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SCOP E : 
-- Scow: . This Aerospace Recommended Practice is intended as a guide toward 
standard practices for the determination of surface cleanliness that are 
applicable to field operation. Some of these methods can also be used to 
determine quality assurance that a surface has been properly prepared and 
mai ntai ned. 

The instrumental methods are: Wettability, Surface Potential Difference 
(SPD), Ellipsometry, and Optically Stimulated Electron Emission (OSEE). 
Each instrument is described with respect to measurement techniques, 
limitations, and advantages and types of available instruments. Elementary 
theoretical principles and examples of the use of each instrument are also 
given. 

ABadcation: The application of the instruments recommended here is to 
establish that the state, or quality, of a surface is satisfactory for its 
intended use. Surface cleanliness refers to the absence of materials that 
would degrade the surface with respect to its intended use. In the case of 
adhesive bonding, the contamination is usually organic oils or greases; for 
soldering, welding, coating, or plating, it may be oxide or hydroxide films; 
for painting it may be water condensate. For example, for adhesive bonding, 
a properly prepared metal surface may require a hydroxide film that is 
stable with respect to heat and moisture. The presence of an oxide or 
hydroxide film that is not stable to heat and moisture, or that is 
mechanically weak, would be considered a contaminant. 

SAE Technical Board Rules provide that: "This report is published by SAEto advance the state of technical and engineering sciences. 
The use of this report is entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement 
arising therefrom, is the sole responsibility of the user." 

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your 
written comments and suggestions. 
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2, INSTRUMENTS: The type of  instrument recommended for  sur face  q u a l i f i c a t i o n  
w i l l  depend upon f a c t o r s  such as: t he  amount o f  in fo rmat ion  needed, the  
f requency o f  need o f  i n fo rma t ion ,  and whether samples o f  s p e c i f i e d  s i z e  and 
shape need be i n s e r t e d  i n t o  the  instrument or i f  the  sensor can be p laced on 
or near the ac tua l  sur face of  i n t e r e s t .  Other cons idera t ions  are:  c o s t  o f  
the  inst rument ,  maintenance requirements,  and needed opera to r  t r a i n i n g .  
Table 1 g ives  a comparison o f  the  var ious  types o f  inst ruments as to: 
p r i n c i p l e s  o f  opera t ion ,  what i s  measured, approximate depth o f  measurement, 
f i e l d  o f  a p p l i c a t i o n ,  est imated p r o f i c i e n c y  l e v e l  t o  operate,  est imated 
p r o f i c i e n c y  l e v e l  to  i n t e r p r e t  r e s u l t s ,  and est imated c o s t  range. 

2.1 W e t t a b i l i t y  T e s t s :  

2.1.1 Measurement Techniques: 

2.1.1 '1 

2.1.1.2 

2.1.1.3 

2.1.1.4 

There a re  two w e t t a b i l i t y  t e s t s  i n  use, They are  the  "Water Break Test"  
and the  "Hydrophobic Surface F i l m s  by the Atomizer T e s t . "  The m o s t  
common method fo r  the  de terminat ion  o f  the  sur face  c lean l i ness  has been 
the  "Water Break Test"  (ASTM F22). Th is  t e s t  s imply  e n t a i l s  p l a c i n g  a 
drop o f  c lean water on the  sur face and observ ing  whether the  water 
spreads, I t  i s  assumed t h a t  i f  the water spreads, the  sur face  i s  c lean 
and i s  proper  fo r  the in tended use (e,g., adhesive bonding, so lder ing ,  
p l a t i n g ,  e t c . ) .  However, the  t e s t  o n l y  i n d i c a t e s  t h a t  t he  a t t r a c t i o n  
between water molecules and sur face atoms i s  s u f f i c i e n t  t o  overcome the  
a t t r a c t i o n  o f  water molecules t o  themselves (i .e., overcome the  l i q u i d  
sur face tens ion) .  

The reason the  "Water Break T e s t "  has been so u s e f u l ,  i s  t h a t  t he  most 
common sur face contaminat ion has been nonpolar o rgan ic  o i l s  and greases, 
which have a very  low a t t r a c t i o n  fo r  h i g h l y  p o l a r  water molecules.  
p o l a r  na ture  of  a molecule i s  s imply  r e l a t e d  t o  the  d i s tance  o f  
separa t ion  between the  p o s i t i v e  charge o f  the  atomic nucleus and the  n e t  
negat ive  charge o f  the  o r b i t i n g  e lec t rons .  A q u a n t i t a t i v e  express ion o f  
t h i s  i s  g iven  i n  the d i p o l e  moment o f  molecules which w i l l  be more f u l l y  
descr ibed i n  the Surface P o t e n t i a l  D i f f e r e n c e  method. 

The 

Since o i l s  and greases are  u s u a l l y  nonpolar ,  they  have weak a t t r a c t i o n  
t o  themselves and t o  o t h e r  molecules; consequent ly,  they can s l i p  pas t  
each o t h e r  and separate e a s i l y ,  making good l u b r i c a n t s ,  b u t  poor 
adhesives. 

The "Hydrophobic Surface F i l m s  by the  Atomizer T e s t "  (ASTM F Z l ) ,  deemed 
a hundred t imes more s e n s i t i v e  than the  "Water Break T e s t , "  i nvo l ves  the 
spray o f  a water m i s t  on the  sur face and the  observa t ion  o f  whether or 
n o t  water d r o p l e t s  form. 
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2.1.2 L i m i t a t i o n s  and Advantages: 

2.1.2.1 The w e t t a b i l i t y  t e s t s  a re  l i m i t e d  t o  the d e t e c t i o n  o f  nonpolar 
contaminat ion t h a t  resu l t s  i n  an observable contac t  angle.  There are  
many m a t e r i a l s  t h a t  are p o l a r  enough to  reduce the con tac t  angle (8) 
t o  zero  b u t  s t i l l  degrade the  sur face w i t h  respec t  t o  i t s  in tended use. 
For example, s t rong,  env i ronmenta l l y  durable adhesive j o i n t s  may r e q u i r e  
s t rong,  s tab le ,  hydrox ide l aye rs .  This  i s  the  case fo r  adhesive bonding 
o f  aluminum and t i t a n i u m  p a r t s  f o r  aerospace purposes. Weak uns tab le  
ox ide  or hydrox ide l aye rs  may be very wet tab le  b u t  t o t a l l y  unsu i tab le  
fo r  bonding. 

2.1.2.2 Another l i m i t a t i o n  i s  the  d i f f i c u l t y  o f  automated measurement i n  the  
f i e l d .  
sub jec t  t o  human error. 

The techniques a re  p r i m a r i l y  performed by a person and are  

2.1.2.3 These techniques g i ve  no i n fo rma t ion  about the  elemental  content  o f  the  
contaminat ion,  o t h e r  than i t s  p o l a r  nature.  

2.1.2.4 The w e t t a b i l i t y  t e s t s  a re  l i m i t e d  t o  h igh  energy sur faces such as 
metals,  ceramics, or glasses. They are  n o t  s u i t a b l e  f o r  low energy 
sur faces,  such as most p l a s t i c s  and some composites. 

2.1.2.5 The w e t t a b i l i t y  t e s t s  may be a source o f  contaminat ion,  i n  t h a t  the  
presence o f  water, or contaminants w i t h i n  the  water,  cou ld  be 
de t r imen ta l .  

2.1.2.6 I t  should be po in ted  o u t  t h a t  when i t  may be r e q u i r e d  t o  t e s t  the 
unders ide o f  a i r c r a f t  fo r  c lean l i ness ,  the "Water Break T e s t "  i s  
d i f f i c u l t .  

2.1.3 A v a i l a b l e  Inst ruments:  

2.1.3.1 The s imp les t  method fo r  sur face c lean l i ness  t e s t i n g  i s  the  use of  an 
atomizer ,  a sy r inge,  p i p e t t e ,  or any conta iner  for  d ispensing c lean 

. water o n t o  a sur face,  f o l l owed  by v i s u a l  observa t ion  o f  whether the  
water beads up or spreads. 

2.1.3.2 R e f l e c t i v e  goniometers t o  measure l i q u i d  con tac t  angles are  a v a i l a b l e  t o  
observe the  shape o f  the  s ide  v iew o f  the  drop as i n  F igure  l a ,  fo r  a 
drop w i th  0 90 degrees and F igure  l b  fo r  a drop w i t h  8 90 degrees. 
A p r o t r a c t o r  eyepiece i s  p rov ided so t h a t  a h a i r  l i n e  can be a l i gned  
w i t h  the  tangent  t o  the  curva ture  o f  the  drop, a t  t he  l i q u i d - s o l i d  
i n t e r c e p t .  The contac t  angle i s  read d i r e c t l y  f rom the p r o t r a c t o r  
sca le.  The goniometer u s u a l l y  has an environmental  chamber so the 
con tac t  angle can be measured w i t h  c o n t r o l l e d  temperature and 
environment . 

2.2 Surface P o t e n t i a l  D i f f e r e n c e  (SPD): 

2.2.1 Measurement Techniques: 
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2.2.1.1 

2.2.1.2 

2.2.1.3 

2.2.1.4 

2.2.1.5 

If two parallel metal plates are connected by a conductor, an electric 
field is formed between them due to the difference in the work function 
between them. The work function i s  the energy needed to remove 
electrons from within the metal. If one o f  the plates i s  used as a 
reference electrode, i.e., constant with time and other measurement 
conditions, then changes in the potential between the reference 
electrode and the measurement surface reflect the changes in the work 
function of the measurement surface. 
between the two electrodes i s  referred to as the contact potential 
difference (CPD), and any changes that take place in the work function 
of the measurement surface i s  referred to as its surface potential 
difference or SPD, 

The difference in potential 

There are two SPD measurement techniques: (1) the vibrating capacitor 
(known as a Kelvin probe), and 
electrode has a layer of radioactive material, such as polonium or 
americium 241. The radioactive material is covered with a thin layer of 
metal to prevent leakage of the radioactivity, 
The reference electrode i s  placed near the surface that is to be 
measured for clean1 iness, and a voltmeter connected between the 
measurement surface and the reference electrode is observed and 
recorded. If the voltmeter is connected to a recorder or the data 
acquisition components of a computer, a permanent record of SPD can be 
attained as a function of the sample, of the position on a sample, or 
with respect to time. 

The distance that the reference electrode must be held with respect to 
the surface i s  determined by observing the voltage as the probe nears 
the surface. As the probe approaches withln a critical distance, the 
voltage remains constant. 
factors, such as radioactivity level in the radioactive method, or the 
vibration frequency in the Kelvin method, but i s  usually of the order of 
a few millimetres, so that, although the measurements are made without 
contact, great care with respect to positioning i s  usually not necessary. 

(2 )  a technique for which the reference 

The critical distance depends on a number of 

As for all methods for determining surface cleanliness, SPD can be used 
for surface qual i ty assurance by empirical means, without much 
understanding for instrument principles or theory. 
made for a set of samples, that are known to be satisfactory, to obtain 
an acceptance window or range, This window is expanded so that 
acceptable surfaces are not rejected. 
within the acceptance window are rejected or routed for further 
preparation. 

Measurements are 

Then surfaces that do not fall 

2.2.2 Limitations and Advantaues: 

2.2.2.1 In general, contamination by nonpolar greases or oils will increase SPD, 
but as for wettability measurements, this cannot be used as a sure 
measure of surface quality. 
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2.2.2.2 SPD gives no information as to elemental composition of contamination. 

2.2.2.3 In order to measure SPD, it is assumed that during the time of 
measurements the reference electrode does not change, so that SPD = 
change in CPD. This is usually not the case and one can never be sure 
which electrode i s  changing. In reference 1 ,  reference electrodes made 
of nickel, polytetrafluoroethylene (PTFE) sprayed nickel, as well as 
gold and platinum showed some drift with time. 

2.2.2.4 Although the radioactive SPD instrument is simple to operate, it has the 
disadvantage that a state license is required for the use of radioactive 
material. The vibrating electrode, although considerably more 
complicated, can be used without a license. 

2.2.2.5 SPD has the advantage over wettability in that it can be automated, 
relying less on human judgement. The sensor is small and can be taken 
to the surface of interest. Although SPD is theoretically limited to 
the surface monolayer, indirect relationships exist between SPD and much 
thicker films. For example, a linear relationship exists between SPD 
and hydroxide film thicknesses to 720 nm (7200 A )  on aluminum (See 
Figure 8). There must be a direct correlation between the surface 
dipole structure and anodize voltage, just as there is a direct 
correlation between the anodic film thickness and voltage. 

2.2.2.6 The SPD probe does not touch the surface it is measuring and is 
therefore a nondestructive, noncontaminating source. 

2.2.2.7 Given sufficient calibration with respect to surfaces and anticipated 
contamination, SPD can be a useful surface inspection technique. 

2.2.3 Available Instruments: 

2.2.3.1 Figure 2a is a schematic equivalent circuit diagram for the radioactive 
SPD technique. The current "i "  flowing in the circuit can be expressed 
by Ohm's law: 

i=CPD/(R+r>=e/r ( 1  

where CPD is the contact potential difference, R i s  the air gap 
resistance between the sample surface and the reference electrode, r i s  
the electrometer resistance, and e is the electrometer voltage reading. 
A radioactive substance, sealed behind a metal foil on the reference 
electrode, is used to provide ionization of the air between the 
electrodes, thus reducing R such that R r. In this case: 

i=CPD/r=e/r ( 2 )  

and CDP=e, the electrometer reading. To demonstrate that R r, e is 
measured as a function of distance between the electrodes. As long as e 
is independent of distance, R r. 
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2.2.3.2 F igure  2b shows a schematic equ iva len t  c i r c u i t  for  the  v i b r a t i n g  
e lec t rode  SPD inst rument .  
se r ies  w i t h  a r e s i s t o r  R and a vol tage source EO + ER. I n  genera l ,  
fo r  EO + ER = O ( V ) ,  an e l e c t r i c  f i e l d  w i l l  e x i s t  i n  the  gap between 
the  p l a t e s  o f  the  capac i to r  because CPD i s  n o t  zero.  The s inuso ida l  
v a r i a t i o n  o f  the  capac i to r  spacing w i l l  l ead  t o  an a l t e r n a t i n g  c u r r e n t  
i n  the  ex te rna l  c i r c u i t .  To determine CPD, Eo + ER i s  v a r i e d  u n t i l  
t he re  i s  no c u r r r e n t  f l o w i n g  i n  the  ex te rna l  c i r c u i t  and hence no f i e l d  
i n  the  gap. A t  t h i s  n u l l  p o i n t ,  EO + ER i s  equal t o  CPD. 
The vo l tage  V developed across R i s :  

The v i b r a t i n g  capac i to r  i s  connected i n  

&oAawR f 
vo = (CPD - Eo - ER) coswt fo r  Vo (CPD - Eo - ER) (3)  

d0 

where do i s  the  mean capac i to r  spacing, docc i s  t he  ampl i tude of  
v i b r a t i o n  a t  the f requency w and A i s  the area o f  the  p l a t e s .  
Vo i s  p r o p o r t i o n a l  i n  magnitude and s ign  t o  (CPD -Eo-ER), i t  can be 
used as an error s igna l  for a s imple servomechanism. The phase 
s e n s i t i v e  detected DC s igna l  p r o p o r t i o n a l  t o  (CPD - Eo - ER) i s  
a p p l i e d  as the  buck ing vo l tage  Eo + ER. 
and cont inous balance i s  mainta ined w i t h  the  o u t p u t  vo l tage  g iven by 

Since 

The feedback i s  negat ive  

E = ( C P D - E R ) / ( ~ + ~ / G )  (4) 

where G i s  the open loop ga in .  
Palevsky2 i n  a v i b r a t i n g  capac i to r  e lec t rometer .  

Th is  servomechanism was f i r s t  used by 

2.3 -: 

2.3.1 Measurement Techniques: 

2.3.1.1 

2.3.1.2 

An e l l i p s o m e t e r  i s  an o p t i c a l  inst rument  t h a t  measures the  e l l i p t i c i t y  
o f  a beam o f  monochromatic l i g h t  t h a t  r e f l e c t s  f rom the  sur face  o f  
i n t e r e s t ,  The i n c i d e n t  beam passes through a p o l a r i z e r ,  through a 
compensator (quarterwave p l a t e ) ,  r e f l e c t s  from the  surface, and f i n a l l y  
passes through another p o l a r i z e r  ( r e f e r r e d  to  as the  ana lyzer )  i n t o  a 
photodetec tor .  

Plane p o l a r i z e d  l i g h t  can be reso lved i n t o  two beams t h a t  a re  a t  r i g h t  
angles (o r thogona l ) .  The or thogonal  beams are  i n  phase and thus the  
r e s u l t a n t  p lane p o l a r i z e d  beam remains i n  the  same p lane as i t  
propagates through space. I f  no compensator i s  p resent ,  the sur face 
w i l l  cause the  r e f l e c t e d  or thogonal  beams t o  be o u t  o f  phase. Thus the 
r e f l e c t e d  beam vec to r  r o t a t e s  as i t  propagates. The p r o j e c t i o n  o f  the 
r o t a t i n g  r e f l e c t e d  beam i s  an e l l i p s e  w i t h  major and minor axes t h a t  
represent  the  amp1 i tude o f  the  or thogonal  components. The o r i e n t a t i o n  
o f  t he  e l l i p s e  represents  the  phase s h i f t  o f  the  or thogonal  components. 
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2.3.1.3 

2.3.1.4 

2.3.1.5 

2.3.1.6 

An e l l i p s o m e t e r  measures the  e l l i p t i c i t y  o f  the  r e f l e c t e d  beam, as two 
parameters, t a n  q ,  which i s  the r a t i o  o f  the  ampl i tudes o f  the  
orthogonal  components, and A ,  which i s  the phase s h i f t  o f  these 
components t h a t  r e s u l t s  from r e f l e c t i o n .  

The e l l i p t i c a l l y  p o l a r i z e d  l i g h t  c a r r i e s  w i t h  i t  i n f o r m a t i o n  about the 
sur face from which i t  was r e f l e c t e d .  I f  the sur face i s  a b s o l u t e l y  
c lean, t he  r e f r a c t i v e  index o f  the  sur face can be computed from A and 
q .  I f  a t h i n  f i l m  i s  present ,  t he  th ickness and r e f r a c t i v e  index o f  
the  f i l m  can be computed. 
t he  s e n s i t i v i t y  t h e  phase s h i f t  has w i t h  f i l m  th ickness.  I n  f a c t ,  the 
phase s h i f t  A i s  so s e n s i t i v e  t h a t  one thousandth o f  one monolayer o f  
ox ide  on metals can be detected. However, e l l i psomete rs  are u s u a l l y  
used t o  measure f i l m  th ickness i n  the  range O t o  6000 nanometres. 

E l l ipsometers are remarkable w i t h  respect  t o  

The r e f r a c t i v e  index o f  a sur face or a f i l m  i s  a complex number 
represented as 

A 
N = N ( l - i X )  ( 5 )  

where N,  t he  r e a l  p a r t  o f  the  complex number i s  t he  r e f r a c t i v e  index, 
which measures the  r e f r a c t i o n  or change o f  d i r e c t i o n  o f  the l i g h t  as i t  
passes from the  ambient i n t o  the  m a t e r i a l  and x, t he  imaginary p a r t  i s  
t he  abso rp t i on  index, which measures the f r a c t i o n  o f  the  l i g h t  t h a t  i s  
absorbed as i t  passes i n  and o u t  o f  the  m a t e r i a l  upon r e f l e c t i o n .  

F igu re  3 shows a p l o t  o f  A v s  y for  a t h e o r e t i c a l  f i l m  ( s o l i d  curve) 
on aluminum. 
the  th ickness ( i n  A >  o f  a t ransparent  f i l m  o f  index N = 1.3, x = O. 
The s o l i d  p o i n t s  i n  F igure 3 are the  measured values o f  A and q fo r  
an aluminum mirror. 

The t i c k s  and corresponding numbers on the  curve i n d i c a t e  

The p o i n t  O ( V I  shows the  o r i g i n a l  ox ide t o  be about 15 nm (150 A > .  
2(V> anodize, t h e  th ickness i s  about 80 nm (800 A I ;  a t  4(V), about 175 nm 
(1750 A > ;  and a t  6(V> about 325 nm (3250 A > .  

A t  

2.3.2 L i m i t a t i o n s  and Advantages: 

2.3.2.1 A t  8(VI  t he  f i l m  th ickness i n  F igure 3 i s  n o t  45 nm, b u t  about 350 + 45 
or 395 nm. 
repea t  i s  c a l l e d  the  first o rde r  f i l m  th ickness and p o i n t s  o u t  a 
l i m i t a t i o n  f o r  an o r d i n a r y  e l l i p s o m e t e r .  
th ickness one must know the  o rde r  o f  the  f i l m .  This l i m i t a t i o n  i s  
removed by measuring a t  two wave lengths or two angles o f  inc idence.  

The value o f  th ickness a t  which the  A ,  y values begin t o  

To determine the  f i l m  
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2.3.2.2 The theory of ellipsometry is limited to films of uniform refractive 
index on perfectly smooth substrates. Perhaps the most difficult 
limitation of the interpretation of ellipsometry is the effect of 
roughness. However, roughness does not prevent precision measurements 
from being made. An example i s  given in Figure 4 for aluminum samples 
that had been etched (very rough) in sulfuric-acid-dichromate solution 
and then anodized in phosphoric acid solution at various voltages. 

2.3.2.3 It is observed that the A ,  q~ data go around a loop as in Figure 3, 
but the loop i s  distorted due to the roughness. 
analysis on the effect of roughness on ellipsometry can be found in 
Ref. 3. 

A comprehensive 

2.3.3 Available Instruments: 

2.3.3.1 There are four types of commercially available instruments, These are 
the nulling type, the rotating analyzer type, the comparison type, and 
the TRI-BEAM type. The nulling type i s  represented in Figure 5a. The 
manually operated nulling ellipsometer is the most precise instrument 
available. Typically these instruments have verniers that allow reading 
of A and \y to 0.01 degree. There are automated nulling 
ellipsometers which typically measure A to 0.1 degree and tp to 
0.05 degree, 

intensity data as the analyzer rotates through 360 degrees. 
intensity data vs analyzer azimuth, values of A and q~ are calculated 
and typically resolve to 1.0 and 0.5 degree, respectively. 

2.3.3.2 The second type, the rotating analyzer ellipsometers, takes light 
From light 

2.3.3.3 The third type, the comparison ellipsometer, has the arrangement in 
Figure 5b. This ellipsometer utilizes polarized white light and makes a 
direct visual comparison between a test surface and a reference standard 
that has known properties. There are no moving parts. 
looks through the analyzer and sees rainbow hues where the two surfaces 
are dissimilar and a total extinction of light where the two surfaces 
have identical properties. The dark extinction line is compared to a 
scale that indicates the film thickness. 

The operator 

2.3.3.4 An advantage of the comparison ellipsometer is that the film thickness 
is read directly, with no computer calculations needed. 
di sadvantage is that a wedge-shaped fi lm standard i s necessary, with 
identical index of refraction to that o f  the sample t o  be measured. 
This type of ellipsometer does not measure refractive index as do the 
other types. 

A severe 
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2.3.3.5 The fourth type, the TBE (tri-beam) ellipsometer, is based on the 
analysis of Ref. 4. The principle is similar to the rotating analyzer, 
except that the intensity of light is monitored at O degree, 45 degree 
and 90 degree azimuth of the analyzer. There are no moving parts in the 
ellipsometer and all light intensity readings are automatically entered 
into a computer via an AID converter. The computer calculates A and 
q~ from the three intensities and then calculates film thickness and 
refractive index. All the other ellipsometer types must have samples 
produced and placed in the ellipsometer. This prevents measurements 
being made directly on production lines or on large production parts. 
The three-intensity type ellipsometer has a small hand held sensor that 
can be placed on production lines or scanned over large production parts. 

2.3.3.6 Except for the comparison ellipsometer, the typical measurement time 
varies from 5 to 50 seconds per measurement. Due to having no moving 
parts and being entirely electronic and computer controlled, the 
TBE (tri-beam) type ellipsometer can make measurements at about 0.001 
seconds per measurement, or as fast as the computer can take the data. 
This has the advantage that two dimensional surface mapping can take 
place in a relatively short time. For example, a map of 1000 data 
points can be made in a matter of seconds as compared to hours for the 
other ellipsometers. 

2.4 Opticallv Stimulated Electron Emission (OSEE): 

2.4.1 Measurement Techniques: 

2.4.1.1 An OSEE instrument has a sensor that contains a lamp that emits 
ultraviolet (UV) light and a collector for collecting electrons emitted 
by the surface. The UV light stimulates the emission of electrons from 
the surface. The electrical current resulting from the electron 
emission is composed of electrons and molecules that capture electrons 
to become negative ions. 

2.4.1.2 The use o f  OSEE for surface inspection relates the high sensitivity of 
electron emission to contaminants on the surface. As for SPD and 
Ellipsometry, OSEE is restricted to a very thin surface layer (- O to 
a few hundred Angstroms) that will allow electrons to escape. As for 
SPD, thicker layers can affect the emission and attenuation 
characteristics of the outer layer in a systematic way, and thus make 
OSEE useful for the measurement of the thicker films. 

2.4.1.3 The position of the OSEE with respect to the surface is not critical and 
can vary from millimetres to centimetres. However, once an appropriate 
distance has been chosen, it must be maintained for further measurements 
because the current is attenuated by the gas between the electrodes. 
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2.4.1.4 The OSEE ins t rument  can be used as a q u a l i t y  assurance t o o l  w i t h  very  
l i t t l e  knowledge o f  the  t h e o r e t i c a l  p r i n c i p l e s  or d e t a i l s  rega rd ing  i t s  
f u n c t i o n .  As  mentioned fo r  SPD, samples o f  known u t i l i t y  can be used t o  
o b t a i n  an acceptance window and a f t e r  expanding the  window t o  e l  i m i  nate 
r e j e c t i o n  o f  acceptable p a r t s ,  s igna ls  ou ts ide  o f  the  acceptance window 
can be used t o  r e j e c t  unacceptable p a r t s .  

2.4.1.5 The e l e c t r o n i c  s igna l  f rom the  OSEE ins t rument  can be g iven d i r e c t l y  t o  
a computer v i a  an A/D conver te r  and pe r iphe ra l  i n t e r f a c e  adaptor ( P I A ) ,  
for  da ta  a c q u i s i t i o n  management, or t o  operate automated c o r r e c t i v e  
a c t i o n  apparatus.  

2.4.2 L i m i t a t i o n s  and Advantaaes: 

2.4.2.1 OSEE has one impor tan t  l i m i t a t i o n ,  t h a t  o f  sur face  changes due t o  
exposure t o  the  UV l i g h t .  Th is  can be overcome, i n  most cases, by 
m in im iza t i on  o f  the  exposure. I t  i s  w e l l  known t h a t  exposure o f  the  
sur face t o  UV l i g h t  can be used to  c lean a contaminated sur face .  The UV 
l i g h t  produces ozone which r e a c t s  w i t h  hydrocarbon contaminat ion t o  form 
carbon monoxide and carbon d iox ide ,  which leave the  sur face  as gas. 

2.4.2.2 Another l i m i t a t i o n  r e l a t e s  to  the  sur face  depth o f  UV p e n e t r a t i o n  and 
e l e c t r o n  escape. 

2.4.2.3 OSEE does n o t  revea l  i n fo rma t ion  as t o  the  elemental  composi t ion of  
sur face l aye rs ,  b u t  might  be use fu l  i n  t h i s  regard  w i t h  ex tens ive  
c a l i b r a t i o n  s tud ies .  

2.4.2.4 Due t o  the  mechanism o f  e l e c t r o n  and i o n  c u r r e n t  flow through the  a i r ,  
and the  e f f e c t  o f  d is tance on the  e l e c t r i c  f i e l d  between the  sur face and 
the  c o l l e c t o r ,  measurements must be made w i t h  a cons tan t  d i s tance  
between the  probe and the  sur face fo r  r e p r o d u c i b i l i t y .  
e a s i l y  achieved. 

This  i s  u s u a l l y  

2.4.3 A v a i l a b l e  Inst ruments:  

2.4.3.1 There i s  o n l y  one type o f  OSEE ins t rument  p r e s e n t l y  a v a i l a b l e .  As for 
t he  o t h e r  inst ruments,  the  phys i ca l  c o n f i g u r a t i o n  (See F igure  6) i s  
s imple,  b u t  t he  ac tua l  development o f  a r e l i a b l e ,  low no ise  ins t rument  
i s  complex and d i f f i c u l t .  

3. THEORETICAL PRINCIPLES AND EXAMPLES: 

3.1 Wettabi 1 i t y  Tests:  

3.1.1 Theore t i ca l  P r i n c i p l e s :  
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3.1.1.1 The contac t  between a l i q u i d  and s o l i d  i s  de f ined by F igure 1.  Zisman 
and coworkers5 have developed d e t a i  i ed procedures fo r  exper imental  
measurement o f  l i q u i d - s o l i d  contac t  angles. Zisman showed t h a t  a p l o t  
o f  Cos r versus l i q u i d  sur face tens ion  q, fo r  a homologous l i q u i d  
s e r i e s  aga ins t  a common s o l i d ,  tends to  produce a l i n e a r  curve. 
E x t r a p o l a t i o n  o f  the  Cos r versus q t o  Cos r = 1 de f ines  a 
c r i t i c a l  l i q u i d  sur face tens ion,  qc, fo r  w e t t a b i l i t y  o f  the . s o l i d .  
Any l i q u i d  w i t h  sur face tens ion  l e s s  than the  c r i t i c a l  sur face tens ion  
w i l l  spread on the  sol i d  sur face (i .e. ,  r = O). 

3.1.1.2 The energy t o  separate a l i q u i d  f rom a s o l i d  i s  r e f e r r e d  
o f  adhesion, Wa, and i s  r e l a t e d  t o  r and q by the  fol low 

Wa=q(l+Cos r)  

From Eq. (6) i t  i s  observed t h a t  s ince the  contac t  angle 
to  180 degrees, Wa must be a t  l e a s t  2q. The s t r e n g t h  o f  

t o  as the  work 
ng equat ion:  

(6) 

can vary from O 
adhesion, or 

the  bond between molecules i n  the  l i q u i d  and molecüles or atoms i n  the  
s o l i d ,  can be est imated by measuring the  contac t  angle and o b t a i n i n g  the 
l i q u i d  sur face tens ion  f rom the  handbooks fo r  phys ics and chemist ry .  
However, s ince  r cannot be l e s s  than zero, t h e  s t r e n g t h  o f  the  bonds 
t h a t  a re  g r e a t e r  than 2q cannot be determined t h i s  way. 

3.1.1.3 The theory  fo r  the  "Atomizer Test"  i s  e s s e n t i a l l y  the  same as for  the 
"Water Break T e s t , "  except t h a t  the water i s  p laced on the  sur face as 
e x t r e m e l y  small  d r o p l e t s  or m i s t .  

3.1.2 W e t t a b i l i t y  Examples: 

3.1.2.1 F igure 7 i n d i c a t e s  t h a t  a s i n g l e  l a y e r ,  two molecules 
d i p ) ,  o f  a n a t u r a l  grease ( m y r i s t i c  a c i d )  can increas 

t h i c k  (from 1 
t h e  contac t  angl 

f r o m  approximately zero  t o  Över 90 degrees fo r  a smooth aluminum 
mirror. The contac t  angle does n o t  change a f t e r  the  f i r s t  d i p  because 
each d i p  dëpos i ts  a b i l a y e r  w i t h  a p o l a r  a c i d  group sandwiched between 
the  nonpolar hydrocarbon chains,  so t h a t  the  water o n l y  sees t h e  ends of  
the  hydrocarbon chains.  To show the  dramat ic e f f e c t  extremely t h i n  
l a y e r s  o f  grease contaminat ion can have, the  d e p o s i t i o n  of o n l y  one 
monolayer o f  m y r i s t i c  a c i d  (molecular chain l y i n g  f l a t  on the  sur face)  
increased the  contac t  angle by 36 degrees and decreased the  lapshear 
bond s t r e n g t h  by 324 p s i  (2234 kPa). 

3.2 Surface P o t e n t i a l  D i f f e r e n c e  (SPD): 

3.2.1 Theore tc ia l  P r i n c i p l e s :  
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3.2.1.1 The r e l a t i o n s h i p  between SPD and a cont inuous d i p o l e  sheet on t h e  
sur face has been developed from elementary e l e c t r o s t a t i c s  and i s  known 
as the  Helmholtz equat ion:  

SPD = k 4 ~ p r  (7) 

I n  Eq(71, i' i s  t h e  number o f  d i p o l e s  per  cm2 and 1.1 i s  the  d i p o l e  
moment o f  each d i p o l e .  
d i p o l e s  and induced d i p o l e s  associated w i t h  a molecule. For example the  
myr i s t i c  a c i d  r e f e r r e d  t o  p r e v i o u s l y  i s  composed o f  a carboxy l  head 
group and a hydrocarbon t a i l  o f  13 carbon-hydrogen groups as follows: 

The d i p o l e  moment i s  composed o f  permanent 

H H H H H H H H H H H H H  

3.2.2 

3.2.2. 

3.2.2.2 

I f i l l i i l i t r  1 1  

I I I i I I I I I 1 1  I i II 
H - C - C - C - C - C - C - C - C - C - C - C - C - C - C - O H  

H H H H H H H H H H H H H O  

The carboxy l  a c i d  group, COOH, a t  the  end has a permanent separat ion o f  
charge ( d i p o l e  moment) and each CH group has an induced d i p o l e .  The 
d i p o l e  moment 1.1 fo r  the  molecule i s  the  sum o f  these d i p o l e s  and 
depends upon t h e  molecul'ar o r i e n t a t i o n  o f  the  molecule. 

Examples o f  SPD: 

The SPD vs d i p  number i n  F igure 7 i l l u s t r a t e s o t h e  e f f e c t  o f  r and 
p. The aluminum mirror had approximately 60 A of ox ide  p r i o r  t o  
d i p p i n g  through t h e  myr i s t i c  a c i d  l a y e r .  This ox ide  had a p o s i t i v e  
SPD va lue o f  about 0.7(V>. The decrease i n  SPD between O and 1 d i p  

ue t o  growth of the ox ide  or hydroxide l a y e r  from 60 A t o  about 

on the  water.  
d e p o s i t i o n  o f  about 11 A o f  myr i s t i c  a c i d .  
p a r t l y  l y i n g  f l a t  and p a r t l y  s tanding on the  head group. 
depos i ts  a l l  the  myr is t ic  a c i d  t h a t  can be deposi ted,  w i t h  associated 
increase i n  SPD. Continued d i p p i n g  causes rearrangement o f  the  d i p o l e s  
as observed by the  f o l l o w i n g  SPD decrease. 

90 is d as the  sample was dipped i n t o  water w i t h o u t  t h e  myr is t ic  a c i d  
The f i r s t  d i p  increased SPD about O . l ( V )  due t o  the  

The molecules are  
Three d ips  

F igure 8 shows an example o f  the  use o f  SPD fo r  r e l a t i v e l y  t h i c k  f i l m s .  
F igure 8 g ives SPD vs f i l m  th ickness (and anodic vo l tage)  for  f r e s h l y  
anodi zed 7075-T6 aluminum a l  loy and 2024-T3 aluminum a l  loy and anodi zed 
7075-T6 aluminum a l l o y  a f t e r  aging. The f r e s h l y  anodized metal had a 
water contac t  angle o f  zero. The aged sample had a water contac t  angle 
o f  50 degrees, i n d i c a t i n g  some contaminat ion w i t h  aging. The presence 
o f  contaminat ion,  a l though i n c r e a s i n g  the  water contac t  angle,  has no t  
changed the  slope o f  the  SPD v s  th ickness curve. 
s lope o f  the  SPD vs th ickness curve for  2024-T3 i s  q u i t e  d i f f e r e n t  than 
fo r  7075-T6, i n d i c a t i n g  a d i f f e r e n t  e f f e c t  o f  the  hydroxide f i l m  on the 
d i e l e c t r i c  p r o p e r t i e s  o f  the  o u t e r  l a y e r s .  

On the  o t h e r  hand, the 
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3.3 Ellipsometry: 

3.3.1 Theoretical Principles: 

3.3.1.1 Figure 5a shows the components and arrangement of a standard nulling 
ellipsometer. Starting from the left of Figure 5a, the beam from a 
light source is passed through a filter to provide a monochromatic beam 
which then passes through a polarizer to obtain plane polarized light. 
If this beam i s  reflected from a specular reflecting surface, the 
reflected beam is elliptically polarized. The state of ellipticity of 
the reflected beam contains information with respect to the optical 
parameters of the substrate and any films that may be on the surface. 
The interpretation of the state of ellipticity of the reflected light is 
used to determine the optical properties of the surface, and thus the 
name of the instrument has become Ellipsometer. 

3.3.1.2 In order to simplify the interpretation o f  the polarization state, a 
compensator (quarter wave plate) provides elliptically polarized light. 
The ellipticity of this incident beam can be controlled by the 
orientation of the polarizer. On the right side of Figure 5d, there is 
an analyzer (just another polarizer) and photodetector. To make 
measurements, the compensator is set to +45 degrees with respect to the 
plane of incidence (POI) and the polarizer is rotated until the 
reflected beam is plane polarized. 
light if polarizer and compensator produce the reflected plane 
polarization. 
two parameters, A and q that are directly related to the optical 
properties of the surface. 

The analyzer can only extinguish the 

The readings of the polarizer and analyzer azimuths yield 

3.3.1.3 The elliptically polarized light can be resolved into two orthogonal 
plane polarized beams, one parallel to the POI and the other 
perpendicular to the POI. If these two orthogonal beams are in phase 
with each other, the beam is plane polarized; if not, the beam is 
elliptically polarized. A is the phase shift of the parallel beam 
with respect to the perpendicular beam, upon reflection of the light. 
The tangent o f  q i s  the ratio of amplitudes of these two orthogonal 
beams (i.e. the ratio of the major and minor axes of the ellipse). 
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3.3.1.4 The e l l i p s o m e t r i c  equat ion t h a t  r e l a t e s  A and q~ to  the  o p t i c a l  
p r o p e r t i e s  i s :  

RHO=Tan q~ exp( iA)  (8 

where RHO i s  the  complex r e f l e c t i o n  c o e f f i c i e n t  and i = 7 / 7  the  symbo 
f o r  imaginary numbers. 

The complex r e f l e c t i o n  c o e f f i c i e n t  i s :  

where Ns i s  the  subs t ra te  r e f r a c t i v e  index, xs i s  the  subs t ra te  
absorp t ion  index, Nf i s  the  f i l m  r e f r a c t i v e  index, xf i s  the  f i  m 
abso rp t i on  index, d i s  the  f i l m  th ickness ,  X i s  t he  l i g h t  wave ength 
and 0 i s  the  angle o f  inc idence o f  the  l i g h t  beam. 
has no f i l m ,  the  e l l i psomete r  can be used t o  measure Ns and xs .  
I f  Ns and xs a re  known, and the f i l m  i s  t ransparent ,  i . e . ,  xf. 
= O, then the  e l l i psomete r  can be used t o  measure the  f i l m  th ickness  d 
and the  r e f r a c t i v e  index Nf. 

I f  the  subs r a t e  

3.3.1.5 I f  the f i l m  i s  absorb ing and xf i s  n o t  known, then there a re  th ree  
unknowns and o n l y  two measured parameters. I n  o rde r  to  compute values 
fo r  the  th ree  unknowns, i t  i s  necessary to  p rov ide  a t  l e a s t  t h ree  
independent measured parameters by us ing  two wave leng ths  or by making 
measurements w i t h  the  sample i n  a medium w i th  r e f r a c t i v e  index d i f f e r e n t  
than a i r  (e,g., water or a so l ven t ) ,  or a t  l e a s t  two angles o f  inc idence 
t o  o b t a i n  a second independent s e t  o f  A and y. 
e l l i p s o m e t r y  and measurement techniques can be found i n  R e f .  6. 

The theory  of  

3.3.2 Examples o f  E l l i psomet ry :  

3.3.2.1 The a b i l i t y  o f  e l l i p s o m e t r y  t o  nondes t ruc t i ve l y  measure p a r t i a l  
monolayers o f  contaminat ion t o  f i l m s  as t h i c k  as 6000 nm makes t h i s  
ins t rument  an e x t r e m e l y  use fu l  technique fo r  sur face  q u a l i t y  assurance. 
F igure  7 shows a p l o t  o f  A and q fo r  e x t r e m e l y  t h i n  l a y e r s  o f  
m y r i s t i c  a c i d  on an aluminum mirror. D ipp ing  the  mirror i n  c lean water 
p r i o r  t o  p l a c i n g  a monolayer of  m y r i s t i c  a c i d  on the  water sur face  
decreased A by about 3 degrees which corresponds t o  an inc rease i n  
ox ide  th ickness  of  about 1.5 t o  2.0 nm ( i . e . ,  3 t o  4 atomic l a y e r s ) .  
Note t h a t  d u r i n g  t h e s e  d ips ,  the  water con tac t  angle remained very  low 
and the  SPD decreased, cons is ten t  w i t h  the  growth o f  d i p o l e s  w i t h  
negat ive  end p o i n t i n g  away from the  sur face O = or CH-). 
e l l i p s o m e t e r  revea ls  (F igure  7)  t h a t  a f t e r  the  t h i r d  d i p  through 
m y r i s t i c  a c i d  the  f i l m  was about 3.5 - 5.0 nm (about the  th ickness  o f  a 
b i l a y e r ) .  

The 
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3.3.2.2 Measurements o f  ox ide  th ickness  on s i l i c o n  wafers between approx imate ly  
500 4 and 11,000 a are  repo r ted  i n  Table 2 for  the  f o u r t h  type 
TBE ( t r i -beam) e l l i psomete r .  
d e v i a t i o n  o f  the  measurements w i t h  one TBE ( t r i -beam) e l l i psomete r  from 
a standard manual n u l l i n g  e l l i psomete r .  
t he  two wavelengths 750 nm and 810 nm are  a l s o  g iven i n  Table 2. Since 
the  TBE ( t r i -beam) e l l i psomete r  used two wave lengths,  the  c o r r e c t  f i l m  
th ickness  was computed i n  each case, even though the  f i l m  th ickness 
passed through O, 1 s t  and 2nd order .  

The error column r e p o r t s  the  percent  

The values o f  A and I# a t  

3.3.2.3 Table 3 r e p o r t s  surface q u a l i t y  assurance r e s u l t s  for  phosphor ic a c i d  
anodized (PAA) 7075-T6 aluminum a l l o y  t h a t  had been prepared f o r  
adhesive bonding. 
e l l i psomete r .  
f i r s t  measured w i t h  samples t h a t  were known t o  be p r o p e r l y  anodized. 
The f i r s t  f i v e  samples i n  Table 3 were  p r o p e r l y  anodized, whereas 
numbers 6 and 7 were  contaminated w i t h  f i n g e r  p r i n t s .  
degreased b u t  n o t  anodized. 
prepared samples were  r e j e c t e d .  

The r e s u l t s  i n  Table 3 were measured w i t h  a TRI-BEAM 
The acceptance window o f  A = 152 t o  182 degrees was 

Sample 8 was 
I n  each case the  contaminated o r  improper ly  

3.4 Photo E lec t ron  Emission (OSEE): 

3.4.1 Theore t i ca l  P r i n c i p l e s :  

3.4.1.1 

3.4.1.2 

O p t i c a l l y  S t imu la ted  E lec t ron  Emission (OSEE) i n  vacuum i s  a w e l l  
es tab l i shed  technique, b u t  OSEE i n  ambient atmosphere has o n l y  r e c e n t l y  
been used for  sur face q u a l i t y  assurance. To i l l u s t r a t e  the  p r i n c i p l e s  
o f  OSEE i n  a i r ,  F igure  6 i s  presented as a s i m p l i f i e d  schematic 
rep resen ta t i on  o f  the  photoe lec t ron  emission system. The UV l i g h t  
passes through the  c o l l e c t o r  g r i d  t o  the sample. The b i a s  between the 
sample and the  c o l l e c t o r  d r i v e s  the emi t ted  e lec t rons  to  the c o l l e c t o r  
by a d i f f u s i o n  process. 

By us ing  the  appropr ia te  l i g h t  wavelength, emission from the metal 
subs t ra te  can be separated f rom emission from the  ox ide  l aye rs .  
example, l e t  x be the d is tance i n  the  ox ide  perpend icu la r  t o  the  plane 
o f  the  subs t ra te ,  x=o a t  the  gas-oxide i n t e r f a c e  and x=xo a t  the  
oxide-metal i n te r face .  I t  i s  assumed t h a t  a t t e n u a t i o n  o f  the  l i g h t  i n  
the  ox ide ,  compared t o  t o t a l  l i g h t  f l u x ,  i s  small fo r  the  ox ide  
th icknesses under cons idera t ion .  
e lec t rons  from p o s i t i o n  x i n  the  ox ide,  per  u n i t  l eng th ,  averaged w i t h  
respec t  to  energy; N the  number of i n c i d e n t  photons per  second; Po 
the  p r o b a b i l i t y  of pEoton absorp t ion  a t  x i n  the  ox ide ;  Pm the 
p r o b a b i l i t y  o f  photon absorp t ion  i n  the  metal ;  Yo the  number o f  
emi t ted  e l e c t r o n s  per  absorbed photon i n  the  ox ide ,  Y, the number o f  
emi t ted  e l e c t r o n s  per  absorbed photon i n  the  meta l ;  and 8 the  f r a c t i o n  
o f  emi t ted  e lec t rons  t h a t  are c o l l e c t e d  ( i nc ludes  geometric and f i e l d  
e f f e c t s  due t o  imposed p o t e n t i a l  between sample and c o l l e c t o r ) .  The 
p r o b a b i l i t y  t h a t  an e l e c t r o n  w i l l  escape from p o s i t i o n  x i n  the  ox ide  
can be expressed i n  exponent ia l  form as: 

For 

Le t  P ( x )  be the  escape p r o b a b i l i t y  o f  
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3.4.1.2 (Continued): 

where Co i s  a factor that depends on the work function of the oxide 
and L is the attenuation length, - characteristic of the average energy 
of the excited electrons. x i s  the distance - along the direction with 
respect to the surface normal (i.e., x =x/cos6). The average 
distance i' i s :  

i' =[I (x/cos 8) d61/26,, 
where electrons are collected within solid angle 0 about eo 
Equation (10) becomes: 

where 
tan(l/4~ + 1 /2  8 0 )  
tan(l/4v - 1 / 2  8 0 )  

L' = LQn 

(11) 

(12) 

(13) 

The photocurrent Ip can be expressed as: 

xo/L' 
GNp Poyo P ( S ) d ( x / L ' + GNp PmYm P ( ~g ) 1 (14) 

O 
IP = [ /  

where the first term on the right-hand side of Eq. (14)  is for electron 
emission from the oxide, and the second term is for the emission from the 
metal. Integration of Eq. (14) after substituting for P(x) from Eq. 
(12)  yields: 

Ip = GNpCOPOYOCl - exp(-xg/L')l t GNpPmYm exp(-xo/L'> (15) 

Collecting constants, Eq. (15) becomes: 
O O 

Ip = 1p0 ci - exp(-xg/L')l t Ipm exp(-xo/L') ( 1 6 )  

where 

O O 
GNpCgPoYo I GN C P Y 

I Pm P O m m  
( 1 7 )  

(18)  O O 
At xo{( L', Ip = Ipm, and at XO>) L', Ip = IP, 
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3.4.1.3 

3.4.1.4 

3.4.1.5 

I n  the  case o f  a f i l m  t h a t  does n o t  e m i t ,  on a metal  t h a t  does e m i t ,  
Eq. (16)  reduces to: 

For the  case o f  an e m i t t i n g  f i l m  on a nonemi t t ing  meta l ,  Eq. (16) 
reduces to: 

I = IO C I  - e x p ( - x 0 / ~ ' ) l  
P PO 

(20) 

Equations (10) - (20) a re  v a l i d  fo r  OSEE i n  vacumm. 

There are  two aspects t o  OSEE i n  a i r ;  one has t o  do w i t h  the  charge 
c a r r i e r s  (gap res i s tance )  and the o t h e r  has t o  do w i t h  the  d r i v i n g  
p o t e n t i a l  or the  f i e l d  between the  e lec t rodes .  The c u r r e n t  must cons i s t  
o f  e lec t rons  or ions .  I n  the  absence o f  sparks, arcs,  glows, u l t r a  h igh  
frequency microwaves and chemical a c t i o n  i n  f lames, ions  are  created i n  
gases by: 

1 )  Photo e j e c t i o n  o f  e lec t rons  from gas molecules or atoms by x-rays o r  
s h o r t  wavelength u l t r a v i o l e t  l i g h t ,  or by h igh  energy p a r t i c l e s  such 
as a lpha p a r t i c l e s  and gamma rays.  

2) I o n i z a t i o n  due t o  e lec t rons  emi t ted  by photo-or thermion ic  
e x c i t a t i o n  from s o l i d  surfaces. 

I f  process 1 i s  s i g n i f i c a n t ,  the  c u r r e n t  i s  very  s e n s i t i v e  t o  the  
ca thod ic  m a t e r i a l .  Since t h i s  i s  n o t  the  case, process 2 i s  the  pr imary 
process. According to  the  theory  o f  e l e c t r i c a l  conduct ion i n  gases 
(Ref. 7, 8 ) ,  the  f i r s t  Townsend c o e f f i c i e n t  (number o f  e lec t ron - ion  
p a i r s  per  e l e c t r o n  per  cm) i s  zero  up t o  approx imate ly  15,000 (V/cm) for  
a i r .  Therefore,  w i t h  45(V/cm), i o n i z a t i o n  o f  the  a i r  by photoelect rons 
can be neglected.  The conduct ion process must be p r i m a r i l y  one o f  f r e e  
e lec t rons  p l u s  c o n t r i b u t i o n s  of  negat ive  02 due to  e l e c t r o n  attachment 
and a smal l  c o n t r i b u t i o n  fr.om ions  due to  pho to ion i za t i on .  

The maximum photoe lec t ron  c u r r e n t  emi t ted  i n  vacuum i s  Io. I n  gas 
some o f  these e lec t rons  are  r e f l e c t e d  by gas molecules back t o  the 
e m i t t i n g  sur face.  
expressed (Ref.7): 

The n e t  e l e c t r o n  c u r r e n t  across the  gap can be 

I/Io = (X/P)KL /C l  + ( X / P ) K é I  (21) 

where X i s  the e l e c t r i c  f i e l d  (vo l ts /cm>,  P i s  the  gas pressure ( t o r r ) ,  

K i  = 3040 K i n o  (22 )  

- 
Vo i s  the  average emission v e l o c i t y  o f  the photoe lec t rons  and Ke i s  
the  e l e c t r o n  m o b i l i t y .  
across the  gap and shows t h a t  i n  t h i s  case the  c u r r e n t  I can never be 
l a r g e r  than the  vacuum photo cu r ren t .  

Equat ion ( 2 1 )  was developed fo r  a un i fo rm f i e l d  

For the  cond i t i ons  (X /P)Ké  

I = IoKéX/P,  (23) 

1 ,  
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3.4.1.5 (Continued): 

i.e., Ohm’s law is approximated and the current i s  predicted to be 
inversely proprotional to P as observed. The kinetic energy of 
photoelectrons can be expressed: 

1/2 m 7; = 0.6 (hv - +e) (24) 

where v is the light frequency, h is Planks constant, Q i s  the work 
function of the cathode, e is the charge of an electron and m i s  the 
mass of an electron. The constant, 0.6, accounts for the fact that all 
electrons will not have the maximum energy. The average velocity i s  
(From Eq. (24 ) :  

From Eqs. (221, (231, (241, (25): 

where x = (E + +‘>/d, E i s  the applied voltage and d i s  the distance 
between electrodes. The contact potential difference, Q’, is Q - 
$r, where $- is the work function of the reference electrode, and 
i s  generally less than 1 V, and therefore small with respect to 
E(-50 VI. 
extent, oxygen has a large capture cross-section. 
oxygen n m t  of the current is carried by 05. 

Although argon and nitrogen do not capture electrons to any 
Therefore in air or 

3 . 4 . 2  Examples of OSEE: 

3 . 4 . 2 . 1  For aluminum, emission occurs from the metal because the photoelectric 
threshold is 4 . 2  eV and the light used was about 5 eV. 
does not occur from the oxide because the photoelectric threshold (the 
work function) i s  about 8 eV. 
Eq. (16) reduces to: 

Photoemission 

Therefore, for A12 03/Al, Po = O and 

= Iim exp (-x/L’) (27) 
where 

I‘ pm = Io pm C(x/P>K;/(l + (x/P>Ké>I 

The solid circles in Figure 9 represent the anodized aluminum that had 
been vapor deposited on glass, the solid triangle represents the 
anodized 1100 aluminum plate, and the open triangle represents the 
electropolished Al-1100 plate. All the data in Figure 9 fall close to  
the straight line drawn through the data points except for the 
electropolished samples. This indicates that the values of I’ 
or L‘ are different for the electropolish film than for the o&hers 
and this i s  probably due to structural differences in this film. 
From Figure 9 ,  except for electropolish film, Ipm= 1.1 x 10 -8amps 

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p4

25
2

https://saenorm.com/api/?name=fd78bdac628fbe38f2a446c355ff1163


SAE ARP*1(252 87 8357340  0028154  e= 

Page 19 I ARP4252 

3.4.2.1 

3.4.2.2 

3.4.2.3 

3.4.2.4 

3.4.2.5 

(Continued): 

and L' = 28OA. 
constant.  Experimental values o f  + fo r  anodized aluminum are 
approximately constant,  independent o f  ox ide  th ickness.  

The f a c t  t h a t  Ipm i s  a constant  i n d i c a t e s  t h a t  + i s  

The average e l e c t r o n  energy associated w i t h  L' i s  n o t  known; however, 
for  a g iven photon energy the  maximum i n i t i a l  energy Em would beg, 
h v  = (+b + Eo) where Eo i s  the e l e c t r o n  a f f i n i t y  o f  the  ox ide  and 
+ b i s  the  energy b a r r i e r  a t  t he  A l  203-Al i n t e r f a c e .  Pong loes t ima tes  

Therefore,  for  h v a  5 ev (1 = 2500 j P  >, t h e  maximum i n i t i a l  energy o f  e l e c t r o n s  emi t ted  i n t o  the  ox ide 
would be E m B 2 . 6  ev. Kanter and Feibe lmanl l  measured L' a t  
approximately t h e  same i n i t i a l  energy ( i e .  Em # 3  ev).  The value o f  L' 
o f  28 A i s  i n  c lose  agreement w i t h  t h e i r  value o f  25 A .  

b= 1.4 k0.7 ev and Eo = 1 ev. 

A t tenua t ion  o f  e l e c t r o n s  follows an exponent ia l  law (see Eq. 19). To 
e s t a b l i s h  a q u a n t i t a t i v e  measure o f  contaminat ion th ickness,  an 
experiment was performed t o  measure L'. 
a f l a t  sur face and cleaned w i t h  trichlorotrifluorethane/methylene 
c h l o r i d e  (TMC) so l ven t  m ix tu re . .  Aluminum f o i l  was used t o  measure L' 
because o f  i t s  h i g h  OSEE c u r r e n t  and i t s  w e l l  known o p t i c a l  p r o p e r t i e s  
for  e l l i p s o m e t r y .  
p l a c i n g  t i s s u e  wipes ( sa tu ra ted  w i t h  1% RTV 102/TMC s o l u t i o n )  on the 
f o i l  and a l l o w i n g  the  so l ven t  t o  evaporate. The deposi ted s i l i c o n e  
contaminat ion was then smeared u n i f o r m l y  over  t h e  sur face w i t h  a c lean 
d r y  t i s s u e .  To o b t a i n  d i f f e r e n t  contaminat ion th ickness,  the sur face 
was wiped w i t h  a d r y  t i s s u e  a number o f  t imes. 
contaminat ion th ickness (from e l l i p s o m e t r y )  i s  g i ven  i n  F igure 10. The 
t h e o r e c t i c a l  s o l i d  curve i n  F igu re  10 was c a l c u l a t e d  w i t h  Eq. 19, where, 

An aluminum f o i l  was bonded t o  

RTV 102 contaminat ion was p u t  on t h e  aluminum f o i l  by 

A p l o t  o f  OSEE vs 

and 

' 
Ipm = 9 nA 

L I -  63 f i  
F igu re  10 i n d i c a t e s  t h a t  t he  t h e o r e t i c a l  a n a l y s i s  i s  v e r i f i e d .  I t  
follows t h a t ,  i n  p r i n c i p l e ,  OSEE i s  l i m i t e d  to  depths o f  a few hundred 
Angstroms. However, i f  t h i c k e r  f i l m s  i n f l u e n c e  the  na tu re  o f  the  o u t e r  
l aye rs ,  as for  SPD (F igu re  81, OSEE may show a c o r r e l a t i o n  w i t h  the 
th ickness of  much t h i c k e r  f i l m s .  

I t  i s  concluded t h a t  t he  measurement o f  photoemit ted e l e c t r o n s  
from a m e t a l - f i l m  system i s  simple t o  per form and t h a t  these 
measurements can b very u s e f u l  fo r  e s t i m a t i n g  the th ickness o f  very 

made. 

I t  was discovered t h a t  epoxy p a i n t s ,  used on the ex te rna l  tank o f  the 
space s h u t t l e ,  are photoemi t t ing.  This d iscovery l e d  t o  a 
nondes t ruc t i ve  i n s p e c t i o n  ( N D I )  tool  fo r  d e t e c t i o n  o f  contaminated 
p a i n t .  
debonding from the  p a i n t  due t o  s i l i cone - t ype  contaminat ion.  

t h i n  f i l m s  (0-200 1 1 i f  c a l i b r a t i o n  curves, such as F igure 9, have been 

This  was needed because the polyurethane foam i n s u l a t i o n  was 
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3.4.2.6 

3.4.2.7 

3.4.2.8 

3.4.2.9 

3,4,2.10 

For u t i l i z a t i o n  o f  the  OSEE i n s p e c t i o n  t o o l  fo r  q u a n t i t a t i v e  q u a l i t y  
assurance, adhesion s tud ies  were performed t o  i d e n t i f y  the  l e v e l s  of  
contaminat ion t h a t  s i g n i f i c a n t l y  degrade the  bond. The i n t e n s i t y  o f  the  
OSEE i n s p e c t i o n  s i g n a l ,  revealed by the  contaminat ion map, can then be 
determined and used t o  d i s c r i m i n a t e  between areas t h a t  should be cleaned 
and those t h a t  do n o t  need t o  be cleaned. 

Once the  d e t e c t i o n  technique has been es tab l i shed  and the  a c c e p t l r e j e c t  
s igna l  l e v e l  determined, i t  i s  o n l y  a mat te r  o f  a u t o m a t i c a l l y  scanning 
the  tanks t o  produce a map o f  the sur face t h a t  revea ls  those areas t h a t  
mus t  be cleaned. Remapping a f t e r  c lean ing  w i l l  revea l  i f  the  c lean ing  
has been adequate. 

An epoxy pa in ted  panel was contaminated w i t h  s i l i c o n  RTV 102 as 
follows: the  s i l i c o n e  RTV 102 was d i sso l ved  i n  te t rahyd ro fu rane  (THFI  
and then d i l u t e d  t o  make f o u r  contaminat ion l e v e l s .  Pure THF was used 
for  zero  contaminat ion,  1 p a r t  contaminated solution was added t o  3 
p a r t s  THF t o  prov ide  0.25 l e v e l ,  2 p a r t s  were added t o  THF t o  prov ide  
0.5 l e v e l  and u n d i l u t e d  s o l u t i o n  was used fo r  l e v e l  1.  Four t i s s u e  
papers were each sa tura ted  w i t h  one o f  the  contaminat ion l e v e l  s o l u t i o n s  
and wiped onto the  four reg ions  o f  the  pa in ted  panel .  F igure  10a shows 
the OSEE as a f u n c t i o n  o f  the  contaminat ion l e v e l .  OSEE drops 
d ramat i ca l l y ,  and l e v e l s  o f f  a t  a low value between Contaminat ion l e v e l  
0.5 t o  1.0. 
contaminat ion on the  peel  f o r c e  for  s t r i p p i n g  adhesive tape a t  a speed 
o f  4 inches/minute (1.7 m m / s I  a t  180 degrees pee l .  The peel  f o r c e  
follows a curve s i m i l a r  t o  the  OSEE curve, r e v e a l i n g  a d i r e c t  
c o r r e l a t i o n  between the  OSEE i n s p e c t i o n  and the  r e s u l t a n t  adhesion 
p r o p e r t i e s  of the  sur face.  

Painted panels,  1 foot  x 1 f o o t  (305 x 305 mm), were d i v i d e d  i n t o  12 
reg ions ,  as i n  F igure  12, The lower reg ions  were l e f t  uncontaminated as 
a c o n t r o l  , The other reg ions  were contaminated w i  t h  f i n g e r p r i n t s ,  
masking tape res idue,  3-in-1 o i l ,  l u b r i c a t i o n  grease, c o t t o n  g love  
smudge, K r a f t  paper, smudge, RTV 102, RTV 655, and automobi le engine 
exhaust, The f i n g e r p r i n t  area was contaminated by rubb ing  the  f i n g e r s  
over  the  forehead and then on the  panel .  
by p ress ing  masking tape to  the panel and then removing i t .  
a m i x  of p a r t  A and B d i sso l ved  i n  TMC t o  make 1% s o l u t i o n ,  as fo r  the  
o t h e r  contaminants.  The r e g i o n  i d e n t i f i e d  as car  exhaust was h e l d  fo r  
30 seconds, 1 foot  (305 mm),from the exhaust p ipe .  

The curve i n  F igure  10b shows the  e f f e c t  o f  the  

The tape area was contaminated 
RTV 655 was 

An OSEE map o f  the  panel represented i n  F igure  12 was made and a 
reduced-thickness (d /L '>  map i s  g iven  i n  F igure  13.  The maximum 
reduced th ickness  ( i . e . ,  d/L ' )  i s  1.66, so t h a t  the  maximum 
contaminat ion th ickness  i s  1.66 x 63 = 105 A .  Figure  13 revea ls  
very  l i t t l e  contaminat ion i n  the  c o n t r o l  area, the  masking tape res idue 
area, t he  c o t t o n  g love  and K r a f t  paper smudge areas and the  car  exhaust 
area. The f i n g e r p r i n t ,  3-1 n-1 o i  1 , lube grease, and ' s i  1 i cone 
contaminated reg ions  are  s t r o n g l y  revealed.  
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3.4.2.11 A f t e r  mapping the panel, h a l f  o f  each area 0.5- inch (12.7 mm) wide, was 
bonded w i t h  masking tape and t h e  o t h e r  h a l f ,  0.5-inch (12.7 mm) wide 
was bonded w i t h  PR-365 polyurethane one-part adhesive. A f i b e r g l a s s  
c l o t h  s c r i m  was embedded i n  the  PR-365 f o r  backing s t rength .  
PR-365 was approximately 1/16 i n c h  (1.6 mm) t h i c k .  The tape and PR-365 
s t r i p s  were c u t  w i t h  a th in-b laded k n i f e  and p u l l e d  i n  180 degrees 
peel  a t  4 inches/minute (1.7 m m / s > .  The peel  forces fo r  the  masking 
tape are i n d i c a t e d  i n  F igure 13. The c o n t r o l  area, the masking tape 
res idue,  3-in-1 o i l ,  K r a f t  paper and car exhaust contaminated areas 
f a i l e d  between 490 and 551 g/cm. The c o t t o n  glove smudge area f a i l e d  
a t  433 g/cm, the  lube grease contaminated area a t  393 g/cm, the 
f i  ngerpr i n t  contami nated area a t  299 g/cm and the  s i  1 i cone contami nated 
area a t  l e s s  than 10 g/cm. The PR 365 formed s t rong bonds tr 4.3 t o  
5 . 1  kg/cm> i n  a l l  except the  s i l i c o n e  contaminated areas, where the  
peel  s t r e n g t h  was approximately 0.3 kg/cm. The bond peel  s t rength  i n  
areas o t h e r  than s i l i c o n e  contaminat ion was a c t u a l l y  g rea ter  than 4.3 
t o  5.1 kg/cm because f a i l u r e  was a t  the  g lass s c r i m  r a t h e r  than the  
p a i n t  i n t e r f a c e .  
paint-adhesive i n t e r f a c e .  

The 

The s i l i c o n e  contaminated reg ions f a i l e d  a t  the  

3.4.2.12 Table 4 gives a few o f  t h e  a p p l i c a t i o n s  fo r  which OSEE has been 
e x c e l l e n t .  
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Table 2 

TEST # O :SIO2/SI 8 SAMPLES FROM SQC 

ANGLE OF INCIDENCE = 60 WAVELENGTHS = 7500, 8100 A 
No. OF INTIAL FILMS = O 

WL=750 NS=3.71 KS=0.0016 NF=1.46 KF=O,OO 
WL=8 1 O Nk3.69  KS=O ,0008 NF=l. 46 KF=O. O0 

TABLE OF MEASURED FILM THICKNESS 

No. DEL(750) DEL(810) PSI(750) PSI(810) FILM THK % ERROR 
1 141 143 24.9 25.3 477 0.7 
2 110 118 36.6 34.4 1063 2.9 

193 21 1 23.3 25.5 304 1 0.1 
247 22 1 33.6 57.5 5367 0.3 

5 124 122 55.9 31 .O 7774 -0.1 
6 250 119 54.2 44.4 8225 -0.6 
7 161 216 23,3 26.2 982 1 -0.1 
8 131 129 55.9 28.5 1 1026 -0.4 

Table 3 

TEST # 7 : 

ANGLE OF INCIDENCE= 60 WAVELENGTHS= 7500, 8100 A 
NO. OF INITIAL FILMS= O 

QUALITY ASSURANCE INSPECTION OF SURFACE 
FOR 30 CYCLES 

ACCEPTANCE WINDOW= 151 TO 182 

MEASURETENT DELTA ACCEPT OR REJECT 

172 Proper PAA ACCEPT 
ACCEPT II II 

1 
2 180 ~ .. 

ACCEPT II II 

II II ACCEPT 
3 180 

II II ACCEPT 
4 158 
5 167 

106 Finger P r i n t  REJECT 
7 106 Il I I  REJECT 
6 

8 123 Not Anodized REJECT 

--. __-- I. 
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Table 4 

Applications and Surfaces Successfully Inspected bv OSEE 

General Appl ications 

1. Bare metal surfaces after various surface treatments in preparation for 
painting, adhesive bonding, soldering, etc. 

2. Painted surfaces where the paint and substrates are good or very slight 
conductors. For example, metals, semiconductors most polymers, but not 
cellulosic or highly insulating materials. 

3 .  Graphite/epoxy composites; it should work as we1 
e.g., with glass, ceramic, or metal fibers. 

on any epoxy composites, 

4. Inspection of semiconductor surfaces for contamination or process errors. 

Specific Applications 

1 .  Metal oxide thickness monitors, Al203 /Al, NiO/Ni, etc. 

2. 

3 .  NDI of ball bearings. 

4. NDI of metal sheets for cold weld lamination, A l ,  Ni, Zn, steel, Cu, brass, 

5. NDI of epoxy composites. 

Surface contamination on aluminum with and without epoxy paint. 

Ti, Be. 

6 .  

7. NDI of semiconductor surfaces, Hg-Cd, Hg-Cd-Te. 

8 .  NDI of silicon wafer for contamination, dust and photoresist. 

9. Surface properties for ZnS/sapphire. 

NDI for soldering.semi-conductor chips to lead frames and power transistors 
to heat sinks. 

10. NDI of scratch defects on aluminum sheet. 

1 1 .  Properties o f  lithographic plates. 
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Fixed 
Scale 

(a) Direct reading Goniometer 

FIGURE 1 - Goniometer Reading o f  Contact Angle 

A t r a i  

N 
D 

(b) Ordinary drop shadow 
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E O 
t E R 

b 

FIGURE 2 - Schematic E l e c t r i c a l  E q u i v a l e n t  C i r c u i t s  
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FIGURE 3 - A v s .  q plot for a theoretical filni (curve) of refractive index 
1.3 and thicknesses indicated. The solid circles are experimental 
data for phosphoric acid anodized Al 1100 that had been previously 
electropol ished t o  smooth the surface. 
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FIGURE 4 - A vs. q~ plot for rough 7075-T6 and 2024-T3 aluminum alloy 
anodized samples (at the indicated voltage for 22 minutes), 
X = 6328 Å, @ = 70"  
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Depolarizer 

Laser 

Optical System Diagram 

Lighl 

Polarizer 
Analyzer 

Linearly Drum 
Polarized 

Analyzer 

Polarizei 
Prism 

Filter 
Linear1 
Polarized 
Light Elliplically 

Polarized 
Sample Light 

Circularly 
Coniperisator Poiarized 

Light 

TO Photo- , /Detector 

FIGURE 5a - Optical Arrangement o f  Nulling Ellipsometer 

F I G U R E  5b - Optical Arrangement of Compari son E l  1 ipsometer 
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