat” a polymer with a plasma.
*** “self-healing” occurs when the arc melts the material near the arc path, The 
“melt-back” opens up (“clears”) the circuit.

of view this means that the source shutter should not be opened 
until the deposition rate is established. Wood [40a] and Langmuir 
[41] studied the nucleation and condensation of cadmium on glass 
and found that “pre-nucleation” was important to condensation. 
Langmuir pre-nucleated the surface at a low temperature and then 
deposited a film at higher temperature where normally the adatoms 
would be re-evaporated. 

Optical and electrical properties of very thin layers depend on 
the nucleation density and the thickness to which the film must 
grow to become continuous. A new surface layer (nucleation layer 
or “seed layer” may be deposited specifically to affect the nucleation 
of the functional film/coating. This layer may also function as a 
“glue layer” (see later). Fraser [42] gives an account of the use of a 
layer of silver to affect nucleation of zinc on a surface in molecular 
beam studies (1931) and beginning in 1938 silver was used to 
“pre-nucleate” the surface of paper for the deposition of zinc on 
lacquered paper for paper capacitors [43,44]. Zinc, which has a low 
melting point, was used because an arc through the film or defect, 
such as a pinhole, would cause “melt-back” and “self-healing” of 
the short***. The use of the seed layer also gave a smoother film 
with a higher electrical conductivity at a lower thickness [45]. Pre-
nucleation is also used to develop fingerprints on smooth surfaces 
in forensic science [46].

In the late 1950s Holland and Siddall used a substoichiometric 
oxide (Bi2O3-x) for gold heat mirror coatings [47]. This was the 
forerunner of low-e coatings on glass [48]. In the early 1960s the 
use of ZnS as a nucleating agent for gold films was patented. [49]. 
The use of Ag in low-e coatings, using PbOx as a nucleating layer, 
was patented in 1981 [50]. The silver layer with its neutral color 
was more desirable than the greenish gold layer. The nucleating 
layer was changed to BiOx:Mn [51]. The use of ZnO as a seed 
layer was discussed in 1980 [52] and is one of the more popular 
nucleating layers for low-e coating. The use of seed layers are 
important in the formation of the thin silver layers in low-e 
coatings (substoichiometric metal oxide seed layer) [48] and in high 
conductivity transparent conducting oxide (TCO) layers (metal 
seed layer) [53]. Typical low-e coating today has a structure similar 
to: glass/TiO2/ZnO/Ag/TiOx/SnO2/SiNxOy. The TiOx layer on top 
of the Ag is to stabilize the Ag during further processing and is 
called a “sacrificial” or “cap” layer [54]. Since the late 1990s there 
has been an increasing interest in frabrication of nano-structures by 
controlling the nucleation [55] 

Pinholes and Microcracks (“Through Porosity”)
Low nucleation density during film growth may leave pinholes and 
film stress during growth of the film can leave microcracks in the 
coating. This “through porosity” can affect adhesion by “pinhole 
corrosion” and interfacial corrosion. Adhesion failure by interfacial 
corrosion is exacerbated by expansion of the corrosion products 

and “wedging” of the propagating crack by corrosion products.
“Through porosity” may be minimized by having a diffusion-

type interface [25] or a pseudodiffusion-type reactively deposited 
graded interfacial region (e.g. CrN→Cr [56,57]). Pinholes in ductile 
material may be “closed-up” by subsequent processing such as 
burnishing or shot peening of the coating. 
 
Interfacial Changes With Time

There are numerous ways that the composition, extent, 
morphology and properties of the interfacial region may change 
with subsequent processing, time, storage and/or use. This was first 
noted by Benjamin and Weaver [5]. These possibilities should be 
taken into consideration when developing an adhesion test program 
and in the retention of archival samples.

Intrinsic and Extrinsic Stress
The stress that is applied to the interfacial region and causes loss 
of adhesion is comprised of the extrinsic stress due to differences 
in the coefficients of expansion (COF) of the film and substrate 
material, the intrinsic (growth or “built-in”) film stress, and the 
applied (functional, service, test) stress(es).

The stresses (tensile) in electroplated coatings has been studied 
for a long time and Stoney developed the equation for determining 
the stress of an electrodeposit by the deflection of a long narrow 
beam in 1909 (uniaxial stress) [58-59]. High tensile stresses in 
electroplates can cause microcracking in the coating even though 
the apparent adhesion is good (e.g. “bright chrome” electroplate). 
More recently there have been modifications to Stoney’s equation to 
account for biaxial stresses such as are found in coatings on silicon 
wafers [60]. In some cases the stress in one direction as related 
to the vapor source may be different or even opposite of that in a 
perpendicular axis (e.g. compressive in one direction and tensile in 
the other) giving a “saddle-shaped” deformation. Anisotropic stress 
may determine the deadhesion pattern (cracks or blisters) on the 
surface. In some cases, such as PECVD encapsulated aluminum 
stripe conductors, the film may be subjected to a triaxial stress 
which may give voiding at grain boundaries [61-65]. 

It was not until the early 1950s that stress in PVD films began 
to be considered as an important property [66]. Early studies 
showed that most films deposited by thermal evaporation had a 
tensile stress and changed with thickness. These stresses not only 
affected the adhesion but also the mechanical properties of the 
deposited material [67]. Later studies of sputter deposited coatings 
of crystalline and amorphous materials showed both tensile and 
compressive stresses depending on the sputtering conditions. 

Stress in deposited coatings not only affects the apparent 
adhesion but may cause mass transport to the degree that voids 
are formed [61-65, 68] or the material recrystallizes at room 
temperature [69]. Annealing may also allow stress relief in both 
crystalline [66] and amorphous [70] films.

The total (apparent) stress in PVD films may be tailored by 
bombardment by energetic species (ions or neutrals) during 
deposition or by tailoring the morphology of the depositing 
material or layers of the depositing material [70]. The stress in a 
sputter deposited film may be changed from tensile to compressive 
by increasing the substrate bias during deposition to increase the 
amount of “atomic peening” [71]****. During sputter deposition the 
amount of “atomic peening” can be varied by changing the pressure 

A Short History: Adhesion, Interface Formation, and Stress in PVD 
Coatings
continued from page 33



Spring 2016 SVC Bulletin  | 35  

and thus the bombardment by high energy reflected neutrals from 
the sputtering cathode [72,73]. Mattox et al used “pressure cycling” 
to deposit thick stress-free molybdenum coatings on a ceramic 
surface in a post cathode deposition system [74].

Adhesion Measurement
There are hundreds of tests for adhesion [75-79]. 

It is important to note whether the failure is at the interface or 
in the “nearby” material by determining the material that failed. 
For instance in chromium film on glass there may be a glass layer 
on the underside of the removed chromium film, or for a coating 
on a polymer a polymer film on the failed surface showing that the 
failure was in the nearby material not at the actual interface.

Tape (Peel) Test 
The systematic studies of adhesion of vacuum deposited thin films 
began in the 1930s using the tape (peel) test [80]. Many of the early 
studies addressed the adhesion of metal films to glass surfaces using 
the tape test [5,81]. The tape test is dependent on the angle of the 
peel and the rate at which the stress is applied [82]. The tape used 
for the tape test should conform to ASTM 3359 – not just any old 
tape! By scratching the film surface before applying the tape, fracture 
initiation sites can be introduced (tape/cross-hatch scratch test). 

The tape test also allows detection of “pull-outs” that are localized 
area of poor adhesion. These localized areas of poor adhesion will 
probably eventually appear as pinholes in the coating thus affecting 
the long-term adhesion properties. 
Pull Tests
Stub pull test:
The stub pull test uses a “golf-tee” shaped stub that is adhesively 
bonded to the surface of the film and then pulled to failure in a 
tensile test machine [83,84]. One pull test uses a region of the 
substrate covered with a poorly adherent layer (“release layer”) 
before the coating is deposited to act as a fracture initiation line 
during the pull test rather than use a scratch [85].
Wire bond test:
In the wire bond test a wire is bonded to the film, usually by 
ultrasonic welding, and pulled to either a specified tension or to 
failure [86]. If it is only pulled to a specified tension it may be 
considered a non-destructive test. 
Scratch and Scrape Tests
The scratch test uses a stylus that is drawn across the film surface 
under increasing load. The scratch is then observed to determine 
at what load the film separated from the surface or was fractured. 
Heavens seems to be the first to report on this test method [87,88] 
with additional work done by Benjamin and Weaver [89]. The 
shape of the stylus point is an important variable in this test 
method [90,91]. With the advent and use of the scanning electron 
microscope (SEM) in the late 1960s it became evident that the 
failure mode on scratching was more complicated than had at first 
been recognized [92]. Later a feature was added that allowed the 
acoustic emission (AE) signature of the failure to be determined [93]. 
Acceleration Tests
Another old test is the “ultrasonic test” whereby the coated surface 
is exposed to the acceleration from the vibrations as well as the 

“jets” from the collapsing cavitation bubbles [94]. Although 
exposure to ultrasonics is not commonly used directly as an 
adhesion test it may be encountered in subsequent processing of the 
coated substrate. 

The ultracentrifuge test has been evaluated and is often 
mentioned in review articles [95]. Another type of acceleration test 
is that from laser spallation [96-99] – this test may be inadvertently 
used when using coated high power pulsed laser optics. 

Summary
Short term and long-term adhesion of a vacuum deposited coating 
may depend not only the deposition process but also the history 
of the substrate material prior to the deposition process to the 
deposition. In order to have reproducible adhesion it is important to 
have control of the process flow at all stages of the PVD processing 
(see “fishbone diagram” svc.org/Education).

Designing of a film-substrate system for adhesion may include: 
changing the nucleation density by changing the surface chemistry 
or by introducing nucleation sites (e.g. by ion plating or HIPIMS 
subplantation), using an intermediate layer (“glue layer”) that has 
properties conductive to adhesion to both the substrate and to the 
top-layer (e.g. oxide:Cr:Au layers), using an intermediate layer that 
mitigates the physical stresses applied to the interface (“compliant” 
interfacial region such as a porous layer), using an interfacial 
layer that mitigates chemical stresses applied to the interface (e.g. 
silicon:Ti:Pd:Au layers for electrochemical stability), using an 
interfacial layer to reduce interdiffusion, using alternate tensile-
stressed/compressive-stressed layers to mitigate the total stress (e,g, 
pressure pulse deposition [74]), or using an alloy material that is 
more resistant to voiding, electromigration, and “hillocking” (e,g, 
Al:Cu:Si alloy). 

There are various means of enhancing the short term and long-
term adhesion after the PVD deposition process. These include 
annealing to reduce stress and increase interfacial reaction [100], 
“stitching” the interface using high-energy ion penetration [101], 
and burnishing/plugging porosity to reduce pinhole corrosion. It is 
important that subsequent processing and storage is not detrimental 
to the adhesion.

 
References
1 .  “Thin film adhesion and adhesive failure – a perspective” Donald M . Mattox in ASTM  
 Proceedings of the Conference on Adhesion Measurement of Thin Films, Thick Films,  
 and Bulk Coatings, edited by K . Mittal, pp . 54-62, ASTM-STP 640 (1978) .

2 .  “The role of fracture mechanics in adhesion,” M .D . Thouless, pp . 51-62 in Adhesion   
 in Solids, MRS vol . 119, edited by D .M . Mattox, J .E .E . Baglin, R .J . Gottschall and C .D .   
 Batich, Materials Research Society (1988) .

3 .  P . Benjamin and C . Weaver, “Condensation energies for metals on glass and other   
 substrates,” Proc . Roy . Soc . A252, 418-430 (1959) .

4 .  W .D . Sproul and M .H . Richman, “Effects of eta layer on TiC coated cemented-carbide  
 tool life,” J . Vac . Sci . Technol . 12(4) 842 (1975) .

5 .  P . Benjamin and C . Weaver, “The adhesion of evaporated films on glass,” Proc . Roy .   
 Soc . (London) A261, 516-531 (1961) . 

6 .  “Bond strength of evaporated metal films on glass,” M .H . Bowie, M .S . Thesis, Lehigh  
 University (Jan . 1963) .

7 .  D .M . Mattox, “Thin film metallization of oxides in microelectronics,” Thin Solid Films  
 18, 173-186 (1973) .

8 .  P .H . Holloway, “Gold/chromium metallization for electronic devices,” Solid State   
 Technol ., 23(2) 109-115 (1980) .

9 .  F .B . Koch, R .L . Meek, and D .V . McCaughan, “Implantation of argon in SiO2 due to   
 backsputter cleaning,” Extended abstracts 142nd Nat . Mtg . Electrochem . Soc ., Vol .   
 72-2 Abs . 250 (Oct . 1972) . 

continued on page 36
****Blachman was the first to use the term “atomic peening” to describe the 
process that took place. 



36 |  SVC Bulletin Spring 2016

A Short History: Adhesion, Interface Formation, and Stress in PVD 
Coatings
continued from page 35

10 . ”Interface formation and adhesion of deposited thin films,” D .M . Mattox, Sandia Corp .  
 Monograph SC-R-65-852 (1965) . 

11 .  B .N . Chapman, “Thin film adhesion,” J . Vac . Sci . Technol . 11, 106 (1974) .

12 .  A .D . Smigelskas and E .O . Kirkendall, “Zinc diffusion in alpha brass,” Trans . AIME 171,   
 130–142 (1947) .

13 .  H . Nakajime, “The discovery and acceptance of the Kirkendall Effect: The results of a  
 short research career,” JOM 49(6) 15-19, Minerals, Metals and Materials Society (1997) . 

14 .  D .M . Mattox and R .D . Bland, “Aluminum coating of uranium reactor parts for   
 corrosion protection,” J . Nucl . Mater . 21, 349, 1967 .

15 .  E . Philofsky, “Intermetallic formation in gold aluminum systems,” Solid State   
 Electronics, 13(10) 1391-1399 (1970) .

16 .  P . Benjamin and C . Weaver, “Adhesion of metal films to glass,” Proc . Roy . Soc . (London)  
 A252, 177-183 (1960) . 

17 .  S .T . Picraux, “Ion implantation metallurgy,” Physics Today 37(11) 38-44 (1984) .

18 .  T . Stroud, ‘’Ion bombardment and implantation and their application to thin films,”   
 Thin Solid Films 11, 1 (1972) .

19 .  “Alloy Phenomena in Thin Films: Metastable alloy phases,” S . Mader, pp . 433-446 in   
 The Use of Thin Films in Physical Investigations, (NATO Advanced Studies Institute   
 1965) edited by J .C . Anderson, Academic Press (1966) . 

20 .  W .-D . Münz, F .J .M . Hauzer, D . Schulze, and B . Buil, “A new concept for physical   
 vapor-deposition coating combining the methods of arc evaporation and   
 unbalanced-magnetron sputtering,” Surf . Coat . Technol . 49(1-3) 161 (1991) . 

21 .  A .P . Ehiasarian, J .G . Wen and I . Petrov, “Interfacial microstructure engineering by high  
 power impulse magnetron sputtering for the enhancement of adhesion,” J . Appl .   
 Phys . 101, 054301 (2001) . 

22 .  M . Lattemann, A .P . Ehiasarian, J . Bohlmark, P .A .O . Persson, and U . Helmersson .   
 “Investigation of high power impulse magnetron sputtering pretreated interfaces   
 for adhesion enhancement of hard coatings on steel,” Surf . Coat . Technol ., 200(22/23)  
 6495-6499 (2006) .

23 .  “PVD coating process magnetron cathodic sputtering,” Wolf-Dieter Munz, Arutiun   
 P . Ehiasarian, and Papken E . Hovsepian, European Patent, EP1260603B1 (priority   
 21 May 2001; filed 21 May 2002; published 20 Sept . 2006) (assigned Sheffield Hallam  
 University) .

24 .  E .L . Hollar, F .N . Rebarchik, and D .M . Mattox, “Composite film metallizing for ceramics,”  
 J . Electrochem . Soc . 117(11) 1461-1462 (1970) . 

25 .  C .F . Schroeder and J .E . McDonald, “Adherance and porosity in ion plated gold,” J .   
 Electrochem . Soc . 114(9) 889 (1967) .

26 .  M . Volmer and A . Weber Z . Physikal . Chemie 119, 277 (1925) .

27 .  I .N . Stranski and L . Krastanow, “Abhandlungen der Mathematisch-   
 Naturwissenschaftlichen Klasse IIb,” Akademie der Wissenschaften Wien, 146, 797-810  
 (1938) .

28 .  J .P . Hirth, S .J . Hruska, and G .M . Pound, p . 9 in Single Crystal Films, edited by M .H .   
 Francombe and H . Sato, MacMillan (1964) .

29 .  Physik dünner Schichten (“physics of thin layers”), Vol . 2, H . Mayer, Wissenschaftliche, 

 Stuttgart (1955) . 

30 .  E, Bauer, “Phänomenologische Theorie der Kristallabscheidung an Oberflaechen I .
 (“Phenomenological theories of crystal deposition on surfaces”) Zeitschrift für   
 Kristallographie 110, 372–394 (1958) . 

31 .  T .G . Andersson and S .H . Norman, “Structural and electrical properties of   
 discontinuous gold films on glass,” Vacuum 27(4) 329 (1978) .

32 .  D .W . Pashley, M .J . Stowell, M .H . Jacobs, and T .J . Law, “The growth and structure of   
 gold and silver deposits formed by evaporation inside an electron microscope,”   
 Philos . Mag . 10(103) 127 (1964) .

33 .  C .G . Granquist and R .A . Buhrman, “Ultrafine metal particles,” J . Appl . Phys . 47, 2200   
 (1976) .

34 .  A . Constantinescu, L . Golubović, and A . Levandovsky, “Beyond the Young-Laplace   
 model for cluster growth during dewetting of thin films: Effective coarsening   
 exponents and the role of long range dewetting interactions,” Phys . Rev . E 88, 032113  
 (2013) . 

35 .  ”Growth of Solid Layers on Substrates Which are Kept under Ion Bombardment   
 Before and During Deposition,” G .K . Wehner USP # 3,021,271 (filed 27 April 1959,   
 publication, 13 Feb, 1962) (assigned to General Mills) .

36 .  “Low Energy Ion/Surface Interactions during Crystal Growth from the Vapor Phase:  
 Effects on Nucleation, Growth, Defect Creation and Annihilation, Microstructure   
 Evolution and Synthesis of Metastable Phases,” J .E . Greene, Ch . 9, p .p . 641-681 in   
 Handbook of Crystal Growth: 1a Fundamentals, edited by D .T .J . Hurle, Elsevier (1993) .

37 .  T . Ohmi and T . Shibata, “Advanced scientific semiconductor processing based on   
 high-precision controlled low-energy bombardment,” Thin Solid Films 241, 159 (1993) .

38 .  C .-M . Chan, T .-M . Ko, and H . Hiraoka, “Polymer surface modification by plasmas and  
 photons,” Surface Science Reports, 24(1-2) 1-54 (1996) .

39 .  K . Rossmann, “Improvement of bonding properties of polyethylene,” J . Polym . Sci ., 19,  
 141–144 (1956) .

40 .  R .H . Hansen and H . Schonhorn, “A new technique for preparing low surface energy  
 polymers for adhesive bonding,” J . Polymer Science, Part B: Polymer Letters, 4(3) 203  
 (1966) . 

40a . R .W . Wood, “Condensation and reflection of gas molecules,” Philos . Mag . 32, 364 (1916) .

41 .  I . Langmuir, “The evaporation, condensation, and reflection of molecules and the   
 mechanism of absorption,” Phys . Rev . 8, 149 (1916) .

42 .  R .G .J . Fraser, Molecular Rays, Cambridge Univ . Press (1931)

43 .  “Improvements in or related to the production of metal coatings on insulating   
 substrates,” R . Bosch, British patent GB510642 (priority date {Germany} Aug . 12, 1937,  
 published Aug . 4, 1939) .

44 .  Vacuum Deposition of Thin Films, L . Holland, p . 257, Chapman & Hall (1957) .

45 .  E . Traub, Z . Angew . Phys ., 1, 545 (1949) .

46 .  T . Kent, G .L . Thomas, T .E . Reynoldson and H .W . East, “A vacuum coating technique   
 for the development of latent fingerprints on polyethylene,” J . Forensic Sci . Soc . 16(2)  
 93 (1976) . 

47 .  L . Holland and G . Siddall, “Heat-reflecting windows using gold and bismuth oxide   
 films,” J . Appl . Physics 9, S .359-361 (1958) .

48 .  “History of low-e coatings,” www .interpane .com/interpane2013/m/en/history_of_  
 low-e_coatings_123 .87 .html .

49 .  Improvements in transparent panes,” W . Reichert and H . Eligehauseen, German   
 Patent DE1421872 (1969) (assigned W . C . Heraeus) .

50 .  Wärmedämmender Belag für ein Substrat aus transparentem material,” H .J . Glaäser,  
 German Patent DE3130857 (1981) .

51 .  H .J . Glaser, German patent DE3211735 (1982) .

52 .  H .J . Glaser, “Improved insulating glass with low emissivity coatings on gold, silver, or  
 copper films embedded in interference layers,” Glass Technol, 21, 254-261 (1980) . 

53 .  “Seed layer for ZnO and doped-ZnO thin film nucleation and methods of seed layer  
 deposition,” Guowen Ding, Mohd Fadzli Anwar Hassan, Hien Minh Huu Le, and   
 Zhi-Wen Sun, USP 2,014,0048,013 (filed Aug . 17, 2012; published Feb . 20, 2014) .

54 .  “Material coated glazing,” J-M . Depauw and J-C . Hoyois, USP 5,110,662 (priority Jan .5,  
 1989; filed Dec .28, 1989; published May 5, 1992) (assigned to Glaverbel) .

55 .  Nanostructure Science and Technology: R&D status and trends in nanoparticles,   
 nanostructured materials and nanodevices, edited by Richard W . Siegel, Evelyn Hu,  
 and M .L . Roco, Springer (1999) .

56 .  “First surface mirror with chromium nitride layer,” USP 20070291381 A1, Francis   
 Wuillaume, Anton Dietrich, Brent Boyce, and Gregory Scott {priority 7 Oct . 2004; 
  filed 23 Aug . 2007; published 20 Dec . 2007}{assigned Guardian Industries Corp . and  
 Centre Luxembourgeois De Recherches Pour Le Verre Et La Ceramique S .A . (C .R .V .C .)  
 Grand-Duche De Luxembourg}; also US 7621648 B2 {priority 7 Oct . 2004; filed  
 23 Aug . 2007; published 24 Nov . 2009} .

57 .  “Bilayer chromium nitride coated articles and related methods,” USP 20140154487   
 A1, Ricky L . Smith, Mark A . Fitch, and Gary Vergason {priority 4 Dec . 2012; filed 4 Dec .  
 2013; published 5 June 2014}{assigned Vergason Technologies} . 

58 .  G .G . Stoney, “The tension of metallic films deposited by electrolysis,” Proc . R . Soc .   
 London, Ser . A, 82, pp . 172–175 (1909) .

59 .  E . Chason, “Analysis of the residual stress evolution in polycrystalline thin films,” Thin  
 Solid Films 526, 1 (2002) (review article) .

60 .  G .C .A .M . Janssen, M .M . Abdalla, F . van Keulen, and B .R . Pujada,”Celebrating the 100th 
  Anniversary of the Stoney Equation for film stress: Developments from   
 polycrystalline steel strips to single crystal silicon wafers,” Thin Solid Films 517, 1858  
 (2009) (review article) .

61 .  “New failure mechanisms in sputtered aluminum–silicon films,” J . Curry,  
 G . Fitzgibbon, Y . Guan, R . Muollo, G . Nelson and A . Thomas, pp . 6–8 in 22nd Ann .   
 Proc . IEEE Int . Reliability Phys . Symp ., IEEE (1984) .

62 .  K .V . Gadepally and R .M . Hawk, “Integrated circuit interconnect metallizations for the  
 submicron ages,” Proc . Arkansas Acad . Sci . 43, 29 (1989) .

63 .  J .G . Ryan, J .B . Riendeau, S .E . Shore, G .J . Slusser, D .C . Bouldin, and T .D . Sullivan, “The 
  effects of alloying on stress induced void formation in aluminum based   
 metallization,” J . Vac . Sci . Technol . A 8(3) 1474 (1990) .

64 .  I .S . Yeo, S .G .h . Anderson, D . Jawarani, P .S . Ho, A .P . Clarke, S . Saimata, S . Ramaswami,   
 and R . Cheung, “Effects on oxide overlay on the thermal stress and yield behavior of  
 Al alloy films,” J . Vac . Sci . Technol . B 14(4) 2636 (1996) .

65 .  F .G . Yost, “Voiding due to thermal stress in narrow conductor lines,” Scripta   
 Metallurgica 23(8) 323 (1989) .

66 .  R .W . Hoffman, R .D . Daniels, and E .C . Crittenden, “The cause of stress in evaporated   
 metal films,” Proc . Phys . Soc . B 67, 497 (1954) . 

67 .  R .W . Hoffman, “Mechanical Properties of Thin Films,” Ch . 4, p . 99 in Thin Films; (papers  
 presented at a seminar for the American Society for Metals, Oct . 19-20, 1963), H .G .F .  
 Hilsdorf, seminar coordinator, American Society for Metals (1963) .

68 .  Kamesh V . Gadepally and Roger M . Hawk, “Integrated circuits interconnect   
 metallization for the Submicron Age,” Proc . Arkansas Acad . Sci . 43, 29 (1989) .

69 .  J .W . Patten, E .D . McClanahan, and J .W . Johnston, “Room-temperature recrystallization  
 in thick bias-sputtered copper deposits,” J . Appl . Physics, 42(11) 4371 (1971) .

70 .  G .J . Kominiak and D .M . Mattox “Physical properties of thick sputter-deposited glass  
 films,” J . Electrochem . Soc . 120, 1535 (1973) .

71 .  A .G . Blachman, “Stress and resistivity control in sputtered molybdenum films and   
 comparison with sputtered gold .” Met . Trans . 2, 699-709 (1971) .



Spring 2016 SVC Bulletin  | 37  

Additions to Previous Short Histories
“Short History of Magnetron Sputter Deposition”, SVC Bulletin, Summer 2015

Added Reference: 
39a . “Method for coating a substrate,” Robert L . Cormia, USP 4,046,659 (priority 10 May  
  1974; filed 10 Jan 1975; published 6 Sept 1977) (assigned to Airco, Inc .)

“Short History of Ultrafine (nano-) Particles formed in Vacuum”, SVC Bulletin, 
Summer 2014

Added text: --- enumerated [6] . In 1924 Irving Langmuir noted that fine particles were 
formed by vaporization into a plasma . Langmuir was using a heated tungsten electron-
emitting filament in a plasma at about 2-4 Torr pressure and obtained fine particles 
when the tungsten was vaporized under pulsed voltage conditions (macros from a 
pulsed arc?) . He noted that the particles were negatively charged and that they could 
move through the discharge at high velocities (“streamer discharge”) [6a] .

Also --- co-deposition [48] . In the early 1980s “dusty plasmas” became of interest to 
the astrophysics community and the plasma physics communities . Most of their 
experiments involved injection of dust into a plasma NOT the growth of particles by 
gas phase collisions of atoms in the plasma [49-51] . 
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   streamer discharge,” Science 60(1557) 392-394 (1924): doi:10 .1126    
  science .60 .1557 .392 

17a . Superfine Particle Technology, Noboru Ichinose, Yoshiharu Ozaki, and Seiichirō   
  Kashū (translated from Japanese) Springer-Verlag (1992)

49 .  Dusty Plasmas: Physics, Chemistry, and Technological Impacts in Plasma   
  Processing, edited by André Bouchoule, John Wiley (1999)

50 .  “Experimental investigations of dusty plasmas,” Robert L . Merlino . pp . 1-9 in “New  
  Vistas in Dusty Plasmas: Fourth International Conference on the Physics of Dusty   
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51 .  G .I . Sukhinin, A .V . Fedoseev, T .S . Ramazanov, K .N . Dzhumagulova, and R .Z .   
  Amangaliyeva, “Dust particle charge distribution in a stratified glow discharge,”   
  Journal of Physics D: Applied Physics, 40 (24) 7761 (2007)

“Short History of Reactive Evaporation,”  SVC Bulletin, Spring 2014

Added text: --- deposited film material . Reactive evaporaion may also be used to deposit 
metal hydride films [38a]

Added Reference:  
38a . J .lL . Provo, “Production and characterization of thin film group IIIB, IVB, and rare 
earth hydrides by reactive evaporation,” J . Vac . Sci . Technol . A33, 041507 (2015) .

Erratum: 
“Short History of In Situ Cleaning in Vacuum for Physical Vapor Deposition (PVD)”  
SVC Bulletin, Fall 2014

Reference:   
55 . J .E . Houston and R .D . Bland, “Relationship between sputter cleaning parameters and 
surface contaminants,” J . Vac . Sci . Technol . 44(6) 2504 (1973) should read: J .E . Houston 
and R .D . Bland, “Relationship between sputter cleaning parameters and surface 
contaminants,” J . Appl . Physics 44(6) 2504 (1973)
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