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S u m m a r y  

Adhesion is defined as the work necessary  to separate  the 
coa t ing - subs t r a t e  interface;  most  avai lable methods  measure  the load 
required to strip off the coating.  The many  quant i ta t ive  and qual i ta t ive  
methods  used are presented and the origins of  adhesion are discussed. The 
parameters  influencing the adhesive s t rength  are reviewed: subst ra te  
preparat ion,  coa t ing  technique,  residual  pressure in the vacuum chamber  
and subs t ra te  t empera tu re  are all found to be significant,  and aging effects 
which can raise or lower the adhesion can also be observed. Many  variables  
affect the measured adhesion and mean tha t  only a part ia l  analysis  is 
possible in genera]  at  the present  time. This leaves a wide field open for 
fur ther  studies. 

1. I n t r o d u c t i o n  a n d  d e f i n i t i o n  

The problems of adhesion of coat ings  with thicknesses  between 0.05 
and 50 um are discussed in this paper. In most  appl icat ions  these coat ings  
are not  self-supporting but  r a the r  are applied to the surface of a solid body. 
This solid ei ther  can simply funct ion as a subs t ra te  or can have specific 
propert ies  which  are improved in some way by the appl icat ion of the 
coating.  Improvement  of the surface is thus defined as an in tent ional  and 
exact  a l te ra t ion  of the optical,  electrical,  chemical  or mechanica l  propert ies  
of  the solid surface. 
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In all these  cases sufficiently good adhes ion  be tween  the pa r tne r s  is of' 
p a r a m o u n t  i m p o r t a n c e  to the  usefulness  of such a system. These coa t ings  
can  be p roduced  by var ious  t echnolog ies  such as phys ica l  v a p o u r  deposi t ion  
(PVD) in a v a c u u m  or chemica l  v a p o u r  depos i t ion  (CVD) from the gaseous  
phase.  The p r e p a r a t i o n  and the p roduc t ion  t echno logy  can  grea t ly  influence 
the way i n 'wh ich  the ma te r i a l s  adhere .  W h a t  then  exac t ly  is adhesion '?  

Newer  physics,  chemis t ry  and t echn ica l  d ic t ionar ies  define adhes ion  as 
" . . .  the bond or the s t r eng th  of the  bond be tween  two ma te r i a l s  or two 
bodies;  also the  bond of indiv idual  molecu les  to the in te r face  su r faces"  [1 -:3]. 
The ASTM defines adhes ion  as the "Cond i t ion  in which two surfaces  are held 
t oge the r  by e i ther  va lence  forces or by m e c h a n i c a l  a n c h o r i n g  or by both  
t oge the r . "  [4]. These  bonding  forces could be van  der  Waa l s '  forces, elec- 
t ros t a t i c  forces and/or  chemica l  bonding  forces which are effect ive across  
the  in terface .  

In this  pape r  the word adhes ion  will be used as a synonym for " the  
a d h e r e n c e "  of a film to its s u b s t r a t e  and, in its b roade r  sense, for the  
"adhes ive  s t r eng th" .  Adhes ion  is defined by the  work  necessa ry  to sepa ra t e  
a toms  or molecu les  at  the in terface .  A d is t inc t ion  can  be made  be tween  the 
m a x i m u m  possible  adhes ion  (basic adhes ion)  of a sys tem which represen t s  
the  m a x i m u m  a t t a i n a b l e  va lue  on the  one hand  and  the  expe r imen ta l ly  
measu red  adhes ion  [5, 6] on the other .  

The  mac roscop ic  expe r imen ta l ly  measu red  adhes ion  va lues  are de- 
t e rmined  by the  basic  adhesion,  the  m e c h a n i c a l  p roper t i es  of  the fihn and 
the  f r ac tu re  m e c h a n i s m  in the  s e p a r a t i o n  process  [7, 8]. The re la t ion  
be tween  the  expe r imen ta l ly  m eas u red  adhes ion  EA and the basic adhes ion  
BA is g iven by 

E A  = B A  - IS • MSM ( 1 ) 

where  IS is the i n t e rna l  m e c h a n i c a l  s t ress  and  MSM is the  method-specif ic  
e r ro r  of  measu remen t .  The basic  adhes ion  c a n n o t  usua l ly  be de te rmined  
because  the size of the m e a s u r e m e n t  e r ro r  can  seldom be es t imated.  

The  expe r imen ta l l y  m eas u red  adhes ion  is g iven in uni t s  of force or 
energy  per  uni t  sur face  area.  A re la t ion  be tween  the  ene rgy  Waa of adhes ion  
and  the  force of  adhes ion  can  only be der ived  when  a r ea sonab le  and  
conc lus ive  es t ima te  of  the  pa th  fol lowed by the  adhes ive  force F(x) over  the 
d iv id ing d i s tance  x be tween  the  film and the  subs t r a t e  sur face  can  be 
made  [6]: 

e 
Wad =~ F(x) dx (2) 

.y 
The s t r eng th  of the  adhes ion  across  the in te r face  can  be d i s t r ibu ted  

ve ry  uneven ly  because  the  s t r u c t u r e s  of the  subs t r a t e  sur face  and of the  film 
are  of ten he te rogeneous .  C o n t a m i n a n t s  cover ing  very  small  a reas  and 
m o n o m o l e c u l a r  c o n t a m i n a n t s  on the  s u b s t r a t e  sur face  can  also cause  local  
changes  in the  adhes ive  s t rength .  Thus  the  expe r imen ta l l y  de te rmined  
adhes ion  va lues  should  be r ega rded  as a v e r a g e  va lues  across  the  in te r face  
sur faces  inves t iga ted .  



27 

2. M e t h o d s  o f  m e a s u r e m e n t  

The  i n d i v i d u a l  m e t h o d s  of m e a s u r e m e n t  used  to d e t e r m i n e  the  degree  
of a d h e s i o n  c a n  be c lass i f ied and  s u b d i v i d e d  a c c o r d i n g  to v a r i o u s  c r i t e r i a ,  
e.g. m e c h a n i c a l  a n d  n o n - m e c h a n i c a l  me thods .  A n  example  of a s imple  

q u a l i t a t i v e  tes t  is s h o w n  in  Fig.  1. 

(a) (d) 

(b) (e) 

(c) (f) 

Fig. 1. Qualitative test to check film adhesion by bending. The scanning electron 
micrographs (a) - (f) were obtained at various magnifications. The specimen examined is 
an Ni-Fe substrate coated with a rhenium film 10 ~m thick which had been applied by ion 
plating. When the specimen is bent to a radius of 0.6 mm [9] the close-packed crystallite 
columns develop cracks as the substrate is stretched. The micrographs show that the film 
has not separated from the substrate. Therefore the adhesion is good, 

In  the  p r a c t i c a l  a p p l i c a t i o n  of a m e a s u r i n g  m e t h o d  i t  is i m p o r t a n t  to 
k n o w ,  a m o n g  o t h e r  t h ings ,  w h e t h e r  the  m e t h o d  c a n  be c a r r i e d  ou t  w i t h o u t  
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d e s t r o y i n g  t h e  t e s t  o b j e c t s  a n d  w h e t h e r  i t  c a n  p r o v i d e  r e p r o d u c i b l e  r e s u l t s  
a n d  t h e  s ize  of  t h e  m e t h o d - s p e c i f i c  e r r o r  of  m e a s u r e m e n t .  The  s i m p l i c i t y  of  
t h e  m e a s u r e m e n t  a p p a r a t u s  a n d  t h e  t i m e  n e c e s s a r y  to  m a k e  the  m e a s u r e -  
m e n t  s h o u l d  a l so  be t a k e n  i n t o  a c c o u n t .  

A n o t h e r  p r a c t i c a l  c o n s i d e r a t i o n  is t h e  use  of  a m e a s u r e m e n t  m e t h o d  
t h a t  s i m u l a t e s  as  c l o s e l y  as  p o s s i b l e  t h e  t y p e  of  s t r e s s  to  w h i c h  t h e  c o a t i n g /  
s u b s t r a t e  s y s t e m  wi l l  be s u b j e c t e d  in s e r v i c e .  T a b l e s  1 a n d  2 l i s t  a n u m b e r  of  
m e t h o d s  o f  m e a s u r i n g  t h e  a d h e s i o n  of  t h i n  f i lms w h i c h  h a v e  a p p e a r e d  in t he  
l i t e r a t u r e .  

TABLE 1 

Mechanical methods of determination 

Qualitative Quantitative 

Scotch tape test [6, 10 - 14] 
Abrasion test [12, 15] 
Bend and stretch test [8, 16] 
Shearing stress test [16 - 18] 

Direct pull-off method [8, 19 -33] 
Moment or topple test [3,1 37] 
Electromagnetic tensile test ]38] 
l~aser spalation test 139] 
Ultracentrifuge test [6, 16, 10- 4,11 
Ultrasonic test ]6. 701 
Peeling test [6. 45 - 48] 
Tangential shear test [49. 501 
Scratch test [44, 46, 51 - 67] 

TABLE 2 

Non-mechanical methods of determination 

Qualitative Quantitative 

X-ray diffraction test [65] Thermal method [68, 69] 
Capacity test 16, 7l] 
Nucleation test [46] 

2.1. Mechanical methods 
In  m e c h a n i c a l  m e t h o d s  a d h e s i o n  is m e a s u r e d  by  a p p l y i n g  a t b r c e  to  t h e  

c o a t i n g / s u b s t r a t e  s y s t e m  u n d e r  e x a m i n a t i o n .  T h i s  fo rce  c a u s e s  a m e c h a n i c a l  
s t r e s s  a t  t h e  i n t e r f a c e  w h i c h  s h o u l d  r e m o v e  t h e  f i lm f rom the  s u b s t r a t e  once  
t h e  s t r e s s  h a s  b e e n  i n c r e a s e d  to  an  a p p r o p r i a t e  l eve l .  T h e  d e f i n i t i o n s  g i v e n  
h e r e  for  " m e c h a n i c a l  s t r e s s "  a r e  t h o s e  c o m m o n l y  u s e d  in t h e  f ie ld of  p h y s i c s  
a n d  a r e  t h u s  d i f f e r e n t  f rom t h o s e  d e f i n i t i o n s  w h i c h  h a v e  b e c o m e  e s t a b l i s h e d  
in t h i n  f i lm l i t e r a t u r e .  T h e  s t r e s s  c a n  be e i t h e r  t e n s i l e  p e r p e n d i c u l a r  to  t he  
i n t e r f a c e  o r  s h e a r i n g  p a r a l l e l  to  t he  i n t e r f a c e .  In  p r a c t i c a l  a p p l i c a t i o n s  a 
c o m b i n a t i o n  of  t h e s e  t w o  t y p e s  of  s t r e s s  u s u a l l y  o c c u r s .  T h a t  fo rce  o r  e n e r g y  
a t  w h i c h  t h e  s e p a r a t i o n  of  f i lm a n d  s u b s t r a t e  f i rs t  t a k e s  p l a c e  is t a k e n  as  an  
i n d e x  of  t h e  e x p e r i m e n t a l l y  m e a s u r e d  a d h e s i o n  [6]. 
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In addi t ion to the stress produced by externa l  forces, very  s t rong 
in te rna l  stresses inhe ren t  in the film (intr insic stress) also affect the 
in te r face  and inf luence the exper imenta l  adhesion measuremen t  resul ts  in an 
unde te rmined  way. In ext reme cases very  s t rong in te rna l  stresses a lone can 
lead to de t achmen t  of the film [72, 73] or to cohesive fai lures in the 
subs t ra te  [74]. 

In general ,  fa i lure  and thus separa t ion  can appear  in any of five 
regions (Fig. 2) [75]. Region 1 is the inside of the film and region 5 is the 
bulk mater ia l  of the subs t ra te  which is sufficiently d is tant  from th~ inter- 
face. If the separa t ion  occurs  in one of these two regions then fai lure  is 
cohesive.  On an atomic scale, region 3 can be e i ther  a very  sharply  defined 
in te r face  or a very  diffuse in ter face  layer.  In order  to be able to measure  the 
adhesion,  the separa t ion  must  take  place in this region [75, 76]. Even with a 
mater ia l  t r ans i t ion  of the monolayer -on-monolayer  type, the changes in some 
physical  charac te r i s t ics  (e.g. elast ic i ty  and electr ical  in ter face  phenomena)  
take  place cont inuously .  When there  is an in ter face  layer  (e.g. t h rough  
diffusion) the t rans i t iona l  area  increases  in size. For  this reason a distinc- 
t ion is made between the mechanica l  behav iour  of the in ter face  layers  in 
regions 2 or 3 and tha t  of the inner  regions of film 1 or subs t ra te  5 [75, 76]. 

Schicht 1 

Subs t ra t  5 

- - j 2  
- - 3  

Fig. 2. The five regions [75] in which separation can take place. 

A separa t ion  exclusively at the in ter face  is assumed to be improbable  
accord ing  to the "weak  boundary  theo ry"  [77, 78]. Rather ,  the separa t ion  
should always occur  in the bulk regions of coat ing or subs t ra te  (cohesive 
fai lure)  or in a finitely th ick "weak layer"  ( interface layer)  between the two 
substances.  A fai lure  wi thin  the weak in ter face  layer  is regarded  as an 
adhesive failure. The weak layer  can be a br i t t le  oxide layer  or an absorbed 
and occluded layer  of gas and/or  some o ther  kind of contamina t ion .  

The basis of  ano the r  theory  [79] is the t r igger ing  of a f rac ture  at pre- 
exist ing cracks  in the subs t ra te  or wi thin  the film accord ing  to the so-called 
Gr i f f i th-Orowan cr i te r ion  [19, 80]: 

a2 = cons tan t  x EG/l (3) 

where  E is the modulus  of elast ici ty,  G is the work per uni t  surface area  
requi red  for c rack  propagat ion,  l is the length of the longest  c racks  in 
exis tence  and a is the force per uni t  surface area required  for c rack  propa- 



gation.  The crack thus !brined grows in a direct ion normal  to tha t  of the 
applied mechanica l  stress. The actual  fl 'acture is assumed to be a t r a n s f o f  
mat ion of energy either" into dissipative energy (e.g. heat) stored as elastic 
deformat ion  or supplied externally,  It must also be assumed that  an energy 
t rans%r takes place from the area a round  the f racture  to the f racture  zone. 

Frac tu re  can also extend across several of the given regions. If the 
separa t ion  of the coat ing from the subst ra te  takes place inside or a round the 
interface layer, the force or energy necessary for the separa t ion is a measure  
of the exper imental ly  measured adhesion [76]. However,  if the separat ion 
takes place deep inside the film or substrate,  it is a cohesion fracture,  i,c. the 
adhesion forces are s t ronger  than  the cohesion forces. From a qual i ta t iw,  
point  of view, the adhesion is considered to be bad if a separa t ion  in the 
interface layer  can be caused. However,  if a separa t ion  occurs  in the bulk. 
the adhesion is good. Quan t i t a t ive  values can only be obtained when the 
force used to lift the coa t ing  can be measured.  Individual  measurement  
methods are dis t inguished from one ano the r  by the way the load is coupled 
to the sample system and then by the way in which it is applied. These 
cr i ter ia  allow a division into methods  which can remove the coat ing 
th rough  (a) a force applied perpendicular ly  to the interface layer  or (b) a 
tbrce applied at var ious  angles to the interface layer. 

An upper limit of the t ransferable  force, and thus a maximum measur- 
able adhesion value, results from the fact that  in almost all the measur ing  
methods (with the exception of', for example, u l t racen t r i fuge  or heat  expan- 
sion methods) a t rac t ion  piece must  be a t tached mechanical ly .  Thus this 
limit is dependent  on the load capaci ty  or degree of fixation of the method- 
specific a t t achmen t  (e.g. gluing or soldering). 

Because of the va ry ing  a t t a chmen t  techniques  and the individual 
t ransfer  devices (Scotch tape, needles for sc ra tch ing  etc.) fur ther  uncon- 
trolled stresses can be caused in the interface layer  in addit ion to the 
control led  mechanica l  stress produced external ly.  Such addit ional  stress ('an 
be caused, for example, by drying,  polymeriz ing or stiffening of the glue 
layer  or the solder layer  used for the t r ac t ion  piece. It can also occur  
because of p las t ic-e las t ic  deformat ion  of the t rac t ion  piece itself dur ing a 
test. 

The exper imental ly  determined adhesion values are thus not  free from 
effects due to the measurement  method used. Therefore  it is un fo r tuna te ly  
not  a lways possible to compare  measurements  obtained by different methods. 

2.2. Non-mechanical methods 
With the exception of the nuc lea t ion  method,  non-mechanica l  methods 

to measure  adhesion are not  very well developed, and their  field of appli- 
ca t ion is severely limited. These methods  can, in any case, be used for basic 
invest igat ions .  Even the nuc lea t ion  method is too complicated for use for 
t echnolog ica l  appl icat ions because it requires too much equipment  and 
takes  too much time. For  this reason we shall not  discuss it in more detail 
here. 
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3. Causes  of  adhes ion  

3.1. Interface layer 
The quality of adhesion between solids, e.g. between a film and its 

substrate, depends to a large extent on the microstructure of the interface 
layer that  is being formed. The following types of interface layers can be 
distinguished [8, 69, 81]. 

3.1.1. Mechanical interface layer 
This type of interface layer forms on rough porous substrates. The film 

material  fills the pores and o.ther morphologically advantageous places when 
there is sufficient surface mobility and wetting, and a mechanical anchor is 
formed. The adhesion depends on the physical characteristics (particularly 
the shear strength and the plasticity) of the combination of materials. 

3.1.2. Monolayer on monolayer 
This interface is characterized by an abrupt transit ion from the film 

material to the substrate material. The transit ion region has a thickness 2 - 
5 A. Interfaces of this type form when no diffusion occurs; there is little or 
no chemical reaction and the substrate surface is dense and smooth. 

3.1.3. Chemical bonding interface layer 
This type of interface layer is characterized by a constant chemical 

composition across several lattices. The formation of the interface layer 
results from the chemical reactions of film atoms with substrate atoms 
which may also be influenced by the residual gas. A distinction is made 
between intermetallic bonds and alloys and chemical bonds such as oxides, 
nitrides etc. 

3.1.4. Diffusion interface layer 
This interface layer is characterized by a generalized constant change 

in the lattice and the composition in the film-substrate transit ion area. At 
least partial solubility is required for diffusion between the film and the 
substrate material  to take place. The necessary energy (1 - 5 eV) must be 
supplied from elsewhere, e.g. when copper is evaporated onto an unheated 
gold substrate the heat of condensation is sufficient for diffusion to take 
place. Diffusion layers have advantageous characteristics as transit ional 
layers between very different materials, e.g. for reducing mechanical stresses 
resulting from thermal expansion. 

3.1.5. Pseudodiffusion interface layer 
This type of layer can be formed by implantation at high particle 

energies or by sputtering and ion plating of the substrate materials 
with simultaneous condensation of the film material. Pseudodiffusion 
interface layers have the same advantageous characteristics as diffusion 
interface layers, but in contrast  with the latter they can be formed from 



mate r i a l s  t ha t  do not  m u t u a l l y  diffuse, ion b o m b a r d m e n t  before coa t ing  can 
inc rease  the " so lub i l i ty"  in the in te r face  layers ,  thus  inc reas ing  the diffusion 
by p roduc ing  a h igher  c o n c e n t r a t i o n  of point  defects [82] and s t ress  
g rad ien t s  [83]. 

One type of in te r face  layer  seldom occurs  alone. In normal  pract ice .  
combina t i ons  of the  va r ious  types  of in te r face  layers  often occur  simul- 
t aneous ly .  

3.2. Types of bonding 
Adhes ion  forces lying be tween  0.1 and 10 eV can be classified as 

fol lows: phys isorp t ion ,  chemiso rp t ion  and chemica l  bonding.  
The  cha rg ing  effect  [37] can  also be classified as phys isorp t ion .  When 

two m a t e r i a l s  wi th  very  different  e lec t ron  affinities are combined,  an 
e lec t r ica l  double  layer  forms which also con t r ibu te s  to the adhesion.  
Phys i so rp t ion  con t r ibu te s  up to a p p r o x i m a t e l y  0.5 eV to the adhesion.  The 
force lies be tween  10 ~ and 10 s dyn cm 2 

The i n t e r ac t i on  be tween  film and subs t r a t e  a toms  which is descr ibed as 
chemiso rp t ion  can  resu l t  in s t rong  bonds when  e lec t rons  are shifted or 
exchanged .  In t rue  chemica l  bonding  such as cova len t  and ionic bonding  as 
well as in meta l  bonding  the  bonding  forces are  very s t rong,  depending  on 
the degree  of e lec t ron  t ransfer .  In cova len t  and ionic bonding  the resu l t ing  
bonds tend to be bri t t le ,  whereas  in meta l  bonding  duct i le  a l loys are often 
produced.  The energy  con t r ibu ted  to the  adhes ion  f rom chemical  bonds 
r anges  from 0.5 to abou t  10 eV. The forces are g r ea t e r  than  or equal  to 10 L1 
dyn cm 2 

This  a p p a r e n t l y  c lear  p ic ture  of  differ ing in te r face  layers  and types  of  
i n t e r ac t ion  is compl ica ted  by the fact  tha t  sur faces  do not. behave  un i fo rmly  
because  they  are  under  the  inf luence of the so-called ac t ive  and pass ive  
cent res .  Act ive  cent res  include gra in  boundar ies ,  d is locat ions ,  vacanc ies  or 
c rys ta l l i t e  faces with va ry ing  free energies  and ac t iva t ion  energies  of' 
chemisorp t ion .  Pass ive  centres ,  which  are ana logous  to ac t ive  centres ,  are 
sur face  a reas  which  have  a l ready  been covered  with foreign mate r i a l  so tha t  
l i t t le  or no chemiso rp t ion  can  t ake  place. 

I t  should  be no ted  t ha t  the qua l i ty  of  adhes ion  improves  wi th  t ime in 
some cases (e.g. s i lver  on glass). This  p h e n o m e n o n  can  be expla ined  in te rms  
of the  slow (diffusion) formagion of an oxygen-bonded  in te r face  layer.  O the r  
inves t iga t ions  made  us ing  the  s c ra t ch  tes t  [82, 84] of the changes  in ad- 
hes ion  t ha t  t ake  place wi th  t ime for me ta l  films on po lymer  subs t r a t e s  have  
shown t h a t  the re  is a m a r k e d  i m p r o v e m e n t  in the  adhes ion  of the  gold film 
over  a per iod of time. In this  case the  ma jo r  par t  of  the i m p r o v e m e n t  in 
adhes ion  was a t t r i bu ted  to the  slow fo rma t ion  of an e l ec t ros ta t i c  double  
layer .  This  was p roved  by b o m b a r d i n g  the  film with  ions f rom a glow 
d i scha rge  which  b roke  down the  double  layer ,  w h e r e u p o n  the adhes ion  
r e t u r n e d  to its or ig ina l  lower  va lue  [82]. This  series of exper imen t s  showed 
t h a t  the  e l ec t ros ta t i c  componen t s  con t r ibu te  s igni f icant ly  to adhesion.  
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This observation confirms that  adhesion seldom comes about only 
through reciprocal action but ra ther  that it is determined by the combined 
effects of various intermolecular atomic interactions. 

4. Parameters  influencing adhesion 

The adhesion of thin films is influenced by a large number of param- 
eters. Some of these are defined by the choice of materials for the coating 
and the substrate. The others are influenced by the preparation of the 
substrate, the coating process and the handling of the film-substrate 
combination after the coating process is completed. 

4.1. Coating and substrate materials 
In most cases the substrate is given and fixed, and the coating is 

applied to change certain of its characteristics,  e.g. antireflection coating of 
lenses, corrosion protection of a metal or improvement of hardness. The 
choice of material  combinations in each case is often quite limited because 
of the application for which the system is intended. The choice of the 
combination of substances (if the film is to be evaporation coated) deter- 
mines whether the interface layer will be of the diffusion type or the chemical 
bond type, or whether weak reciprocal action forces will be effective 
across the interface. If it is expected that  the adhesion between the chosen 
materials will be weak, then the adhesion can be improved by the addition 
of an appropriate intermediate layer (compound system). The most common 
application of intermediate layers is to improve the adhesion of gold films on 
oxide substrates, e.g. glass. Metals such as chromium which oxidize and 
alloy easily are usually used as the intermediate layer. The chromium 
adheres very well to the substrate because of oxidation, and the chromium 
and gold form a diffusion interface layer which also has very good adhesion 
[85]. The adhesion of evaporated aluminium films on glass can be greatly 
improved by using nickel or chromium in a similar way [56]. The evap- 
oration coating of metal alloys with low internal stresses (e.g. 75(~o Ti and 
25% Cr) is a special case whereby the components of the alloy themselves 
often have a very high internal stress [86]. 

4.2. Substrate preparation 
The formation of an interface layer and thus the adhesion are greatly 

influenced by the physical and chemical s tructure of the substrate surface 
and the neighbouring areas as well as by the morphology of the surface 
(planicity, waviness and roughness). 

The chemical composition of a surface itself is almost always different 
from that  of the bulk of the material. Prior t reatment  of the surface, e.g. 
cutting and polishing, changes not only the mechanical s t ructure but also 
the chemical s t ructure of the surface. This can have both positive and 
negative effects on adhesion. For example, a layer comprising the polishing 



agent  (usually an oxide), reac t ion  products,  water  and glass part icles (Beilby 
film) forms on the subst ra te  surface when glass is polished [87]. Therefore  
the subst ra te  should be prepared in such a way as to provide a defined and 
reproducible  surface. There are many physical  and chemical  c leaning and 
prepara t ion  methods that  are capable of doing this. The desired c leaning is 
often achieved by using a c leaning process which has a combina t ion  of 
individual  steps. When work ing  out  a c leaning process it must be re- 
membered which con taminan t s  are to be cleaned from which surface 
mater ia ls  (metal, ceramic etc.). 

4.3. Influence of the coating method 
The format ion of the interface layer  is very s t rongly  influenced by the 

coa t ing  process. In the case of films deposited by physical  vapour  deposit ion 
a dis t inct ion is made between three different methods of applying the 
coa t ing  (evapora t ion  in a h i g h v a c u u m ,  sput te r ing  and ion plating), and the 
format ion of an in ter face  layer  and the adhesion are influenced by the energy 
of the vapour  part icles condens ing  on the subst ra te  as well as by the 
residual  gas pressure (see Fig. 3). 

_.1 ~, L 

(a) p {b) p (c) p 

Fig. 3. Schematic diagram of the principle {}f physical coating processes [18]: {a) 
evaporation coating in a vacuum: (b) cathode sputtering; {{9 ion plating. P, tromping 
system; V, evaporator: S, snbstratc: T, target: E, energy supply to evapora tor :  P1, plasma: 
G, controlled gas supply; UT, negative target w~ltage (cathode voltage): U s , substrate 
voltage. 

The average  kinet ic  energy of the vapour  part icles on evapora t ion  is 
0.1 - 0.2 eV. From this low energy it must  be concluded that  only l ightly 
adsorbed foreign mater ia l  films with absorpt ion  energies of less than 0,1 eV 
can be removed in this process and that  wq)our particles cannot  in general 
be implanted under  the subst ra te  surface. Therefore  the nuclei  general ly  
form on or in an absorpt ion layer  adher ing  to the subst ra te  which can 
funct ion both  as a weak boundary  layer  and as an adhesion layer th rough  
chemical  bonding. 

In ca thode  sput ter ing  the film mater ia l  energy is ra ther  h igher  
(1  - 10 eV) [ 7 ] .  

In ion plat ing a combina t ion  of evapora t ion  (because of the high 
deposi t ion rate) and sput te r ing  (because of the high particle energy) allows 
part icle energies greater  than  100 eV to be obtained [88], Here condensa t ion  
on the subst ra te  takes place under  the s imul taneous  influence of ions and 
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highly  energized neu t ra l  par t ic les  (plasma) at pressures  be tween 10 3 and 
10-2 mbar.  The highly energized par t ic les  can remove most  of the absorpt ion  
layer  when they  arr ive at  the surface.  In addit ion,  spu t te r ing  of the sub- 
s t ra te  surface (par t icu lar ly  for ion plat ing) and implan ta t ion  of par t ic les  of 
the film mater ia l  can also occur.  Thus a rec iprocal  ac t ion between the film 
and the subs t ra te  mater ia l  is possible, e.g. a chemical  react ion,  or perhaps 
forced diffusion (pseudodiffusion). These are the reasons why films deposited 
by sput te r ing  and ion plat ing genera l ly  adhere  much bet te r  than  evapora ted  
films. 

In addi t ion to the kinet ic  energy  level of the film mater ia l ,  the pressure 
and composi t ion of the residual  gas in the coat ing equipment  also de termine  
the charac te r i s t ics  and adhesion of the film. 

If the film is produced by evapora t ion  in a high vacuum, the pressure 
should be kept  below 10 5 _ 10 6 mbar.  If this is not  done the low energy 
vapour  par t ic les  will be dispersed too much in the residual  gas at the usual  
d is tance between evapora to r  and subs t ra te  (0.5 m). Al though 0.5 m cor- 
responds to a mean  free path  ). at a pressure of 10 4 mbar,  ca lcula ted  from 
the simplified equa t ion  

this means tha t  only 40% of the vapour  atoms reach  the subs t ra te  wi thou t  
coll isions with the residual  gas par t ic les  which resul t  in a reduc t ion  of 
energy  and a change  of d i rec t ion  [89]. 

Fur the rmore ,  the nuc lea t ion  behav iour  depends on the composi t ion of 
the res idual  gas absorpt ion  layers  (par t icu lar ly  condensed wate r  vapour)  on 
the subs t ra te  surface  which affects the adhesion.  It should be noted that ,  in 
addi t ion to the mic ros t rue tu re  and the molecu la r  s t ruc tu re  of the evapora ted  
films, the adhesion is also influenced by the angle  at which the vapour  
par t ic les  hi t  the substrate .  No difference in adhesion can be observed for 
pe rpend icu la r  angles of incidence 0 between 0 and about  48 ,  but  at values  
of 0 of 60 the film mic ros t ruc tu re  becomes porous and the adhesion is 
grea t ly  reduced [48]. 

When the pressure is high (10 2 . 10 1 mbar) dur ing evapora t ion  
coat ing  the propor t ion  of vapour  par t ic les  reach ing  the subs t ra te  and 
condens ing  there  is so small, because of the sca t te r ing  resul t ing  from 
coll isions with residual  gas molecules,  tha t  the adhesion is bad. In contras t ,  
a sufficient number  of highly energized vapour  par t ic les  reach  the subs t ra te  
and condense  there  despite mult iple  coll isions when sput te r ing  or ion 
plat ing is used. 

Sput te r ing  gold films onto  glass subs t ra tes  using oxygen as the 
sput te r ing  gas is a special case. If a rgon is used as the noble gas atmos- 
phere,  then  the adhesion of the gold is only margina l ly  be t te r  than  tha t  of 
evapora ted  fihns. If a mixture  of oxygen and argon is used, the adhesion 
improves in p ropor t ion  to the oxygen con ten t  of the sput te r ing  gas mixture.  
When the oxygen con ten t  of the gas mixture  is only 20'I/o, the film adheres  so 
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s t rong ly  t ha t  it can no longer  be removed  from the subs t r a t e  wi thou t  
des t roy ing  it [51]. However ,  good adhes ion  is ob ta ined  when gold fihns are 
ion pla ted onto  glass in an a rgon  a t m o s p h e r e  [90]. 

The subs t r a t e  t e m p e r a t u r e  has  a very s t rong  effect on adhesion.  Thus  
the r e - evapora t ion  rate .  the sur face  mobi l i ty ,  the diffusion and the pro- 
pens i ty  of  the a toms  to chemica l  r eac t ions  are s t rong ly  affected by the 
s u b s t r a t e  t empera tu re .  This  indica tes  t ha t  the va ry ing  adhes ion  va lues  
ob ta ined  are dependen t  on the subs t r a t e  t empe ra tu r e ,  and this can be 
exp la ined  in t e rms  of r eac t ions  be tween  the film and the subs t r a t e  ma te r i a l  
[27], which in tu rn  are dependen t  on the  subs t r a t e  t empera tu re .  

4.4. Aging 
In m a n y  cases the f i lm-subs t r a t e  sys tem is not  to ta l ly  s table  once the 

coa t ing  process  has  ended, and it con t inues  to change  phys ica l ly  and 
chemica l ly  unt i l  it r eaches  a s table  condi t ion  [88]. The adhes ion  of' the film 
to its subs t r a t e  of ten undergoes  m arked  changes  dur ing  this time. 

Three  processes,  which genera l ly  progress  slowly, are responsib le  tbr 
this aging:  chemical  r eac t ions  in the in te r face  layer  a rea :  solid body 
diffusion across  the in te r face  l ayer ;  changes  in the c rys ta l  s t ruc tu re  
( rec rys ta l l i za t ion  t h rough  self-diffusion). These  processes  are s t rongly  
dependen t  on t empera tu re .  The i r  speed usual ly  increases  with inc reas ing  
t e m p e r a t u r e  [55, 58, 91]. 

5. F i n a l  c o m m e n t s  

There  are two i m p o r t a n t  aspec ts  of the adhes ion  of th in  films. 
From the academic  aspec t  adhes ion  itself' is an in te res t ing  pheno- 

menon.  Of special  in te res t  are the n a t u r e  and degree  of the forces r eac t ing  
across  the i n t e r f a c e  which  ac tua l ly  effect  this adhes ion  (basic adhesion) .  

F rom the p r a g m a t i c  aspec t  the to ta l  adhes ive  s t r eng th  of the en t i re  film 
to the subs t r a t e  in a p rac t i ca l  sys tem has  to be considered.  Mechan ica l  
m e a s u r i n g  methods  tend to be developed with  this in mind. However ,  the  
resu l t s  are  inf luenced and falsified by a mul t i tude  of u n k n o w n  method-  
specific m e a s u r e m e n t  e r rors  so t ha t  the basic  adhes ion  can  only be calcu- 
la ted approx imate ly .  This  does not,  however ,  make  these m e a s u r e m e n t s  less 
va luab le  for p rac t i ca l  applicaicion. Only t h rough  the in t roduc t ion  and 
expans ion  of modern  inves t iga to ry  methods  will it be possible to ca r ry  out  
r e sea rch  on more  complex  sur face  and in te r face  processes.  At p resen t  the 
difficulty lies in the fact  tha t  a g rea t  deal of' i n fo rmat ion  on the chemica l  
compos i t ion  and geome t ry  of the  in te r face  layer ,  the  bonding  energy  
be tween  film a toms  and subs t r a t e  a toms,  the dipole momen t s  of absorbed  
complexes ,  the d i s t r ibu t ion  of e lec t r ica l  condi t ions ,  osci l la t ions,  sur face  a rea  
diffusion and the  k ine t ics  of so rp t ion  processes  and sur face  reac t ions  is 
required.  A comple te  ana lys i s  of these  effects is not  possible at  present .  This  
means  t ha t  only  par t ia l  so lu t ions  to the p rob lems  of adhes ion  can be made  
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w h i l e  c e r t a i n  l i m i t i n g  c o n d i t i o n s  a r e  i m p o s e d .  
Th i s  g i v e s  t h e  s c i e n t i s t  a w ide  f ield to  w o r k  on  be fo re  he  c a n  e x p l a i n  

t h e  p r o c e s s e s  a t  t h e  i n t e r f a c e  a n d  d e d u c e  f rom t h e m  t h e  l a w s  t h a t  c o u l d  l e ad  
to  a n  i m p r o v e m e n t  of  a d h e s i o n .  T h o s e  w o r k i n g  in  p r a c t i c a l  a p p l i c a t i o n s  
s h o u l d  d e v e l o p  m o r e  s o p h i s t i c a t e d  t e s t i n g  m e t h o d s  w h i c h  a l l o w  t h e  e n e r g y  
a p p l i e d  to  be  m e a s u r e d  e x a c t l y  so t h a t  i t  c a n  be c o m p a r e d  w i t h  t he  v a l u e s  
d e d u c e d  t h e o r e t i c a l l y .  
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