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INSTRUMENTS: The type of instrument recommended for surface qualification
will depend upon factors such as: the amount of information needed, the
frequency of need of information, and whether samples of specified size and
shape need be inserted into the instrument or if the sensor can be placed on

or near the

actual surface of interest. Other considerations ar

e: cost of

the instrument, maintenance requirements, and needed operator training.
Table 1 gives a comparison of the various types of instruments as to:
principles of operation, what is measured, approximate depth of measurement,
field of application, estimated proficiency level to operate, estimated
proficiency level to interpret results, and estimated cost range.
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Measurement Technigques:

are two wettability tests in use. They are the<"Wate
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"Hydrophobic Surface Films by the Atomizer Test."
method for the determination of the surface cleanlin
This test(simply entail
clean water on the surface and observing whether th
5. It is assumed that if the water spreads, the surf
proper for the intended use (e.g., adhesive bonding,
However, the test only~indicates that the
h water molecules and surface atoms is sufficient to
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b tension).
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The "Hydrophobic Surface Films by the Atomizer Test" (ASTM F21), deemed

a hundred times more sensitive than the "Water Break Test," involves the
spray of a water mist on the surface and the observation of whether or
not water droplets form.
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2.1.2 Limitations and Advantages:

2.1.2.1 The wettability tests are limited to the detection of nonpolar
contamination that results in an observable contact angle. There are
many materials that are polar enough to reduce the contact angle (©)

to zero but still degrade the surface with respect to its intended use.
For example, strong, environmentally durable adhesive joints may require
strong, stable, hydroxide layers. This is the case for adhesive bonding
of aluminum and titanium parts for aerospace purposes. MWeak unstable
oxide or hydroxide layers may be very wettable but totally unsuitable

for bonding.

Another limitation is the difficulty of automated measureﬂent in the
fiel The techniques are primarily performed by a persorn and are
subject to human error.

Thes techniques give no information about the elemental qontent of the
contgmination, other than its polar nature.

The
metal
surfd

ettability tests are Timited to high energy surfaces |such as
s, ceramics, or glasses. They are not suitable for low energy
ces, such as most plastics and some composites.

that the

The 1ettability tests may be a source of contamination, in
be

preseénce of water, or contaminants within the water, coulg
detrimental. .

ould be pointed out that when it may be required to fest the
side of aircraft for.cleanliness, the "Water Break Tgst" is
cult.

le Instruments:

2,

1

implest method for surface cleanliness testing is the
zer, a syringe, pipette, or any container for dispens
ontoa—surface, followed by visual observation of wh

use of an
ing clean
ether the

‘bedds up or spreads.

e available to
observe the shape of the side view of the drop as in Figure la, for a
drop with © 90 degrees and Figure 1b for a drop with © 90 degrees.

A protractor eyepiece is provided so that a hair line can be aligned
with the tangent to the curvature of the drop, at the liquid-solid
intercept. The contact angle is read directly from the protractor
scale. The goniometer usually has an environmental chamber so the
contact angle can be measured with controlled temperature and
environment.

.2 Surface Potential Differenge (SPD):

Measurement Technigues:
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2.2.1.1 If two parallel metal plates are connected by a conductor, an electric

2.2.1.2

2.2.1.3

2.2.1.4

2.2.1.5

field is formed between them due to the difference in the work function
between them. The work function is the energy needed to remove
electrons from within the metal. If one of the plates is used as a
reference electrode, 1.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. The difference in potential
between the two electrodes is referred to as the contact potential
difference (CPD), and any changes that take place in the work function
of the measurement surface is referred to as its surface potential
difference or SPD.

There fare two SPD measurement techniques: (1) the vibrating capacitor
(known[ as a Kelvin probe), and (2) a technique for which the reference
electrpde has a layer of radioactive material, such &% polonium or
americlium 241. The radioactive material is coverediwith a [thin layer of
metal [to prevent leakage of the radioactivity.

The refference electrode is placed near the surface that is [to be
measuried for cleanliness, 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
acquisfition components of a computer,<a permanent record of| SPD can be
attaingd 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 withl respect to
the supface is determined byoobserving the voltage as the probe nears

the supface. As the probesapproaches within a critical distance, the
voltage remains constant. The critical distance depends on| a number of
factors, such as radioactivity level in the radioactive method, or the
vibratfion frequency jn the Kelvin method, but is usually of| the order of
a few millimetresy. so that, although the measurements are made without
contact, greatc<eare with respect to positioning is usually pot necessary.

As for|all methods for determining surface cleanliness, SPD| can be used
for supfacé quality assurance by empirical means, without much
undersfanding for instrument principles or theory. Measurements are
made for a set O P , to obtain
an acceptance window or range. Th1s window is expanded so that
acceptable surfaces are not rejected. Then surfaces that do not fall
within the acceptance window are rejected or routed for further

preparation.

2.2,2 Limitations and Advantages:

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
.2.3

2.4

2.5

2.6

2.7

3.1

.3 Availablle

SPD gives no information as to elemental composition of contamination.

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.
which electrode is changing.

This is usually not the case and one can never be sure
In reference 1, reference electrodes made

of nickel, polytetrafiuoroethylene (PTFE) sprayed nickel, as well as

gold and platinum showed some drift with time.

Although the radioactive SPD instrument is simple to operate, it has the

disadvantage that a state license is required for the use
materjiats he—vHrating—etectrodes—atthough—eonsiderabty
complficated, can be used without a license.

SPD hps the advantage over wettability in that it can‘be a
relyipg less on human judgement. The sensor is small* and

to the surface of interest. Although SPD is theovetically
the sprface monolayer, indirect relationships exist betwee
thickpr films. For example, a linear relationship exists

and hydroxide film thicknesses to 720 nm (7200 A) on alumi
Figurg 8). There must be a direct correlation between the
dipolp structure and anodize voltage, just as there is a d
correllation between the anodic film thitkness and voltage.

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

Given| sufficient calibrationtwith respect to surfaces and
contajppination, SPD can bea useful surface inspection tech

Instruments:

Figurp 2a is a schematic equivalent circuit diagram for th
SPD tpchnique..«-The current "i" flowing in the circuit can
by Ohm's Tlaw:

i=CPD/(R+r)=e/r

.
a »
alk = NOTeN o ( 2N 2 ne

wherelCPD s the » 3
resistance between the sample surface and the reference el

of radioactive

flore

Itomated,

can be taken
limited to

n SPD and much
between SPD
num (See
surface

irect

hd is

anticipated
nique.

b radioactive
be expressed .

(N

ir gap
ectrode, r is

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.
i=CPD/r=e/r

and CDP=e, the electrometer reading.
measured as a function of distance between the electrodes.
is independent of distance, R r.

To demonstrate that R

In this case:

(2>

r, e is
As long as e
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2,2.3.2 Figure 2b shows a schematic equivalent circuit for the vibrating

2.3 Ellipsometkry:

Measurempnt Techniques:

2.3.1.1

2.3.1.2

electrode SPD instrument. The vibrating capacitor is connected in
series with a resistor R and a voltage source Eg + ER. In general,

for Eg + ER = OCV), an electric field will exist in the gap between

the plates of the capacitor because CPD is not zero. The sinusoidal
variation of the capacitor spacing will lead to an alternating current
in the external circuit. To determine CPD, Eg + ER is varied until
there is no currrent flowing in the external circuit and hence no field
in the gap. At this null point, Eg + ER is equal to CPD.

The voltage V developed across R is:

eqAdWR £

(CPD= EQ — ER) cOSwt Tor V§ (CPD—= 51 ER) (3)

Vo
(o]

where |[dg is the mean capacitor spacing, doo is the ampTitude of
vibratiion at the frequency w and A is the area of, the platgs. Since
Vo is jproportional in magnitude and sign to (CPD ~Ep-ER), it can be
used as an error signal for a simple servomechanism. The ahase

sensitlive detected DC signal proportional to (CPD - Eg - ER) is
applied as the bucking voltage Eg + ER. The“feedback is negative
and continous balance is maintained withcthe output voltage given by

E =(CPD-ER)/(1+1/G) (4)

where [ 1s the open loop gain. This servomechanism was first used by
Palevsky? in a vibrating capacitor electrometer.

An ellipsometer is an/optical instrument that measures the ellipticity
of a bpam of monochromatic 1ight that reflects from the surfface of
interest. The_incident beam passes through a polarizer, through a
compensator (quarterwave plate), reflects from the surface,| and finally
passes| through another polarizer (referred to as the analyzer) into a
photodptector.

Plane i re at right
angles (orthogonal). The orthogonal beams are in phase and thus the
resultant plane polarized beam remains in the same plane as it
propagates through space. If no compensator is present, the surface
will cause the reflected orthogonal beams to be out of phase. Thus the
reflected beam vector rotates as it propagates. The projection of the
rotating reflected beam is an ellipse with major and minor axes that
represent the amplitude of the orthogonal components. The orientation
of the ellipse represents the phase shift of the orthogonal components.
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2.3.1.3

An ellipsometer measures the ellipticity of the reflected beam, as two

parameters, tan ¢, which is the ratio of the amplitudes of the
orthogonal components, and A, which is the phase shift of these

compo

2.3.1.4
surfa

nents that results from reflection.

ce from which it was reflected. If the surface is ab

The elliptically polarized light carries with it information about the

solutely

clean, the refractive index of the surface can be computed from A and

¥,
the f

ilm can be computed.

If a thin film is present, the thickness and refractive index of
Eilipsometers are remarkable with respect to

the sensitivity the phase shift has with film thickness. In fact, the

phase
oxide
used
2.3.1.5 The r
repre

where
which
passe
the a
absor
2.3.1.6 Figur
oh al
the t
The s
an al

The p
2¢V)
(1750

2.3.2 Limitat

on metals can be detected. However, ellipsometers.a

—shift—7A—ts—so—sensittive—that—one—thousandth—of—one—mpnolayer of

re usually

to measure film thickness in the range 0 to 6000 Nanometres.

efractive index of a surface or a film is a complex n
sented as

A
N = NC1-ix)

N, the real part of the complex number is the refrac
measures the refraction or change of direction of th
s from the ambient into the matevial and x, the imagi
bsorption index, which measures the fraction of the 1
bed as it passes in and out.of the material upon refl

e 3 shows a plot of A vsiy for a theoretical film (sg
uminum. The ticks andcorresponding numbers on the ¢
hickness (in A) of @ transparent film of index N = 1.
plid points in Figure 3 are the measured values of A

uminum mirror.

pint 0 (V) shows the original oxide to be about 15 nm
panodize, Ahe thickness is about 80 nm (800 A); at 4(v
Ry; andyat 6¢V) about 325 nm (3250 A).

ions<and Advantages:

2.3.2.1 At 8¢

imber

(5)

Live index,

b Tight as it
nary part is

ight that is

bction.

11d curve)
irve indicate
B, X = 0.

and ¢ for

(150 R). At
b, about 175 nm

bout 350 + 45

or 395 nm. The value of thickness at which the A, @ values begin to
repeat is called the first order film thickness and points out a

Timitation for an ordinary ellipsometer.
thickness one must know the order of the film.

To determine the

film

This limitation is

removed by measuring at two wave lengths or two angles of incidence.
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2.3.2.3

2.3.3
2.3.3.1

2.3.3.2

2.3.3.3

2.3.3.4

Available Instruments:

index on perfectly smooth substrates. Perhaps the most dif
Timitation of the interpretation of ellipsometry is the eff
roughness.
from being made. An example is given in Figure 4 for alumi
that had been etched (very rough) in sulfuric-acid-dichroma

2.3.2.2 The theory of ellipsometry is limited to films of uniform refractive

ficult
ect of

However, roughness does not prevent precision measurements

num samples
te solution

and then anodized in phosphoric acid solution at various voltages.

It is observed that the A, ¢ data go around a loop as in Figure 3,

but the loop is distorted due to the roughness. A comprehe
analysis on the effect of roughness on ellipsometry can be
Ref. 3.

There |are four types of commercially available instruments,
the ny1ling type, the rotating analyzer type, the.comparisg
the TRI-BEAM type. The nulling type is represented in Figy
manually operated nulling ellipsometer is the-most precise
available. Typically these instruments have)verniers that
of A gnd ¢y to 0.01 degree. There are autemated nulling

nsive
found in

These are
n type, and
re ba. The
instrument
allow reading

ellipdometers which typically measure A ‘to 0.1 degree and ¢ to

0.05 degree.

The sdqcond type, the rotating analyzer ellipsometers, takeg
intengity data as the analyzer rotates through 360 degrees.
intengity data vs analyzer azimuth, values of A and y are
and typically resolve to 1.04and 0.5 degree, respectively.

light
From light
ralculated

The third type, the comparison ellipsometer, has the arrangement in

5b. This ellipsometer utilizes polarized white 1igh
direct] visual compartson between a test surface and a refer
that Has known properties. There are no moving parts. Thg
looks [through thé:.analyzer and sees rainbow hues where the
are dilssimilarland a total extinction of light where the t
have ildentical) properties. The dark extinction line is co
scale [that indicates the film thickness.

Figur

t and makes a
ence standard
operator

two surfaces
o surfaces
pared to a

An advantage of the comparison ellipsometer is that the fil

m thickness

is read directly, with no computer calculations needed. A
disadvantage is that a wedge-shaped film standard is necess

severe
ary, with

identical index of refraction to that of the sample to be measured.
as do the

This type of ellipsometer does not measure refractive index
other types.
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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

2.3.3.6

2.4
2.4.1

2.4.1.1

2.4.1.2

2:4.1.3

Optically

and 90 degree azimuth of the analyzer.

There are no movin

g parts in the

ellipsometer and all light intensity readings are automatically entered

into

a computer via an A/D converter. The computer calcu

lates A and

¢ from the three intensities and then calculates film thickness and

refractive index.
. produced and placed in the ellipsometer.

A1l the other ellipsometer types must h
This prevents me

ave samples
asurements

being made directly on production lines or on large production parts.
The three- intensity type ellipsometer has a small hand held sensor that

can

Exceq
varig
party
TBE (
secorn
This
place
point
other]

Measursg

An OS
ultra
by th
the ¢
emisqi
to bd

The
elect
Ell1y

[z placea on proaucuon Hmes or scanmed over |arge 4]

t for the comparison ellipsometer, the typical measur
s from 5 to 50 seconds per measurement. Due tohavi
and being entirely electronic and computer, controll
tri-beam) type ellipsometer can make measurements at

ds per measurement, or as fast as the computer can t

has the advantage that two dimensional- surface mappi
in a relatively short time. For example, a map of 1

s can be made in a matter of secondsyas compared to h
ellipsometers.

Stimulated Electron Emission«(OSEE):

ment Téchnigues:

EE instrument has a sensor that contains a lamp that
violet (UV) Tight and a collector for collecting eleg
e surface. The UV Tight stimulates the emission of e
urface. The electrical current resulting from the el
fon is composed of electrons and molecules that captu
come negative-“ions.

oduction parts.

ement time
g no moving

gd, the

about 0.001

1ke the data.
n

g can take
000 data
ours for the

emits

trons emitted
lectrons from
ectron

re electrons

se of OSEE for surface inspection relates the high se
ron emission to contaminants on the surface. As for
sométry, OSEE is restricted to a very thin surface la

a fe
SPD,

nsitivity of
SPD and
yer (~ 0 to

W hundred Angstroms) that will al]ow electrons to escgpe As for

characteristics of the outer layer in a systematic way, and thus make

OSEE

useful for the measurement of the thicker films.

The position of the OSEE with respect to the surface is not critical and

can vary from millimetres to centimetres.
distance has been chosen,

However, once a
it must be maintained for furthe

n appropriate
r measurements

because the current is attenuated by the gas between the electrodes.
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can be

1.5

action

function.

used to reject unacceptable parts.

apparatus.

2.4.1.4 The OSEE instrument can be used as a quality assurance tool with very
little knowledge of the theoretical principles or details regarding its
As mentioned for SPD, samples of known utility can be used to
obtain an acceptance window and after expanding the window to eliminate
rejection of acceptable parts, signals outside of the acceptance window

The electronic signal from the OSEE instrument can be given directly to
a computer via an A/D converter and peripheral interface adaptor (PIA),
for data acquisition management, or to operate automated corrective

.2 Limitati

OSEE h
exposu
minimi
surfac
light
carbon

2.1

2.2 Anothe

electr

OSEE d
surfac
calibr

12.3

2.4 Due to
and th
the co
betwee

easily

.3 Available Instruments:

pns _and Advantages:

s one important limitation, that of surface changes

re to the UV light. This can be overcome, in.most ca
zation of the exposure. It is well known that exposu
b to UV light can be used to clean a contaminated sur
produces ozone which reacts with hydrocanbon contamin
monoxide and carbon dioxide, which leave the surface

+ limitation relates to the surface-depth of UV penet
bn escape.

pes not reveal information as;to the elemental compos
b layers, but might be useful in this regard with ext
ation studies.

the mechanism of electron and ion current flow throu
b effect of distance“on the electric field between th
lector, measurements must be made with a constant di
1 the probe and)the surface for reproducibility. Thi
achieved.

There
the ot
simple

3.1

THEORETICAL

s only one type of OSEE instrument presently availab

due to

ses, by

e of the
Face. The UV
ption to form
as gas.

ration and

ition of
bnsive

gh the air,

b surface and
stance

is usually

3

D

fe. As for
re 6) is

rer thstruments, the physical configuration (See Figu

is complex and difficult.

PRINCIPLES AND EXAMPLES:

Hettability

Tests:

N

.

Theoretical Principles:

instrument
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3.1.1.1

3.1.1.2

3.1.1.3

The contact between a liquid and solid is defined by Figur
and coworkers® have developed detailed procedures for expe
measurement of liquid-solid contact angles. Zisman showed
of Cos r versus liquid surface tension q, for a homologous
series against a common solid, tends to produce a linear ¢
Extrapolation of the Cos r versus q to Cos r = 1 defines a
critical liquid surface tension, Yc, for wettability of th

e 1. Zisman
rimental
that a plot
liquid
urve.

e solid.

Any Tiquid with surface tension less than the critical surface tension

will spread on the solid surface (i.e., r = 0).

The energy to separate a 11qu1d from a so]1d is referred to as the work

Wa=q(1+Cos r)

From Eq. (6) it is observed that since the contact-angle ¢
to 180 degrees, Wa must be at least 2q.
the bond between molecules in the liquid and moTlecules or
solid, can be estimated by measuring the confact angle and
liquijd surface tension from the handbooks. for physics and
Howevier,
that [are greater than 2q cannot be determined this way.

emely small droplets or mist:

3.1.2 Hettabillity Examples:

3.1.2.1

Figurle 7 indicates that a“single layer, two molecules thic
of a natural grease (myristic acid) can increase the
approximately (zero to over 90 degrees for a smooth al
mirrgr. The contact angle does not change after the first

npolar-hydrocarbon chains, so that the water only se
drocarbon chains. To show the dramatic effect extre

bond strength by 324 psi (2234 kPa).

3.2 Surface Potential Difference (SPD):

3.2.1

Theoretcial Principles:

The strength of aghesion,

since r cannot be less than zero, the strength of

the deposition of’

ng equation:
(6)

an vary from O
or
atoms in the
obtaining the
chemistry.

the bonds

as for the
surface as

K (from 1
contact angle
pminum

dip because

iched between

es the ends of
mely thin

only one

fthe surface)

e lapshear



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

" SAE ARP*'—IESE 89 B 8357340 0028147 O -

ARP4252 . Page 12

3.2.1.1

3.2.2

3.2.2.1

3.2.2.2

The relationship between SPD and a continuous dipole sheet on the
surface has been developed from elementary electrostatics and is known
as the Helmholtz equation:

SPD = s4wpul )

In Eq(7), T is the number of dipoles per cm® and m is the dipole

moment of each dipole. The dipole moment is composed of permanent
dipoles and induced dipoles associated with a molecule. For example the
myristic acid referred to previously is composed of a carboxyl head
group and a hydrocarbon tail of 13 carbon-hydrogen groups as follows:

H
~ OH

IE a7 eI
T O ——
1

o=0O

The cajrboxyl acid group, COOH, at the end has-alpermanent separation of
chargel (dipole moment) and each CH group hasgyan induced dipole. The
dipole| moment p for the molecule is the sum of these dipolgs and

The SPD vs dip number in Figure 7\iTlustrates_the effect of| I' and
1. The aluminum mirror had approximately 60 A of oxide prijor to
dipping through the myristiciacid layer. This oxide had a positive
SPD valiue of about 0.7(V). . The decrease in SPD between 0 _anhd 1 dip
is due| to growth of the oxide or hydroxide layer from 60 A tto about
90 A as the sample was‘dipped into water without the myristfic acid
on the[ water. The fiixst dip increased SPD about 0.1(V) due|l to the
deposition of about 1 A of myristic acid. The molecules aje
partly| lying flatland partly standing on the head group. Three dips
deposifts all the-myristic acid that can be deposited, with pssociated
increase in SPD. Continued dipping causes rearrangement of| the dipoles
as obsprved by the following SPD decrease.

Figure| 87shows an example of the use of SPD for relatively fthick films.
Figure 8 gives SPD vs film thickness (and anodic voltage) for freshly
anodized 7075-T6 aluminum alloy and 2024-T3 aluminum alloy and anodized
7075-T6 aluminum alloy after aging. The freshly anodized metal had a
water contact angle of zero. The aged sample had a water contact angle
of 50 degrees, indicating some contamination with aging. The presence
of contamination, although increasing the water contact angle, has not
changed the stope of the SPD vs thickness curve. On the other hand, the
slope of the SPD vs thickness curve for 2024-T3 is quite different than
for 7075-T6, indicating a different effect of the hydroxide film on the
dielectric properties of the outer layers.
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3.3 Ellipsometry:

3.3.1

Theoretical Principles:

3.3.1.1

3.3.1.2

3.3.1.3

Figure 5a shows the components and arrangement of a standard nulling
ellipsometer. Starting from the left of Figure 5a, the beam from a
Tight 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 is 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
param i e surface.
The ipterpretation 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.

In orger to simplify the interpretation of the peolarization state, a
compepsator (quarter wave plate) provides elliptically poldqrized 1ight.
The efllipticity 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
planef(of incidence (POI) and the polarizer is rotated until the
reflegted beam is plane polarized. «\The analyzer can only @xtinguish the
Tight|if polarizer and compensator’produce the reflected plane
polarfjzation. The readings of .the polarizer and analyzer dzimuths yield
two parameters, A and ¢ that are directly related to the optical
properties of the surface.

The efliptically polarized 1ight can be resolved into two grthogonal
plane|polarized beams,. one parallel to the POI and the othgr
perpepdicular to the POI. If these two orthogonal beams aife in phase
with each other, the beam is plane polarized; if not, the heam is
elliptically potarized. A is the phase shift of the paral]lel beam
with respect to the perpendicular beam, upon reflection of |the Tight.
The tangent-of ¢ is the ratio of amplitudes of these two ofthogonal
beams| (i.e. the ratio of the major and minor axes of the ellipse).
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3.3.1.4 The ellipsometric equation that relates A and y to the optical

3.3.1.5

3.3.2 Examples|of Ellipsometry:

properties is:
RHO=Tan y exp(iA) (8)

where RHO is the complex reflection coefficient and i = V -1, the symbol
for imaginary numbers.

The complex reflection coefficient is:

RHO=F (Ng, X5, Nf,Xf,d,,0) (9)

where Ng 1s the substrate refractive index, Xs i1s the subsyrate

absorpition index, Ng is the film refractive 1ndex, Xf is~the film
absorption index, d is the film thickness, A is the Tight Wave length
and © [is the angle of incidence of the 11ght beam. JIf the |substrate
has no| film, the ellipsometer can be used to measure Ng and Xg.

If Ng pnd Xg are known, and the film is transparent, i.e., [Xf
= 0, then the e]]ipsometer can be used to measlre the film [thickness d

and the refractive index Nf.

film is absorbing and X¢ is not known, then there are three

s and only two measured parameters. In order to compute values
three unknowns, it is necessary to provide at least| three

dent measured parameters by Using two wave lengths by making

ments with the sample in acmedium with refractive index different

r (e.g., water or a solvent), or at least two angles| of incidence
in a second independent “set of A and y. The theory [of

metry and measurementotechniques can be found in Ref|. 6.

1ity of ellipsometry to nondestructively measure partial

ers of contamination to films as thick as 6000 nm makes this

ent an extremely useful technique for surface quality assurance.
7 shows)a plot of A and ¢ for extremely thin Tayers |of

c ac¥d*on an aluminum mirror. Dipping the mirror in[ clean water
o placing a monolayer of myristic acid on the water purface

ed'A by about 3 degrees which corresponds to an increase in
layers).

oxide

Note that during these d1ps, the water contact angle remained very low
and the SPD decreased, consistent with the growth of dipoles with
negative end pointing away from the surface O = or CH-). The
ellipsometer reveals (Figure 7) that after the third dip through
myristic acid the film was about 3.5 - 5.0 nm (about the thickness of a

bilayer).
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3.3.2.2 Measurements of oxide thickness on silicon wafers between approximately
500 A and 11,000 A are reported in Table 2 for the fourth type
TBE (tri-beam) ellipsometer. The error column reports the percent
deviation of the measurements with one TBE (tri-beam) ellipsometer from
a standard manual nulling ellipsometer. The values of A and y at
the two wavelengths 750 nm and 810 nm are also given in Table 2. Since
the TBE (tri-beam) e111psometer used two wave lengths, the correct film
thickness was computed in each case, even though the film thickness
passed through 0, 1st and 2nd order.

3.3.2.3 Table 3 reports surface quality assurance results for phosphoric acid
anod 075-T6 e epared for
adhe‘1ve bondlng The resu]ts in Table 3 were measured with a TRI-BEAM
e111nsometer The acceptance window of A = 152 to 182 'degrees was

measured with samples that were known to be properly anodized.

irst five samples in Table 3 were properly anddized, |whereas

¢rs 6 and 7 were contaminated with finger prints. Sa ple 8 was

eased but not anodized. In each case the contaminatedq or improperly

ared samples were rejected.

3.4 Photo El¢ctron Emission (OSEE):

3.4.1 Theoretical Principles:

3.4.1.1 Optigally Stimulated Electron Emission (OSEE) in vacuum id a well
established technique, but OSEE\in ambient atmosphere has [only recently
been|used for surface qualitylassurance. To illustrate tHe principles
of O$EE in air, Figure 6 isl'presented as a simplified schamatic
repre¢sentation of the photoelectron emission system. The |UV light
pass¢s through the collector grid to the sample. The biad between the
sample and the collector drives the emitted electrons to fhe collector
by a|diffusion process.

3.4.1.2 By uging the appropriate light wavelength, emission from fhe metal
subs{rate camcbe separated from emission from the oxide 13yers. For
example, let x be the distance in the oxide perpendicular [to the plane
of the substrate, x=o0 at the gas-oxide interface and x=xq [at the
oxidg-metal interface. It is assumed that attenuation of [the Tlight in
the gxide, compared to total light flux, is small for the loxide
thicknesses under consideration. Let P(x) be the escape probability of
electrons from posit1on X in the oxide, per unit Tength, averaged with
respect to energy; the number of 1nc1dent photons per second; Pg,
the probability of pRoton absorpt1on at x in the oxide; Py the
probability of photon absorption in the metal; Y, the number of
emitted electrons per absorbed photon in the ox1de Yy the number of
emitted electrons per absorbed photon in the metal; and © the fraction
of emitted electrons that are collected (includes geometric and field
effects due to imposed potential between sample and collector). The
probability that an electron will escape from position x in the oxide
can be expressed in exponential form as:
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3.4.1.2

(Continued):

P(x) = Cq exp(-X"/L)

where Co is 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 is the distance along the direction with
respect to the surface normal (i.e., X =x/cos®). The average
distance X’ is:

O,
7 =[] x/cos @ do1/20,,
o

0
where|electrons are collected within solid angle © about 6j

Equatjon (10) becomes:

P(X) = Co exp(-x/L"),

where
tan(1/4w + 142 © )

L” = Lon
tan(1/4w <1/2 6 o)

The photocurrent Ip can be expressed as:
Xo/L’

Ip =[[ GNp PoYaP($)d(X/L") + GNpPyYpPCxg) ]
0

o

an

12

13

4

where |the first term-on the right-hand side of Eg. (14) is [for electron

emiss{on from the oxide, and the second term is for the emilssion from
metal| Integration of Eq. (14) after substituting for P(x) from Eq.
(12) yields: '

Ip = GNpCoPoYoL1 - exp(-xp/L")] + GNpPpYp exp(-xg/L")

Colleqting constants, Eg. (15) becomes:

0 0
Ip = Ipg [1 - exp(-xp/L)] + Ipy exp(-xo/L")

where
0o _ 0 _
Ipo = GNpCoPoYo I =ZGNCPY

0 0

the

15)

(16)

an

(18)
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In the case of a film that does not emit, on a metal that does emit,
Eq. (16) reduces to:
Ly =Ipn exp(-xo/L") (19)
For the case of an emitting film on a nonemitting metal, Eq. (16)
reduces to:
I -
p = po £1 - exp(- Xo /L’ )] (20
Equations_ilol_=_izﬁl_are_xalid_for_OSEEfin_nacumm_______
3.4.1.3 There are two aspects to OSEE in air; one has to do with {he charge
carrjers (gap resistance) and the other has to do with“the driving
poteptial or the field between the electrodes. The current must consist
of ejectrons or ions. In the absence of sparks,<arcs, glqws, ultra high
frequency microwaves and chemical action in flames, ions dre created in
gase$ by:
1) hoto ejection of electrons from gas.molecules or atoms by x-rays or
hort wavelength ultraviolet light,“or by high energy [particles such
s alpha particles and gamma rays.
-2) lonization due to electrons. emitted by photo-or thermionic
xcitation from solid surfaces.
3.4.1.,4 If pyocess 1 is significanti-the current is very sensitivd to the
cathodic material. Sinceithis is not the case, process 2 [is the primary
process. According to the theory of electrical conduction in gases
(Ref{ 7, 8), the first Townsend coefficient (number of eldctron-ion
pair§ per electron(per cm) is zero up to approximately 15,000 (V/cm) for
air.| Therefore, with 45(V/cm), ionization of the air by ghotoelectrons
can be neglected. The conduction process must be primarily one of free
electrons plus—contributions of negative Oy due to electrgn attachment -
and 3 small'contribution from ions due to photoionization.
3.4.1.5 The maximum photoe]ectron current emitted in vacuum is Io.| In gas

some [0f’ these electrons are reflected by gas molecules badk to the
emitting surface. The net electron current across the gap can be
expressed (Ref.7):

I/IO = (X/P)Ké/[l + (X/P)Ké] 21

where X is the electric field (volts/cm), P is the gas pressure (torr),

Ke = 3040 KeVVB _ (22)

Vo is the average emission velocity of the photoelectrons and Kg

the electron mobility. Equation (21) was developed for a uniform field
across the gap and shows that in this case the current I can never be
larger than the vacuum photo current. For the conditions (X/P)Kg 1,

I = IKeX/P, (23)

TN
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3.4.1.5 (Continued):

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

2

o = 0.6 (hv - e) (24)

1/72myv

where v is the light frequency, h is Planks constant, ¢ is the work
function of the cathode, e is the charge of an electron and m is the
mas 2 fact that all
ele¢trons will not have the maximum energy. The average|velocity is
(From Eq. (24):

Vo = V1.2 (hv - de)lm (25)

From Eqs. (22), (23), (24), (25):

I/1o = [3040 Ko(E + $7)/Pd1/ VT . Z(hv - ed)|/i (26)

whete x = (E + ¢°)/d, E is the applied voltage and d is the distance
betyeen electrodes. The contactipotential difference, ¢, is ¢ -

¢y, [where & is the work function of the reference electfode, and

is generally less than 1 V,*and therefore small with respect to

E(~50 V). Although argon-and nitrogen do not capture electrons to any
extgnt, oxygen has a large capture cross-section. Thereflore in air or
oxygen most of the current is carried by Op.

es of OSEE:

3.4.2.1 For [aluminum; emission occurs from the metal because the |photoelectric
thrdshold 15)4.2 eV and the 1ight used was about 5 eV. Rhotoemission
doeg not occur from the oxide because the photoelectric fthreshold (the
wor function) is about 8 eV. Therefore, for Aly 03/Al, [Po = O and
Eq. [(36) reduces to:

Ip = Ipm exp (-x/L") (27

’ O . ’
Ipm - Ipm[(x/P)Ke/(l + (X/P)Kg)]

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 A1-1100 plate. A1l 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 Ipy

or L” are different for the electropolish film than for the oghers
and this is probably due to structural differences in this film.
From Figure 9, except for electropolish film, Ipm= 1.1 x 10 -8amps

T - = 'f-“*—-—h\“‘—*—x

T
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] 3.4.2.1 (Continued):

and L” = 28°A. The fact that Ip is a constant indicates that ¢ is
constant. Experimental values of ¢ for anodized aluminum are
approximately constant, independent of oxide thlckness

3.4.2.2 The average electron energy associated with L™ is not known; however,
for a given photon energy the maximum initial energy Em would be9
= (¢b + E0) where Eo is the electron affinity of the oxide and
¢ is the energy barrier at the Al p03-Al1 interface. Pong !Q0estimates
ib— 1.4 +0.7 ev and Eo = 1 ev. Therefore, for hvféfs ev (A = 2500
oxide

0 Ttte
would e Em~2% 2.6 ev. Kanter and Fe1be1man1‘ measured L aft
approximately the same initial energy (ie. Em 243 ev), 'The palue of L’
of 28 A is in close agreement with their value of 25 A

3.4.2.3 Attenugtion of electrons follows an exponential Taw (see Eq.| 19). To
establilsh a quantitative measure of contamination thickness,| an
experiment was performed to measure L°. An aluminum foil wajs bonded to
a flat [surface and cleaned with trichlorotrifiuorethane/methylene
chloride (TMC) solvent mixture.. Aluminum foil was used to measure L’
becausq of its high OSEE current and itsowell known optical properties
for elllipsometry. RTV 102 contamination was put on the aluminum foil by
placing tissue wipes (saturated with:1% RTV 102/TMC solution) on the
foil and allowing the solvent to evaporate. The deposited sfilicone
contamination was then smeared uniformly over the surface wilth a clean
dry tigsue. To obtain different contamination thickness, the surface
was wipged with a dry tissue.a number of times. A plot of OSEE vs
contamifnation thickness (firom ellipsometry) is given in Figufre 10. The
theoredtical solid curve ‘in Figure 10 was calculated with Eql 19, where,

Ipm = 9 nA
and
= 63 A&

Figure [10 indicates that the theoretical analysis is verifiefl. It
follows| that; in principle, OSEE is lTimited to depths of a fpw hundred
Angstromsy' However, if thicker films influence the nature of the outer
layers, as tor SPD (Figure 8), OSEE may show a correlation with the
thickness of much thicker films.

3.4.2.4 1t is concluded that the measurement of photoemitted electrons
from a metal-film system is simple to perform and that these
measurements can bg very useful for estimating the thickness of very
thin films (0-200 A) if calibration curves, such as Figure 9, have been
made.

3.4.2.5 It was discovered that epoxy paints, used on the external tank of the
space shuttle, are photoemitting. This discovery led to a
nondestructive inspection (NDI) tool for detection of contaminated
paint. This was needed because the polyurethane foam insulation was
debonding from the paint due to silicone-type contamination.
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3.4.2,6 For utilization of the OSEE inspection tool for quantitative quality

3.4.2.7

3.4.2.8

3.4.2.9

assurance, adhesion studies were performed to identify the levels of
contamination that significantly degrade the bond. The intensity of the
OSEE inspection signal, revealed by the contamination map, can then be
determined and used to discriminate between areas that should be cleaned
and those that do not need to be cleaned.

Once the detection technique has been established and the accept/reject
signal Tevel determined, it is only a matter of automatically scanning
the tanks to produce a map of the surface that reveals those areas that
must be cleaned. Remapping after cleaning will reveal if the cleaning
has been adequate.

oxy painted panel was contaminated with silicon RTV102 as

ws: the silicone RTV 102 was dissolved in tetrahydrofurane (THF)
hen diluted to make four contamination levels . OPure|THF was used
ero contamination, 1 part contaminated solution was gdded to 3

THF to provide 0.25 level, 2 parts were added to THH to provide
evel and undiluted solution was used for:(level 1. Fqur tissue

s were each saturated with one of thescontamination level solutions
iped onto the four regions of the painted panel. Fidgure 10a shows
SEE as a function of the contamination level. OSEE drops

tically, and levels off at a low@alue between contamination level
0 1.0. The curve in Figure 10b.shows the effect of the

mination on the peel force for' stripping adhesive tape at a speed
inches/minute (1.7 mm/s) at 180 degrees peel. The pgel force

ws a curve similar to the OSEE curve, revealing a dinect

lation between the OSEE_ tnspection and the resultant |adhesion

rties of the surface:

ed panels, 1 foot x 1 foot (305 x 305 mm), were divided into 12

ns, as in Figure*12, The lower regions were left undontaminated as
trol. The other regions were contaminated with finggrprints,
masking tape residue, 3-in-1 oil, lubrication grease, cotton glove
smudge, Kraft paper, smudge, RTV 102, RTV 655, and automoljile engine
exhayst. The)fingerprint area was contaminated by rubbing the fingers
over [the forehead and then on the panel. The tape area was contaminated
by pressing masking tape to the panel and then removing if. RTV 655 was
of" part A and B dissolved in TMC to make 1% solution, as for the
other—conta was held for

30 seconds, 1 foot (305 mm) from the exhaust pipe.

3.4.2.10 An OSEE map of the panel represented in Figure 12 was made and a

reduced-thickness (d/L°) map is given in Figure 13. The maximum
reduced thickness (i.e., d/L") is 1.66, so that the maximum
contamination thickness 1s 1.66 x 63 = 105 A. Figure 13 reveals

very little contamination in the control area, the masking tape residue
area, the cotton glove and Kraft paper smudge areas and the car exhaust
area. The fingerprint, 3-in-1 oil, lube grease, and silicone
contaminated regions are strongly revealed.
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3.4.2.11 After mapping the panel, half of each area 0.5-inch (12.7 mm) wide, was
bonded with masking tape and the other half, 0.5-inch (12.7 mm) wide
was bonded with PR-365 polyurethane one-part adhesive. A fiberglass
cioth scrim was embedded in the PR-365 for backing strength. The
PR-365 was approximately 1/16 inch (1.6 mm) thick. The tape and PR-365
strips were cut with a thin-bladed knife and pulled in 180 degrees
peel at 4 inches/minute (1.7 mm/s). The peel forces for the masking
tape are indicated in Figure 13. The control area, the masking tape
residue, 3-in-1 oil, Kraft paper and car exhaust contaminated areas
failed between 490 and 551 g/cm. The cotton glove smudge area failed
at 433 g/cm, the lube grease contaminated area at 393 g/cm, the
fingerprint—contaminatedarea—at299 g/cmandthesilicone—rcontaminated
area at Tess than 10 g/cm. The PR 365 formed strong bonds) K> 4.3 to
5.1 kg/cm) in all except the silicone contaminated areas,’where the
peel strength was approximately 0.3 kg/cm.  The bond peel sftrength in
areas lother than silicone contamination was actuallyigreater than 4.3
to 5.1 kg/cm because failure was at the glass scrim“rather than the
paint |interface. The silicone contaminated regions failed pt the
paintdadhesive interface.

3.4.2.12' Table [4 gﬁves a few of the applications for which OSEE has peen
excelllent.
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Table 2

TEST # 0 :SI02/SI 8 SAMPLES FROM SQC

ANGLE OF INCIDENCE = 60 WAVELENGTHS = 7500, 8100 A&
No. OF INTIAL FILMS = 0
WL=750 NS=3.71 KS=0.0016 Nf=1.46 KF=0,00
WL=810 NS=3.69 KS=0.0008 NF=1,46 KF=0.00

TABLE OF MEASURED FILM THICKNESS

No. DEL(750) DEL(810) PSI(750) PSI(810) FILM THK _%<ERROR

i 114 143 24.9 25.3 477 0.7
4 110 118 36.6 34.4 1063 2.9
B 193 211 23.3 25.5 304 0.1
4 247 221 33.6 57.5 5367 0.3
b 124 122 55.9 31.0 7774 0.1
b 250 119 54.2 44.4 8225 -0.6
i 161 216 23.3 26.2 9821 0.1
B 131 129 55.9 28.5 11026 -0.4
Table 3
TEST # 7 :

ANGLE OF INCIDENCE= 60 WAVELENGTHS= 7500, 8100 &
NO. OF INITIAL FILMS= 0

QUALITY ASSURANCE INSPECTION OF SURFACE
FOR 30 CYCLES
ACCEPTANCE WINDOW= 151 TO 182

MEASUREMENT  DELTA ACCEPT OR REJECT
1 172 Proper PAA ACCEPT
2 180 " " ACCEPT
3 180 " : ACCEPT
5 167 W ACCEPT
6 106 Finger Print REJECT
7 106 o n REJECT
8 123 Not Anodized REJECT
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Table 4

Applications and Surfaces Successfully Inspected by OSEE

General Applications

Bare metal surfaces after various surface treatments in preparation for

avine

painting, adhe

handin At ate
tHhe-st+ve uullulll\J, SO+aeY LILES® Iy €t€—

2. Painted sugfaces where the paint and substrates are good orcvery slight
conductors| For example, metals, semiconductors, most polymers, but not
cellulosicfor highly insulating materials.

3. Graphite/epoxy composites; it should work as well on any epoxy domposites,
e.g., with|glass, ceramic, or metal fibers.

4. Inspection|of semiconductor surfaces for contamination or procegs errors.

Specific Applications

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

2. Surface contamination on aluminum with and without epoxy paint.

3. NDI of ball bearings.

4. ¥QI gf metal sheets for _cold weld 1amination, At, Ni, Zn, steel, Cu, brass,

i, Be.

5. NDI of epojy composites.

6. NDI for soldering semi-conductor chips to lead frames and power |transistors
to heat siTks.

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

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

9. Surface properties fof ZnS/sapphire.

10. NDI of scratch defects on aluminum sheet.
11. Properties of lithographic plates.
~
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Movable Scale

(a) Direct reading Goniometer (b) Ordinary drop sHadow

FIGURE 1 - Goniometer Reading of Contact Angle
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SR of { 4

FIGURE 2 - Schematic Electrical Equivalent Circuits
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FIGURE 3 - A vs. ¢ plot for a theoretical film (curve) of refractive index
1.3 and thicknesses indicated. The solid circles are experimental
data for phosphoric acid anodized AT 1100 that had been previously
electropolished to smooth the surface.
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FIGURE 4 - A vs. ¢ plot for rough 7075-T6 and 2024-T3 aluminum alloy
anodized samples (at the indicated voltage for 22 minutes),
A = 6328 A, ¢ = 70°
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Depolarizer
Circularly Optical System Diagram
Potlanzed
Light
Potanzer
Drum Analyzer
o Linearly Drum ToPhoto.
Polarized /D
Light Analyzer s etector
NG (W O Compensator) Prism e
\ o e
Potanzet ~( A - Angleof -
Pns s X

~ - /\ mcigence /“ Fl‘er
Linearl p % Q\/
Polanzed ~./ Ve
S - Elhplically

Light
Curcularly ~ ’If -~ \ Polarized
Sample Light

Polanzed
Light
{W.Compensator)

Compensator

FIGURE 5a - Optical Arrangement of Nulling Ellipsometer

Light
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Relerence
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Polurizer

FIGURE 5b - Optical Arrangement of Comparison Ellipsometer
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