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ABSTRACR

Several optical methods for the examination of the
microtopography of surfaces are discussed, They divide themselves
naturglly into two groups; those which give guantitative inform$-
ion about the surface and those which give omly qualitative i
information, There is a bias towards the first part,

With reference to part A, the quantitative methods, the
techniques discussed are, Fizeau and F,E,C.0, multiple beam
interference fringes, both in reflection and in transmission,
two beam interference microscoped&, the profile , and tne shadow
casting techniques, A separate chapter deals with the properties
of the reflecting coatings used in some of tiie avove methods.
Part B is concerned with the application of phase contrast
methods to the study of surfaces, that is in the vertical

illumination microscope,
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Introduction

The microscopical techniques disscussed in this dissertation
are those which reveal surface heights and depths, Most of
them in fact not only show the microtopography, but measure it
as well. In other words methods are dicussed in which differences
in surface level are changed into amplitude variations in the
image plane of the microscope, The dissertatdaon divides itself
naturally into two parts, A, methods which give quantitative
information about the surface, and, B, methods which give énly
qualitative information, No apology is given for the bias
towards part A, as the majority of the methods discussed there
have been developed in the laboratory in which the author

works,

With particular reference to Part A, the various methods
are esch applicable to different conditions of observation,
Fizeau multiple beam fringes, which give all the advantages of
multiple beam interferometry to the study of surfaces, can resolve
in depth down to about 504, and in extension to about °6 M ,
However there is also an upper limit, a few wavelengths, to the
depth of structure which can be viewed using Fizeau fringes.
F.E.C.0. have a rather greater lateral resolution, since the
fringe dispersion is independant of wedge angle, and whereas
Fizeau gives a general contour map of the surface, F,E.C.O.
are more suitable for precise measurements, However these
fringes require rather more interpretation to give a picture of
the surface.

To cope with rougher structures, the surface profile

technique was developed. This method can just resolve a cube



of sideh&i. Here the surface can be viewed and measured at the
same time, but it is similar to F,E.C.0, in that it plots the
cross-section of a line drawn on the surface, Lastly, to deal
with really rough surfaces, the optical shadow-casting method,
discussed in Section II, can be usad.

Part B deals mainly with the application ef phase-microscopy
to surface studies, It is an useful tool on the surfaces which
can be viewed in this way, which are, in general, those which
cah be examined by Fizeau and F,E.C.0, fringes, It is
complementary to these techniques in that it gives a general
picture of the surface "which looks like" the actual

Microtopography.
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CHAPTER I.

Transmission Fizeau Fringes

This chepter describes a simple, but elegant
interference device which is used for the accurate
measurement of surface topogravhicasl features. It is
a refinement of the well known Fizeau interfereoneter,
so widely used for the optical working of glass and
metal surfaces, and for many other meirological
DULrPOSESs. The interfereometer as co.monly used for

studying figure will now be described.

Two Deam Fizeau I'ringes.

It is a matter of common experience that the colours
formed in a thin air or oil film disapnear as the film
thickness increasese. The cause of this can easily be
seen on examining the ovntics of the formation of the thin
film interference colours commonly séen (eege 0oil films

in puddles).




The two coherent rays shown in the diagram originate
from the same atom P in the extended source S and each atom in
S sends out such rayse. We consider only the case of
interference effects localized in the front surface of the
film, so the two interfering coherent rays are drawn meeting
(a) in the film, and (b) at the retina of the eye. The state
of interference at (a) is reproduced at (b). The colours in

the film are governed by the well known formula
n)\ = Z/u.L‘, COSQ

where n is the order of interference‘ta the film thickness

and € the angle of incidence.
Sodmn = (=) 2 w% aw O 4O

Now since the source is extended, O will vary, tending
to confuse the interference pattern at the film. For asmall
values of ¥ , the effects of varying © are small and,
provided ¥ (and the entrance pupil of the viewing system)
are small enough, we will have a relatively clear interference
pattern in the film. But it can be easily seen that, for the
given range of © values admitted by the viewing system, as &
inecreases further, the range of order values at any one point

on the film will increase until no interference pattern is

left.

FIZEAU in 1862 proposed a system where the incident beam

-



is highly collimated. The result is that much larger values
of ¥ can be tolerated. In the apparatus shown in Fige?2

a monochromatic source is condensed on to the small aper ture
Ae The wavefront diverging from 4 is collimated by the lens

D and falls on to the air film formed between the plates PCeQC

Fig. 2

The reflected light is focussed onto the aperture at B
by passing through D again and by total internal reflection
in the right angled prilsm Re If the eye is nlaced at B it
will see the two beem:: interference fringes localized in the
film between PC and «.C. Now since, nA = 2pk cosb

B



gives the position of the fringe maxima and since & is

constant the pattern will be a contour map of the optical

thickness (mK ) of the plates, with the maxima a thickness

7\/3_ aparte. So if the UPVER plate is an ovtical flat,

we
will see the tovography of the uoner surface of Cue

This
method was Cirst used for the study of surface toporganhy by
LaUxENT (1883), and by SIEGBAIN (1933) for studying crystal

surfzces in vparticular. It is widely used in optical

workshops today as a routine test of figure but is limited by

the broadness of the fringe pattern.

The Use of Highly Heflecting sSurfaces in Interferometry.

The interference fringes obtalned in the PFizeau gsystem.

described sbove are formed by two beam interference, and so

the resultant intensity is,

I = I° COs 2(¢/1> (l)

inwhich ¢ = AW (A\K ces H) (2)
A
The reflected two beam fringe system has an even worse

fringe definition, given by

I=Il+12+ 2 ay ag cossb

Lere I; and Ig, &g and ag are the intensities and

amplitudes of the interfering rays. Tor the reflection case

I; == I and so (2) reduces to (1) But in transmission

.

=



I, end Iy are not even of the same order of magnitude, with
the result that the fringe pattern has the intengity

distribution shown in Figs. 3.

L TN N\ S

A ()W Almey TT
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Tige &

Fig. 4 is an example of & two beam transmission

interference pattern.



Fig 4. Two-Beam Newton*s Rings Pattern.



Whilst two beam fringes are useful for the optical
working of surfaces and for generallmetrological purvoses,
they are not-so suiteable for the precise measurement of
surface topographical features, as is evident from Pige 4.
The flat topped nature of the fringes is unfavourable for the

determination of fringe positionse Settings on a maxiuwmnum

cannot be made to better than 1 of the distance between
20
orders at the best, corresponding to an uncertainty of P
40

in film thickness.

An important advance was made in 1893 by BOULOUCH, who
pointed out that if the surfaces are semi-silvered, and so
miltinle reflections at the inteferometer surfaces becoume
important, the fringe shape undergoes a remarkable change.
F.BRY and PE2OT (1897) utilized his suggestion in their
elegant inteferometer and credit is often wrongly assigned
to them for the realization of the significant effect

silvering has upon fringe width.

This effect is demonstrated by a study of aAiry's
exprescion for the transmitted intensity of an interferometer

consisting of two, semi-silvered parallel plane plates, as

-5=



shown in Fig. 5.

£n alr film is considered, so refraction effects may be
ignored in the calculations. When a collimated beam of
monochromatic light fells unon tiie plates and the emerging
beams are collscted by a lens L, (see Tig. 6), we have, in

the focal plane of L, ,

I = -~ ' (5)
St TS S R
(l_ga‘ t%)

~ See AIRY (1831)

This can be written,

\
v 4 F-skﬁ‘(%)
- See TOLaNSKY (1948)

Here I is the transmitted intensity, T and R the intensity
reflection and transmission coefficients of the two

interferometer surfaces (assumed identical), and

$=2 x 2w (optical gap between interTerometer

o———

plates for an angle of incidence, & )

T ig called the '"coefficient de Ffivesse" after Falkry. This.
formuls assumes that an infinite number of beams is collected

by L, ; this is avproximately true for small angles € .
The point of interest is the variation in the fringe

-7
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width with the cuantity . It can be seen from (4) that, if
F is lurge, as ® goes from § = S W t0 8 = 2mW + d8,
I will fall rapidliy from ImaX to quite a amall value, and stay
there until S reaches the region of 2 (w+ 1 )W ‘The
accompanying table shows that guite large values of ¥ are

found for values of R in the region *7 to l.

This table is taken from TOLANSKY (1947).

RY% 70 | 75 |80 |85 | 9 | 95
F 3.1 | 48 |80 {107 | 360 |1520
”: r’.‘:l e o L ] O. 8 OQ06
I | 8.22 | 2.04) 1.25)0.66} 0.2

Fige 7 shows the fringe shape for these different

high values of R.

INTENS TY

o ‘8 l
FRACTION OF ORDER

FPig.7



The bottom line in the table is the value of the
minimum intensity as a Ffraction of the maxirum. vidently
this type of fringe pattern is considerably more suitable for
the precise determination of order displacements than the two

-
beatl cos® distribution discussed above.

It was not until 1944 that the correct experimental
conditions for using this type of intensity distribution in
the Fizeam "equal thickness'" set-up described above were
discussed by TOLANSKY. He used it to obtain extremely sharp
Mewtons rings (1944, a) and with them was able to measure
accurately the differéntial phase change on reflection of the
two plane polarized components at non-normal incidence
(TOL:MSKY 1944, b). He then used these fringes, both in
reflection and in transmission to contour a natural surface of
gquartz (TOLANSKY 1945, a) and cleavage surfaces of mica and
selenite (TOLANSKY 1945, b). He showed that steps of the
order of 30 RBw., which is of the order of molecular
dimensions, could be measured accurately, with simple
apnaratus, provided that certain simple experimental conditions

were strictly adhered to.

Since then multivle-beam Fizeau fringes have been used,
both in transmission and in reflection, for the study of
many problems in surfaces micro~topography. They have been
discussed by TOL&NSKY (1946, c) and BROS.EL (1947).  HOLDEN
(1949) has discussed the reflection system in detail., 'The

=10~



following photographs show clearly how powerful a tool they
are for the evaluation of the heights and angles associated

with the microtopographical features of surfaces.

“ig* 8. Multiple Beam Newton*s Rings in Transmission.

-IT-



Pig. 8a. Newton* s Rings in Reflection.



Pig.

9.

Trigons on Diamond - Pizeau Fringes.



Pig. 10.
Spherical hardness indentation on brass, showing a spherical

hollow surrounded by four hills.



We will now examine in detail the properties and
methods of formation of these multiple-beam Fizeau fringes.
The optical conditions necessary for their observation are
discussed at length. This is done for the case of the
transmission system, as the theory of this is rather more
straightforward. A later chapter deals with the reflection
system in particular, and it is pointed out how and where
reflection theory can draw from the study of transmission

frines and where 1t differs.

-12-



Irangmission Iulsinle Beam Fringes.

We will now consider how multiple beam interference
fringes are formed in a wedge of air between two silvered
glass flatse. Since the wedge is of air we can neglect the
changes of direction produced by refraction in the glass from
our calculations. i%t a parallel beam of monochromatic light
fall upon the film at normal incidence. The film is bounded
by NO and LM. Rays CD and IJd will pass on through the film
with loss of intensity consequent upon transmission through
the two silvered layers NO and L. Consider also the rays

ABED and FGMJ, which meet the rays CD and IJ in the front

Fige 11

surface. Since the pairs of rays rmeeting at D and J are
coherent, we will have steady interference effects at D and Je
These points are imaged by the microscope objective in the
plane conjugate to LM at Jy and Dj. For a perfect lens, the
phase relationships holding at D and J will be exactly

-] 3



reproduced at Jl and Di. S50 we will see interference

fringes in the plane of Jl and Dl‘ It is seen that the

fringes formed in this way are localized in the thin air film.

This important fact means that we can examine the topography
of either ol the two surfaces bounding the film, provided of

course that one of the two is an optical flate.

We will now show that, for low orders of interference,
the intensity disbtribution in the air wedge of these Fizeau
frinses of equal thickness is the -~ % as in the well known
Febry-Perot type fringes of equal inclination, but with & as

the variable parameter insteal of © .

This was first demonstrated by TOLANSKY 1946 (c¢), and
later discussed by TOL:NSKY 1948 (a), and by BROSSEL (1947.
Brossel, in 1947, gave what is now the standard treatment of
the problem. It is useful in that it lays emphasis upon
wavefronts rather than unon rays. It thereby lends itself
to niore general applications, such as interference in the

higher order Feussuer sufaces.

Fige 12

-14-



Fige 12 represents a wedge, of which one reflecting
surface is 0Y, and the other is at a small angle ol to this.
OX 1s drawn perpendicular to 0Y. The third axis 0Z will be
in the junction of the two wedge faces. Thus the plsne YOX
is considered to be a principal section of the wedge. If now
a wavefront meets the wedge, with its normal in the plane YOX,
and meking an angle © with OX, a family of wavefronts
W, W3, ™, willbe formed due to muntiple reflections
at the wedge faces. They will make angles O, © + 2w,

O +rhd, --- O ¥apd,.-- with 0Y, as shown.

apart from phase changes on reflection (which we will
assume, for simplicity, will be the same at both wedge faces),
all the wavefronts will be in phase at the apex O. If the
phase change on two reflections is QREG , the difrference in

phase between the direct and 1‘15' wavefront when they pass a

voint P ( X, YO) is,

Py = W (HyP- MP+ 1P

; Y ¢ B ¥ apa) +Yo A (B 202
loeos“—-x-‘-XgmL “

- X.me"'.‘{e”;’“&*\"ﬁ}
S %Vz‘hﬁ_}\_\’ &C{Omp +)\,»ﬁm9) M‘k\»\

= ({o o B P hecanB Y- 2D ?“F’\

Now we put

~15-



P, YN 'JJ‘nL = ’1)\4*-\- '{\45 .(.3
N N B

] Shz 7\% \’L‘o cac® =¥, @GBL%A - ‘% \‘3‘{;)_“.,“,;9-1-}.:08) (I\\'L&).BB
If we neglect the fourth and higher powers of pa,

becomes,

L I R N RS

— X WA A B | naA W=D (-2 yanly
Ly ( ;\-&"\X*%B\
This expression was first derived, for tiie case & = ©

by TOLATSKY 1946 (c), and BROSSEL, 1947.

In the case of light at normal incidence, ® = 0 and,
v = W 1. ;
A ~ 1—\\\: L;- g, 'I..C.'.) * ).\‘{%]

when X5 = O, i.e. on the wedge.

_ — b\ 32 C e e e
%\\_R_A;\_‘"_ Q“L‘{svt) Ay -Ltl )
Provided we can neglect the term involving the third

powers,
- WT
This leads to the expression for the transmitted

intensity,
T =X, !

1 42 s )
et TR

S = 3’_& A+
X Le+3)

The properties of this expression have been discussed

above.
-16 -



5o we see that, provided that A& \f"&."k can be neglected
2
compared with pl&+d) , we have fringes of egual thickness
localized in the film which have the sharo maxima associated

with the Fabry =- Perot interferome ter.

17—



The Third Order asymmetry of the Fringes.

The effect of having the term ‘ss.?.g'-t not insignificant
can easily be seen from the vector treatument of the ¥izeau
mthiple beam system dye to Faust (1949). The fundamental
"Fabry - Perot" calculation involves in essence a swmmation
of an infinite number of S.H.}i's of diminishing ampiitude and
steadily varying phase. This can evidently be achieved by
the vector representation method as well. Fach of the
interfering beams is represented in the diagram by a vector
whose length and orientation denote the beam's amplitude and
vhase. The zero phase is marked by a horizontal dotted line
directed towards the right. Phase retardations are
signified by anti-clockwise rotation. The vector length
decreases geometrically at a rate determined by the effective
reflection coefficient of the interferomater surfaces. The
resultant amplitude and phase are obtained from the line
joining the first to the last vector, but naturally only a
finite number of beams can be drawn. Faust assumed that, due
to the rapid diminution in vector length with increasing
number of reflections, an approximately correct qualitative
picture of the interferometer behaviour would be obtained by
about 20 - 30 vectorse. The vector diagram for the

tranamission system is shown for four values of § in the

diagram followinge

~18-
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S=2nmw + &,

- o =2mT

v




The full lines in Fig.l4 are for the case when the
correction term in (6) may be neglected. As a phase
retardation is shown as an anti-clockwise rotation, the
dotted lines show what happens when the correction term
comes into play. The deviation from the ideal case

. 3
increases as \\ .

Figo 14.

-20 =



Now i%v can easily be seen by inspection of the vector
diagrams that the correction term will have three serious

effects upon the interference pattern, namely (see WILCOCK
(1951) ).

a) The maxima are displaced from their
positions as given by (7) away from
the apex by an amount which increases
with & , so that the distance between
adjacent fringes corresponds to a change

in wedge thickness of more than %;.

b) The intensity of the maxima is reduced
from the value for zero correction,
i.e. WQ/Q"“Sl and grows less as to

increases.

c) The intensity distribution about the maxima
ceases to be gymmetrical. This can
easily be seen from the series of vector
diagrams shown in Fige 14. The resulting

fringe shape is shown below in Fige. 15.

-] -
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Now it is observed that for higher order wedge
thicknesses secondary maxima appear in the side of
increasing order. These are especially noticeable when
the main fringes are sharp. Their formation can be
predicted from the vector diagram, thus: at a thickness & ,
the engle between the vectors of higher  is

¢ - 1*/3 \e‘l.}-'&t

and
T (aw) = AT+ g,

3
50, $ = T\ *"hvvmn-»sq
&

Thus ¢ increases as we go from one fringe to the nexte It
is due to this increase of ¢ as S° increases that the

secondary maxima are formed.

Fig. 16, -0~




Fig. 16 has been drawn to illustrate exactly how this
occurs, The thin lines give the positions of the vectors
without the phase correction and the full lipes apply to
the real wedge interferometer, The resultant intensities
are given by the lines joining the ends of the vectors to
the origin. As we go from one fringe to the next ¢ increases
to such an extent that a is further from the origin than b.

The intensity will then fall to a near zero value with increase

of S . Hence a secondary maximum is formed,

-228~



Experimental Conditions for the Production of High

uali ty Mgiﬁiple Beam Fizeau Fringes.

To obtain high quality multiple beam Fizeau interference
fringes certain experimental conditions must be adhered to.
These have been discussed widely in the literature - see
TOLsNSKY, 1948, 1946(c), and 1955, and WILCOCK, 1951. They
are really quite simple conditions, and high quality fringes
can be obtained with anparatus which is by no means complex.
The high resolution in depth - of the order of molecular
dimensions - that can be secured with quite simple anparatus
is remarkable when one considers the elsborate nature of
the aoparatus, the electron microscope, which is recquired to
secure such high lateral resolutions; We will now enumerate
and discuss the conditions under which muliiple beam Fizesu

fringes can be observed.

A. The Surfaces Must Be Coated With A Highly Reflecting Film.

As mentioned above we will only consider the transmission
fringe pattern here, leaving the reflection case for special

consideration latere.

For low order interference, the correction term % ¥‘4‘&
is small in any system which would be used in practice. 8So

the fringe intensity distribution is

1.
I-= 7
wh A S
\ * k\-f‘)-‘ D.

RS N is the maximum of

in which I o

Pols Ao



the pattern. To discuss the effect of the constants of

the gilver film, i.e. of the reflection, transmission snd
absorption coefficients upon the sharpness of the fringes,
we define & half-width w, to be the order separation between
noints whose intensity is half that of the maxima. To find

w, we put

X, I
. = —
2 Vo AR S,
G-my* =
. a
\-R .
Joooa-wy .
N 2
For sharp fringes, we can nut S, = sin &w R
2 2
5@ - \-:_E.
K
and ~0 = 2 $'o
AT
l.’ ‘b : \_"'-‘—'- R
w

Thus the half-width as a fraction of our order is

\-n /T (&, and so increases as R increases.

The maximum intensity on the other hand is 'T"/ (r-wyY,
for unit incident intensity. This is unity when TR =\ ,
i.ee A = O, but less than unity when A ¥ 0. It is evident
that the shape of the fringes depends only upon W , but that

the intensity scale with respect to the incident illumination

is determined by the fraction ’T.‘/L\—n)’-

-04 -



We see then that the position is:z-

a) digh values of W, give sharp fringes,

b) but higher vilues of W entail, in general,
higher values of . (this statement will be
qualified later), and so a reduction in

overall intensity.

A comproniise has to be reached between these two in
practice, but.we are helped considerably by the low chromatic
resolving power of very low order fringes. Thus a high
pressure source can be used and a reduction of up to 50% in

intensity can be tolerated.

A later section will deal with the way in which the W , T,

eand & of metallic snd mutilsyer films behavee.

B The surfaces must be very close together, i.e. we

o

reguire a very thin wedges.

Thig is the essential point upon which the use of sharp
muétiple beam fringes for the study of surface topography rests.
It was realized from the outset and is nentioned in the
earliest literature, e.g. TOLaNAKY, 1944 and 1946(c), and is
emphasized in the later books TOLANSKY, 1948 and 1951.  There
are four reasons why this is such an important desL;étunz for

i

the production of the sharpest Ifringes.

~05=
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The first concerns the phase-lag term calculated above.
We recall that this is

e e
showing that it isspz'opox‘tional to the film thickness % .
We now consider a critical thickness ¥, , such that, for the
number of bevms collected by the micro scope, the phase lag for
the last beam is ’}3\ . ( The number of beams collected depends
on the reflectivity, the wedge angle, and the numerical aperture
of the objective - but at low powers mainly on the reflectivity.
Up to 60 effective beains may be collected in certain casese.

This will be discussed later in this section. )

S0z~ i M’.Lt tg = }L
'S 2

Now we have to have at least two fringes in the field of
view, otherwise we cannot make any calculations of fringe

dimensions and displaccements in terms of order fractions.

Thus X , the number of fringes per centimeter, has a minimum
value For the magnification used to view the fringes. Yle have
also the relation A%
Y
Koz —
2y mX

The accompsnying table gives values of \:‘_and X assuning \(\ = 60.
Now % has to be less than this to prevent a loss in fringe
definition due to the phase-lag term. wWe note that as the

magnification increases, so0 does the severity of the

-26-



restriction on the film thicknesse

No. of fringes perewm.X 1 10 100

Critical b, mama l.26 «012 . 0001

The second important point is the effect of film thickness
on the linear displacement of the beams combining to form the
patierne. There are two dangerous effects here. By reference

to the figure below it can be seen that if the displacement of

i

1]
1
]
]
IRGNIRILTNTTD ORI AR e

NTHIHR

Fige 17
the higher order beams is too lerge, their nheses will be

guite arbitrary with respect to the direct beean. This will

reduce the fringe definition congsiderably in many practical
cogese. Also UNLESS THE LJORITY OF THT BE..1/S COME FRON

= =



sN kREa LESS THAN THE &IRY DISC (in the object space) OF THE
GIVEN OBJZCTIVE WHICH IS BEING USED TO VIEW THE SURFACE, THEN
THE FRINGE PATTHERN DOES NOT NECIES3aRILY GIVE A& TRUE
REPRESENTATION OF THE SURFACE TOPOGRAPHY. If the erea over
which the beams are being collected is larger than the Airy
disc in the object, space, then it is wuite likely that fake
information will be given, i.e. the information will not be that
at a point on the surface, but the averaged infommation over a
finite area. lioreover, provided that this condition is
obeyed, then we can say that we are getting information sbout a
point on the surface, subject of course to the limitation that

we have no empty magnification.

An aporoximate calculation of this effect for small angles

follows.
|
|
Jm
Fige 18

D8



Consider a beam which has suffered h reflections at the

"back" surface before it reaches the point of observation.

Then the total line or displacement of this beam is
dp= 2% [2p2 4 tap- A o xtay - )R]
= 2% k{_ Y o— (AR IAec ¥ \;\"3'\)1
= w¥% A - }%\ L‘*\""ﬂ

« v A% = ARAYN (YY)

50 for oI,

1

Thus, since d w is proportional to the film thickness,

it has to be kept as small as possible by reducing ¥ .

At medium powers we find, from the following simple
calculation, that, provided the film thickness is less than
the critical value &, calculated above, all the beams come from
an area which is less than the Airy disc in the object space.

for we have,

d\,: 'l\-\."t-L

And, Lz A%, * Y e ::3})(1
SO, a - -}_
\“ - anX



The table above gives values of k. and X for }. = 60.
Using ® = 60 and X = \o & fringes Per twa.,

-
de = 9Q.$ %X 10 o -

This is within the Airy disc of a medium powered microscope.

The use of such thin films, of the order of a few wave-
lengths thick, has the further important advantage that the
chromatic resolving power of the system is very low. The

fundamental formula governing the position of the maxima is

mArr amE (for normal incidence)
So V= M
llv\\:
where D = \/, is the wwwwwé corresponding to A

Thus the wavenumber separation between orders isal = 1/2,\u=

For & = .00l ~ma. , and M = 1, this is,
AD = 5000 ww.
e \
So for a wavelength of 50004 o+ ( O = %0000 ewm’ ),

the neighbouring maxima occur at 15,000 and 25,000 ww.
respectively, i.e. at 6666 A. and 4000 A. . In this case

the wavelength separation between orders is sgbout 2000 A .

It is found in practice that even the best fringes are no more

than 1/50 th of an order wide. This corresponds in tnis case
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to about 30 4 . This is somewhat greater than the line widths
at about 5000 A , of ordinary mercury arcs. S50 we see that

the question of source line widths is of little conseguence

here thenks to having a very thin air f£ilm. This means we

are at liberty to use high pressure aré sources to overcome
intensity troubles met with highly reflecting films, both silver

and mutilayer.

A further point of interest is the divergence of the
multiply - reflected beams from the axis of the nicroope
with respect to the aperture of the objective. We shall see
that in all normal cases, enough beams are collected to make
a fair Fabry-Pai* ot type intensity distribution. Suppose that
the semi-angle of the cone of illumination entering the
microscope is w , ie.e. the numerical aperture (N.A.) is,\ sin w .

The divergence of the \qm beam from the microscope axis is

peoapd

where & is the wedge ungle between the surface under test and

the flat.

We will now calculate the minimum angle & foragiven

objective, to give at least three fringes in the field of

view. Then I
&mw\ - ;
where § is the diameter of the field of view in the object

space. suppose further that the field of view in the image
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space has a diameter of 10 exmn Then taking a magnification

of 750 times the numericel aperture of the objective,

Lemm = 45 x [NAYx L (10)

So, \#%

Let bo be the greatest number of beams that can be

T . (NR)

collected by the objective. Thens-

sin—l (N./)

[{§

'Se e (NAYD

LR |

. FRAAA LN.Q,
S Yo )

158 . ln.A) AL

(10a)

The following table gives corresponding values of '*.and

Neds for N\ = b x 10_ DAL . Apnroximate values only are
given.

NQAQ i \f\.b

« 2 130

«25 130

« b 136

75 145

Now the intensity distribution in a Pabry-Perot set up

=B D -



when only a finite number, Y » beams is collected is,

I a- H* » "\-\-V-,‘\W"LWSY‘/A\

N R LRl LN
This reduces to the familiar Fabry-Perot distribution when
YL\“@L-\ . Fige 19 below shows how ?\“ varies with W for
tw> high, but typical values of R. Actually A ig
plotted here, but it can be seen thut when¥w is of the arder
of \se s We will have & narrow "infinite beam" distribution

to all intents and purposess

It was pointed out above that, for a given air gap, & ,

fringe definition falls off with increasing magnification.

This variation is now investigated using the calculation of AM

given above. The third order term & for a gap ¥ is

v
When o = L RN

= L_'! 5*1]:
; °

Sy ® ‘—; Yo ORLASER (A
Putting T = M
op = WSS Y 23 (womy™

The graph (Fig.20) shows Sy, as & function of N.A. for'n = 60,
i.e. the phase lag for the sixtieth beam is plotted against

NeAs For objectives of numerical aperture up to 5 it is

-3 5 -
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seen that fringe definition is excellent, for even the
sixtieth beam, which has a very low intensity indeed, has

& phase lag of only éﬁ; « However it seems at first sight
that at higher magnifications fringe definition suffers
considerablye. The first graph, Fig. 19, shows that this

is not necessarily so in fact. Here the phase lag is plotted
against the number of beams, \* for different N.i.'s. On the
same graph is plotted the intensity of the \\“ bean, R“‘ R
for two typical values of W, .90 and .95. Consider the
case of N.A. = 1, the most severe one. Nearly two-thirds of
the beams have a phase lag of less than % and those that

have a greater phase lag have such low intensities that they

do not exert a great effect upon fringe definition:. Thus

we may expect to obtain fringes with reduced but by no means
poor definition. This has been shown to be the case by
TOLANSKY and ERARA, 1955, who show the first two orders of a

" Newtons Rings" arrangement obtained on a diamond face. of
course when ¥ increases fringe quality will suffer, and again
we see how small E must be, especially at high magnificationse.
On this same graph are plotted the (phase lag) - (number of
beams) curves for N.A. equal to 75 and to «5. When Nehe= o5
no difficulty is met aX% all, and this is the strongest
recomnended objective for use with rmulitiple beam surface
interferometry, unless exceedingly thin air gaps can be

obtained, which is by no means always the case.

-34-



For high powered objectives at the thin air gaps
considered here, and for lower powered objectives if we are
forced to have rather larger air gaps, it is likely that the
phase lag- | curve will rise above half a wavelength for
higher values of \‘- . The behaviour of such a system can
be visualized by an idea due to Dr. V.G. Bhide of this
Laboratory. He supposes that we have an anproximate airy
distribution due to those beams which have phase lag less
than % and another, ¥ out of phase with the first, for the
succeeding beams which have phase lag in the range >79. £ S“L 2
The maximum of this latter distribution will of course be much
les: than that of the former, giving an approximately true

Alry distribution.

It is also of interest to calculate the maximum useful
Neds With this system by equating the diameter of the

objective diffraction disc with the displacement of the last

effective beam along the surface. The di splacement o\\‘ is
dy = KA
So,
2 = ApE NS A INA) , AS LA
N/,
. \
) (NOA-) maXe =

Jisex v
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If now we suppose that beams above the twentieth will
not contribute greatly to the wgy in which a fringe contours
a surface, (see Fig. 19, curve 5), then the meximum value of

N.As permissible will be .82. (Taking\\ as 30 this is .55)

To sum up, it has been shown that in order to obtain
good fringe definition the air gep must be kept as low as
possible due to (a) the third order phase correction term, (b)
the beam displacement along the surface, and (c¢) the finite
width of the source line. This is one of the most important
features of the muliiple beam interferometry of surfaces. The
calculations using the value o . = Y§.N.(NeA.) show, in the
first place, that cll the beams of any effective intensi ty
enter the objective for all normal numerical gpertures
employed. Further, the fringe definition falls off as the
microscope magnification increases as (N.A.)z. It is
advisable to use only magnifications below X350 where possible,
but, provided that the air gap is extremely thin, fringes with
rather reduced quality can be obtained up to magnifications
of X1000. Also at low powers (below X350), no trouble is met
with over large beam displacements. They are well within the
Airy disc for &ll beams but those of negligible intensity.

Use of higher megnifications, however, requires care.

Ce The Incident Beam st be Accurately Collimated.

In 1922 Fabry (1922), drew attention to the possible
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broadening of interferometer fringes due to incorrect

collimation of the incident beam. Errors in collimation can

arise from either, (a) lens aberrations or (b) finite source
size. Case (a) is comnlex, and a general treatment has not
as yet been given. Case (b) has been discussed by

TOL&NSKY, 1946(c), 1948, BROSSEL 1947, and HOIDEN, 1951.

We follow BROSSEL's treatment here, but that due to
TOLaNSKY, although less general, deals with the more important
fzctor. The general calculation of the phase of the
reflected wavefront with respect to that of the direct bezm
glves

Sp = ANT e ® (1-1 A YEu & - ";_)%f_\_.\") an)

When © is of the same order as < , then the Y @ term in Q)
may be neglected, and we have a fringe broadening due to the
e @  term alone. This will give a square topped
distribution, the mexima corresponding to the higher values of
® bveing displaced away from the wedge apex. If the
fractional order broadening which can be tolerated is dm ,
then at the order of interference m , the angular radius of

the source must be less than

G = ! 2 am see TOLANSKY, 1946(c)

For small gaps, we have to use large values of 6 to

sroduce a givendm . At large angles of incidence, the Yom B~

term comes into play, and this gives a wing on the side of
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increasing . This fact has been verified by microphoto-
metering fringe intensity distributions, (BROSSEL, 1947).

The results are shown in Fig. 21. Curve I shows the natural
width - highly collimated beam, curve II is for esmall & values,

and curve III shows the effect of the Yewm Oterm.

Since the wing occurs only on the side of increasing Yt ,

1t occurred to Brossel to use a convergent becm as a means of

solving the "hills or valleys" cuestion. (BROS3EL, 1946)

Fige 21.

To use this metinod for sorting out a topography, @
highly convergent beam must be used. If only smallish angles
are employed the Yom © term will not operate. The figure

following shows a set of fringes with (a) well collimated
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light and

'ig.

(b)

convergent light,



TOLAWSKY (1948) has given a table of tolerances for
collimation, giving the film thickness & s and the
corresponding angular deviation, & , from the normsl for

a phase shift of 1/5 the half width. It is reproduced below.

Y (o) 1 0.1 0.01 .001

6° Yo | Y 1 3

———— et 90+ RS At

The calculation is based on the small angle broadening only
which is the practical case. This teble illustrates the
fundamental rule that, for good fringe definitions small values
of k should be used, for the collimation conditions are far

less ’stringent when small values of ¥ are employed.

WILOCK, 1951, discusses the tolerance in phase shift due
to collimation errors with regard to the natural half-widths of
a line (e ). He again points out that, in practice the Yim 8
term may be neglected. He basis his calculations upon the work
of Dufour and Picca (1945) on the broédening of Febry-Perot
frinzes. Let the order shift bedwn . Then if aw {&
the naturel width, increase of ® merely increases intensity,
while for AwY) natural width, increase of @ entails only a
square topped fringe broadening and no intensity increase. He

plots a graph of resultaent width / natural width against
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Am / natural width, (&m = M-[S’)z )o It is possible

to decide from this graph when a suitable transistion point
from the condition of increasing intensity (granh horizontal).
to that of increasing width (graph sloping at 45°) takes place,
and draw up a table similar to that given above for the ratio
(&~  / natural width) chosen. It will be seen that TOLANSKY's

choice is a reasonable one.

N

3

RESULTANT WIDTH
NATURAL WIDTH

o 1 2

2
"—‘f—'— NATURAL WIDTH

Fig. 23
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The other isz-

De. The incidence should preferably be normal,

Non-normal incidence introduces two complications.
4t non-normal incidence, the reussner surface, (FIUSSNIR 1927)
is not coincident with the plane of the film, its distance

from the film, at an angle of incidence L, &

>C = "
M‘- - I\A‘Mi“

in which % is the film thickness and ¢ the wedge angle.

Now it is evidently of great convenience, when we are
studying the topograohy of a surface to have the fringe
system located in the surface itself. This, as we see from

Il

the above expression, is only true forv = O.

The other effect of illumination at angles other than
zero incidence has been described by TOIANSKY (1944(a)). That
is the differentisal ﬁhase change on reflection between light
prolonged at right angles and psarallel to the plane of
incidence. This effect is shown in an elegant manner by
viewing the transmission fringes vproduced in the rilm between

a plano-convex lens and a flat, the surfaces being silvered

of course.



This is of course the ewton's Zings apparatus. Here it

is used at non-normal incidence, as in the figure below -

Figo 24 .

To start with, the fringes are elliptical, not circular,

as with normal incidence. 4Also only a small number of them
are in focus on a plane perpendicular to the plane 6f incidence.
The most striking observation, however, is that the rings are

doubled, as shown in the picture following - (part B only).
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e) (B) (A)

The separation and fringe definition varies with angle
of incidence and the outer higher order fringe becomes
progressively weaker as it moves away from the other. Now
in the figure above, taken with a triple shutter (see
TOJhiN8KY 1948), the two outer portions were talcen with a
Polaroid set to pass vibrations in tlie plane of incidence
(A), and perpendicular to the plane of incidence (G). The
middle portion iS without a Polaroid at all, sliowing the
doubling normally seen (in this picture the weaker component,
in A, has been given a longer ejcposure than the rest of the
plate. The correct intensity ratio is shown in 3). The
angle of incidence here is 600

Now it is well known from classical electromagnetic
theory that the phase change on reflection at a metallic

surface is not the same for rays polarized perpendicular and
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varallel to the plane of incidence. The plate above shows
clearly that this is the cause of the fringe doubling effect

at non-normal incidence.

This provides a simple method for measuring the
difrerential phase change. The results obtained by this
method were compared with the classical theory of HMACLAURIN,

1906.
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Appendix to Chapter I

lultiple Beam Interference Contrast.

Tolansky and Wilcock, 1946 and Tolansky, 1948 have
described an elegant technique for examining structure in
nearly plane surfaces. It employs the interference contrast
seen when the surface under test and the flat are brought close
and so parallel that the dispersion increases until only one
fringe covers the whole of the field of view. The rate of
change of intensity varies from zero when the intensity is a
maximuam, increasing through the point of inflexion at sbout
I =1 max/é and going to nil when the Airy intensity drops to
ZEeTr0e Unfortunately this latter region covers quite a large
range of thickness but the positiqn is considerably improved
by emmloying an unfiltered arc, or even an unfiltered arc with
an impurity, e.g. cadmium, added. Really useful interferograms
can be obtained by taking photographs of these high dispersion
fringes with the transmission Fizeau system superimposed. The
latter can be obtained quite easily by filtering the arc and
increasing the wedge engle. We then have a Fizeau picture
wiﬁh the sitructure to which it corresponds, shown up in
enhanced contrast, superimposed on the plate. So one of the
disadvantages of Fizeau, namely that there are large regions

inbetween the sharp fringes, is overcome. Fig. 26 siiows an

example of this.
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at
Y ) 0/ ‘.

Pig. 26

TOLfLITIKY, 1948, gives a simple calculation illustrating
the sensitivitjT of the method* Suppose that the gap is such

that 1 =1 max/2, i.e. we are in the region of maximum

sensitivity. Then,

So,
Now the eye can detect a 10/ change in intensity easily. So
we can detect a change in ~ to ”~ , where.
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45 I max = I““N

U 3 w6
A %zi

|}
e e S < a.a‘ /F)/l
‘ k= .. )
e e /“‘“. 2 1‘/ F I:.
. o The chunge in Y detectable is

Far R=.0qy N

which is remarkably small.

Precise Topnograohy of Optical Surfaces.

In a recent peper SAUNDERS, 19561, described a technigue
which employed Fizeau fringes using an order separation of
less than %%1 . He usged an unfiltered source and rather
high dispersion, but not so high as above. The picture was
crossed by four or five fringes of different colours and in

general, different orders. Before they could be used for
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- measurements these orders would have to be found. This was
accompliched by comparing the relative separations with a

diagram, shown in Fig. 27, giving the positions of fringes of
different wavelengths on a thickness scale. This uetiod allows
the use of smaller wedge angles tian o), . calculated above,

with consequent increase in fringe quality. It also interpolates

in the space between fringes, though not so elegantly as above.

LINES ORDERS OF FRINGES
Hy 4046 A. oo g S .
Hy; 4358 A. i 2 3 4 5 6
He 5460 A | 5| 3| 4 s
Hg 5790 A. | 2| s s s
! y

FIELD OF VIEW @

Fige 27.

The second technigue employed by Saunders uses a Fizeau
interferometer enclosed in an cir-tight chamber. Iionochromatic

transmission fringes are used and air is slowly puinped from the

apparatus - see Fig. 28.
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The fringes slowly move across the field of view as air
is removed. Actually air is removed in discrete amounts and
the plate exposed when the system is steady. Again the
region between the normal fringes is observed and smaller wedge
angles can be employed. For quantitative work, it needs a

separate calibration interferometer formed betv/een two flats.
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CHAPTER II

Reflection Fizeau lringes.

4s stated in the introduction, this dissertation is
concerned primarily with the examination of surfaces By
reflection methods, as opaque substences are in the majority,
and, in any case study of transparent substances by reflection
makes the surface examination independant of the bulk structure.
(Thin film thicknesses, for example, are evaluated by reflection
fringes)s. However, it was thought best to describe the
transmission system, with its simple, symmetrical intensity
distribution, first to bring out such features as the effect of
small film thickness, the accuracy orf the collimation, etce. The
rather more complex intensity distribution of the reflected
system will be described first, followed by a discussion of the

results of Chapter I from the point of view of reflection work.

The Optical Arrangement

Two optical set-ups are employed, the one used depending
upon the working distance of the objective. For lower
powered lenses, the surface is illuminated by parallel light
by a half-silvered besm splitter below the objective. It is
desireble to make the splitter as thin as possible, to reduce

sberrations in the objective opntics introduced by the glass

paths, as objectives are not normally designed to work in this
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Waye This arrangement is shown in Fig. 29.

OBJECTIVE |

45°
REFLECTOR

Y

-

T

INTERFEROMETER W

Fig. 29.

ootk = S

For high powered objectives, a conventional metalurgical

microscope is employed, as in Fig. 30.

Fige 30, Eom



The objectives supplied for metalurgical work are
generally corrected for use with a glass coated beam splitter,
but a further complication is introduced here. It is
essential to use a parallel incident beam, and this is secured
by arranging to have ah image of the point source formed at I,
which is the back focus of O. So sinultaneously, the
objective has to focus on the air film X, (dotted rays) and to
produce a parallel beam in the other direction. Thus the
demands on the objective optics are severe. (In addition, of
course, the objective rwust be corrected for cover glass thickness)
Fig. 31 below is an example of a set of high quality reflection

fringes .



Example of High Q,uality Reflection Pizeau Fringes



The Intensity Distribution in the Reflected System

This problem was first discussed by HALIYY, 1906 and much
later by HOLDEN, 1949, in a very thorough article. This
section is taken almost entirely from Holden's paper. The
first part gives the derégtion of the intensity distribution
for a parallel plate interferometer in a wigorous manner,
assuming that an infinite number of beams are collected but
making no reservations upon the symﬁefry of the interferometer
or the range of reflectivities of its two surraces. The
results are extended to the practical case of a thin air gap
of wedge shape, by the method described in Chapter I. Only

fringes in the zero-order Feussner surface are considered

The results given by Holden were used by him to discuss
the variations in fringe appearance one should expect with
varying values of the reflectivities of the front and lack
surfaces. The paper shows clearly how this depends upon the
phase conditions at the surfaces as well as upon the
reflectivities. These conclusions are verified experimentally
and photographs are given in the paper illustrating the effect
of varying the reflectivities, the corresponding transmitted
and reflected systems being given side by side. A phase
quantity,.F, which is the sum of the phase changes on
reflection (at normal incidence) at the front air-silver

interface and the front glass-silver interface, is given for
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varylng values of the reflectivities. The values of F were
calculated from measurements of the fringe displacement from

the corresponding transmitted system.

Using these results, Holden found that the value of F for
heavily silvered surfaces was (2w + 1)W , w = o4,---
Using this value, the intensity distribution of the multiple
beam reflexion Fizeau fringes used in the interferometric
study of the microtopography of surfaces is discussed and the
effect of absorption in the reflecting films shown.
Unfortunately, Holden only discusses a symnetrical
nteontorometer interferometer in this way. In practice, the
back surface is heavily silvered while the front one has a
85 to 90% coating, giving a highly asymmetrical set-up.

However, the critical effect the absorption in the TOP film has
upon fringe quglity is shown clearly. The superiority of
reflected fringes for precision measurements is clearly
demonstrated, so showing that the use of reflected fringes is no
drawback in the cases where non-transparent substances are
being studied interferometrically. In this section, however,
the fringe contrast is defined as .Xqu.x-.x,m“k ; 1t might be

held that ( Yenone = Tmwn ) /7 T nanc. is a more correct

definition.

Holden's calculations of the intensity distribution of the
reflected Fizeau fringe system now follows. A4S stated above, the

system first considered is an interferometer bounded by two
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plane, parallel, silvered surfaces. Normally incident,

14

snown in FPig. 32.

Fig. 52

~, = -(Q\

YA Ra
e’\* ‘3‘&

The
are
the
are

are

tonochromatic light gives rise to multiply-reflected beams as

symbols are :-

the amplitude reflection coefficients at
air-glass interfaces 1 and 2.

the corresponding transmission coefficients.

the corresponding phase' changess ™~ = e

is the amplitude reflectioncoefficient at the
glass-silver interface of surface S

ig the corresponding phase change.
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The effect of g‘)‘!z and o in reducing the optical

separation of the plates is shown in Fig. 32

Summing the reflected beams gives for the intensity
in the focal plane of the collecting lens,

T L%
I = ’(; " i (= thr:g_} % <1Lx VNae tm(s"‘"’[;t*i‘n ‘1‘}1}*.*4%@_‘\;1&4}}
R x

s '*\‘"t‘ = 1"*""1‘“ (s“'(gl"" ph)

In the same nomenclature the transmitted intensity is,
- 1
ITX = Ek;‘hz]*@,g

\
- T k 3
tt t\. X,

\* A Nt = AN N L LS*B \*B;‘

We put the term [XT, --)= F . This is the phase-like
term referred to above, It depends only on the first surface.

Also we put the optical separation of the surfaces

(e~ 3. +(§;\= oy

So,

- X
IM = NG ¥ ®A[L\:‘,«,) FAB T g Cae la+ F)

— AR Ny o F ] ----

This is the intensity distribution, with varying values

of the optical separation & , of the reflected fringe sysiem.




It is seen that while the transmitted system is described
by a megnitude term involving only the transmission factors
of the two surfaces, the reflected system has two
transuwission like terms and one, involving cos (D+F ) x @A ’

which gives rise to the differences between the reflected and

the transmitted system, (apart from the background term o).

Holden then proceeds to discuss the positions of the

maxima and minima in the reflected fringe systen. Sos-

For turning points,
Sun A { Tral - S
ha VT MYy NNy e T w (L, Cn¥
2

+ e g vy F oo Y:"«,\Q ~Awa ¥ 1: '1~;‘~\-‘-,‘m'..§:—p_.)

when sin ¥ = o in (1), we see that the roots are equally

spaced. So we have maxima halfway in between minima when

a1

i

a) F
b) F

(2 mayT
For the case (&) we have maxima a8t A = WmT = mmuaa ok &= v 1T

. = (2w
For the case (b) we have minima at & =72mW .\w.amwn—-kk Gwryr

Also if we write (2) as

m«u\fﬁl)

M ruwrdA & mmeoedd =y

the roots are coincident for ; _'_3
ey \- '
F= (ama4n)mw § Wgos 2273 ( 4
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Lxtension to the Cese of a Vedge

Use 1s made of the same calculation given by TOLANSKY,
1948 and BROSS3IL, 1947 of the »phase-~lag of the \F‘beam in a
wedge interferometer described in Chapter I. 50 provided the
wedge angle and the gap, k &are made small enough we can amply
the results given above for a parallel plate interferometer to
the wedge gap interferometer used in the multinle beam

interferometry of surfaces.

Zxperimental

To observe the effect ol varying the reflectivities of
the flats on the fringe shape and on the positions of the
maxima and minima, Holden used the transmitied fringe systen
as a reference. To do this, he used a source arm, complete
with collimator, which could be moved with respect to a fixed
wedge interferometer and viewing systeri, so that the
trensmitted and reflected systems could be viewed in turn.
Care was taken to see that the collimation was good and that
the angle of incidence was small. lercury green light was

used.

The test interferometers were made by evaporating silver
onto clean glass flats. Thirteen different reflectivities
were deposited on a single flat used for the front surface.

The second surface was similarly treated, but with only three
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different reflectivities. Scratches were alsc made on the
surfaces to nhelp in comparing the transumitted und reflected sys-

temnse.

Holden's Zxnerinental Results.

Figure 33, taken from liolden's naper, shows the
variation in appearance of the fringes as the reflection
coefficient of the first surface varies from 4 to 58%. when
the first surface 1s uncoated glass we have minima coincident
with the trangmitted maxima. As the reflectivity of the
first surface increases, the fringes go through an asyrmetrical
sequence, until at sbout 15% the reflected system shows sharp
maxima coincident with the maxima of the transmitted system,
but much more lwainous (the relative times ol exposure are
5 : 1) These fringes (W, = &Y ) were first observed by

Hamy.

As the reflectivity of the first surface is increased
further, the fringes again become asymmetrical, the background
intensity grows, ¢nd finally we have symmetrical fringes with

fine sherp minima.

It can be seen from the nlates corresponding to different
back reflectivities that the only effect of increasing the
back silvering is to sharpen up all the fringes while they

retain their shapes, which are derived only from the front

surface conditions. There are in fact two fundamnental ways
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in which the reflected fringes differ from those seen in
transmission. firstly, the above, that fringe shane depends
only upon the front surface properties. Secondly, in
transmission the fringe shepe is always of the same pattern
even when W, and W, are rather unecgual. This can easily be
seen by performing the Alry summation for two surfaces and
it is,

U= L R t\t\-“.‘”'\.%* \:\‘:\_v':-_': J.."LS + o-

(~2 e ., QH)

~8 seen gbove, this is by no means the case for reflection
fringes. It may be askedvhy there is so large a difference
between the two systems; the ansver lies in the fact that the
first beam has suffered no tranamission through a reflecting
film and only one reflection (at the front surface), whereas
the following beams have two transmissions and two reflections -
as in the transmitted fringe pattern. Dr. J.A. Belk, of this
Laboratory, obtained a transmission-like vpattern by cutting out
the first beam in a low magnification set-up. In fact, this
me thod has been emvloyed by He. KIILIIEL, 1955 for use in
measuring film thicknesses. Normally, reflected fringes have
to be used, which prohibits the use of a multi-spectrum to
identify orders. An aperture was sultably placed in the focal
plane of the objective and transmission type fringes obtained.
This method cannot be more generally used, as with a non-plane

surface the position of the spot in the focal plane corresponding

to the first beam is not uniquee.
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Lestly, Holden microphotometered the reflected and trans-
mitted systems and obtained the true Ifringe vprofiles using known
nlate characteristics. By comparison with the transmission
fringes the values of A satisfying %{:n,-.o were measured and

D

values of ¥ found from eguation R . The results are plotted

in Fige. 34e
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Fige 34.

The Reflected System at High Reflectivities.

In a very useful section, Holden discusses the case of
importance to multiple beam interferometry, i.ee, when both
films have high reflectivities. Although in this range
measurements of F are difficult, it is found that F is nearly
(¥ %V ) W . The symmetry of the fringes confirms this.

(see also FAUST, 1950).
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Consider & symmetrical interferometer, we have
T T Q +22TnRt — ATN ccoA
< U [

Q. =
x - 2% = 2L con A
The maxima occur at A = \').,wq.u) w and the minima at Asz2wfil .

The minimum intensity is,

Tai = B 8T friaa-a)

Uity
If the films have an gbsorption B given by
RaT «+ f =|
then,
Yoama = Ly

(-®y*

So the effect of absorption is to raise the level of the minima

from zero o “""1
=
On the other hand the wmaximum intensity is
= A2 2
T e Y=L {vaaean
\£25) :

S0, for aay WA

Y_ 1 Mnucl & R_I mml - 4fy

\1-9.)
where i‘g_ MM'X is the value when 4 =

So we see that the effect of absorption is to
a) raise the minima
and b) lower the maxinse of the fringe system.
Thus the contrast of the fringe system is lowered by the

absorptive effect.

Holden then gives three really useful graphs. The first

showing how the maxima and minima veary with R for) (1) 4 =0,

(2) i values taken from TOL:JSKY'S results for silver films -
see Chapter 4 and, (3) & (4), ~ values two and three times

04 -



those for curve (1). The other two »lot fringe sharoness

ageinst R and contrast against R. (See Wigs. 35, 36 and 37

They illustrate that special care must be taken in order to
minimize A - for & given R. Pig. 35 shows clearly that, for a
high value of 4 - curve 3 - the contrast is almost nil at 85%,
and quite zero at 90%, while reducing 4 from 5.5¢% (curve 1) at
W = 904 to O (curve o) increases contrast SNOrMously . The
other disgrams show the effect of increasing W. in the range
7L« ss R oincreases the fringe sharpness goes up, but the
contrast decreases ranidly. S0 we have to reach a compromise
between sharn and contrasting fringes. Wow both these curves
depend critically upon avsorption. That i1s they are dependant
unon the W-R curves foo the darticular films we are
employing. In Chapter W 1t is seen that these depend in turn
rather critically upon the evaporation conditions, e.g. rate of
evaporation and hardness of vacuum - and in any given practical
cese there might be small differences between those actually
obtained and the values given later, In brinciple one should
have an accurate knowledge of the W~B curves for the films used
and plot (contrast - W) and (sharpness - W ) curves and judge
which ™ values give the best compromise hetween sharpness and
contrast. In practice this is not done and good reflection
fringes are produced by skill. In any case the overiding factor
is to have low absorption films. In this laboratory it is usual
to have the first surface, which determines fringe shape, about

60 - 80%, =nd the back surface, which determines fringe
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brightness about 70 - 90. Unfor tunately, Holden only
considered a gymietrical interferometer and a very slight
agyimietry is introduced by the use of di fferent coatings, It is
comimon knowledge in this leboratory that, in order to obtain
good quality fringes, the back surface reflectivity should be
about 10% greater than the front surface. In all events,it

is important that the two silverings should be carefully
"matched" and that ideal transmission condi tions are seldom ideal

in reflectione.

asymme try of the Fringes.

All the precautions discussed in Chapter I to obtain good
transmission fringes, such as small values ofd, normal incidence,
good collimation, etc., have to be taken for reflection work too.
In fact all the experimental conditions described in Chapter I,
except that regarding the suitable values of W , are applicable
here. The vector diajgram for the reflection case is shown in

Fige 38 belowe
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However, there ig the difference here that any asyuie try
or secondary maxima will occur at the edges of the fringes which
) —

are bright. Thus such effects are rather more marked than in

s transmission. The principle causes of such asyrmetry are:-—
1. Ved.e angle effect (phase lag)e.
S Assymetry of the interferome ter.
3e Lack of exact focus.

These are not difficult to overcome and with suitable
coatings on flat and surface fringes of the quality shown aboye
can be obtained. It will be seen how accurately tney contour

the surface under test.

This Chapter has extended the fudamental multiple beam
Fizeau fringe theory to the important reflection case, The
next Chapter will describe how, by combination with a
spectrograph, fringes which are more suitable for exact
surface measurement can be obtained. Again the theory of the
previous chapters applies to a great extent to the discussion

of their properties,
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CHaPiliR IIT

Fringes of Hqual Chromatic Order

When a narrow gap wedge interferome ter, as employed for
the observation of Fizeau fringes, is illuminated by a parallel
beam of white light end the surface imaged by the viewing
microscope in the slit plane of a spectrogreph, the image plane
of the spectrogranh is crossed with sharp lines whose shape and
separation depends on the shape of the‘air gap in the interfero-
meter. Thus if' the surface under test is mctched with a flat,
the shape and separation of the lines will give information
about the surface topographye. These Tringes were first des-
cribed and discussed by TOL-NEKY, 1945 (a) and later discussed by
P0LANSKY, 1948, who gave them the name “Fringes of Huyual

Chromatic Order".

These fringes can be used el ther in transmission or
reflection. The optical arrangements in use are shown below
in Pigs. 39 and 40. As monochromatic light is not being used,
care has to be taken over the cquality of the lenses employed in

the microscope.

In this set-up the wedge behaves as a WAVEZ-LENGTH FILTER,
for, as pointed out in Chapters I and II, the interferometer has
high transmission or reflectivity of light when the optical
separation of the two plates is an integral number of half-

wavelengths. So, for a given gap, only those wavelengths which
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PROJECTOR

Fig. 39. Transmission F.E.C.0. Set-Up.

WHITE LIGHT

EECO SET UP ON THE
VICKERS PROJECTION MICROSCOPE

SPECTROGRAPH

L 2 4

Fig 40, Reflection F,E.C,0, Set-Up.




can fit a whole nuraber of half-v/avelengthe into the gap,

can be admitted to the spectrograph. It is evident that we
are observing the state of interference at tlie wedge along a
line parallel to the spectrograph slit. So any line drawn on
the final picture parallel to the dispersion of the spectrograph
corresponds to a point on the surface under test. There are

in general several fringes crossing the field of view, all
similar to one another, and surface structure can be easily
inferred by measurements taken along the line drawn parallel to

the dispersion.

Tiyo examples of F.3.0.0. are given below. Pig. 41 was
taken across a step formed by silvering over a slide already

partially silvered in order to find the thickness of the first

deposit. It was taken as part of the investigation of Tolansky
and Bhide described later. The slit is perpendicular to the
step. Pig. 42 was taken across a growth spiral on silicon
carbide.

Fig- 41
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Pig. 42.

fringe occurs when
Xk aX(,r O,

where (t; » E ) is the optical separation of the interferometer
plates, g being the contribution from phase changes. So,

A A \ L' J’
where is the additional gap due to phase changes expressed as
an order fraction of W. is a slowly varying function of wave-
length, but only its variations with X are of moment when
measuring step heights and differences in interferometer gaps -
which covers the majority of cases. 3xcept where the greatest
accuracy is required, such effects can be ignored. neglecting

variations of , the wavenumber separation betiveen orders is

- 'At

Properties of the Fringes.

Fringes of 3qual Oiiromatic order have several notable

advantages over Fiseau fringes. These will new be discussed

in turn.

1. Small wedge angles may be used at all magnifications.
This follows from the formula ANtV Xt

which shows that the dispersion is independant of *1
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Sod, may be reduced as immuch as possible, with
conseqguent immrovement in fringe quelity. This is
not possible in Fizeau work, where at least three fringes

have to be observed st once.

Thicker silverings may be emnloyed.

White light sources (e.g. Pointolite) are generally
brighter than "monochromatic! sources since no filter is
needed and there are no restrictions on source line width.
Thus rather greater values of R may be emmloyed with
consequent improvement of sharpness ol the fringes. This

applies specifically to transmission work.

In Fizeeau iieBele, 1t is not easy to determine the order
separation of stens and the true direction ol the step,
iees. whether it is a rise or a rall. Two spectral lines
have to be used and this means, in reflection, two
photographse. In the same way, bill or valley guestions
are not answered straight away. Now, as will be seen
below Fe3.C.0. gives a definite solution to such problems

straight away on one plate.

Again, in Pizeau work the dispersion of the fringes is
uniform only for a wedge between a pair of planes. In
practice, of course, it will vary over the surface under
teste INn F.2.C.0e. the dispersion on the plate is a
function of the gan & end the spectrograph only, and we

can easily get a profile ol the surface along the

7=



projection of the slit on the surface.

Experimental Conditions

The fringe theory in Chapters I and II avnlies equally well
to ¥.@.C.0s except in so far that the discussion of phase lag
effects with respect to numerical aperture is not applicable.
The phase lag theory applies, but as values of the wedge angle
can be culte smali, it is easier to keep the nhase term low. In
addition to the conditions di ssussed in Chapters I and II,
thiough, we must consider the effect of the finite spectrograph
slit width. The slit cannot be infinitely thin due to loss of
light and diffraction effectse. 30 a long thin section of
surface is examined instead of 2 line. The effect depends on
the orientation of the wedge w.+% the glit. Two extreme cases
are considered following TOLANNSKY, 1948 and WILCOCK, 1951.

There are four causes of fringebroadening in P.5.C.0

1. Natural line width of the fringes - as discussed in

Chapter I.

2e Lack of collimation of the beam at the interferometer -

as discussed in Chapter I.

3e Lack of collimation of the beam at the spectrograph
prisme. This is a fault common to all spectrographs, and
is due entirely to the slit widthe. It results in the
spectral lines put on for reference being images of the
slit. Provided that diffraction effects in the




gpectrograph may be ignored, it is indenendant

of wavelength. as the senuration between fringes
on the nlate generally increases as M deereases,
its effect as an order fraction decreases also as
we go Irom red to violet. Thi s broadening, widch
has been discussed by VO CITTE:RT, 1930, occurs even

when the wedge apex is perpendicular to the slite.

4. ‘When the wedge apex is parallel to the slit,
addi tionel broadening occurs due to small variations
in R across the slit projection. That is, it is a
defect consecuent upon the fact that we are looking
at a narrow rectengle of the surface - not & line.

This broadening, as an order fraction is 29 Ak

Zffects 1 und 4 zbove tend to increase towards the violet,
and effects 2 and 3 tend to decrease. By a judicious choice of
slone of the wedge unex effects 3 und 4 may be made to compensate

increases in each otnere.

A spurious broadening is sometimes observed due to the
greater sensitivity of photogrephic plates to red radiation,

a halation effect taking placee.

The fourth broadening effect can be reduced by increasing
the microscope magnification. This effectively places a smaller
stop in front of the surface. It is almost unicue in optics

that an increase in magnification is sccompanied by en increase
in resolution,

Pl



Interpretation of tie Fringes.

As the specirograph dispersion is

a8

not uniform, the fringes,
seen on the snecirograph nlate, are a true »Hrofile of the
surfacce. Differcnces in height slong fringes cen be

meacsured
e Tollows.

48, M E AR

mdA=z Adks

m  is found Dby measuring wavelengths ¥ and Azalong the line
in the plate corresponding to the »oint under consideration. 5o
~Mmod ety N,

LV M /
LY XY
Thu

us we can Tind &k Trom the dispercion curve of the

Wl

specitrograph.

For e sten, the wetiod of coincidences (TOL.JIT-KY, 1948) is
convenient. e chose two wavelengths wi th wavenwiber sevnaration
AY . Yet there be m + 1 fringes between thege wavel

o}

ngthis on
one side of the dividing line =znd n + 1 on the other. In
general m and n are not invegers.,

Then k,: M /3ad

and KL= “/.).A3 :
)
avw s — (m - wm
So LA )

CIHLER, 1953 has considered the case when the variation of ¥

with A is teken into account. Fowever such precautions are

only necessary if an sccuracy better thean 1 in 1000 .
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is required. This can be seen from Koehler's table I. There
are two gquantities involved in a determination of A, a)m

and bJAM , Now the determination of ™ involves the use of
a wide wavelength range - especially at high dispersions. But
~ is a SMALL INTEGER and so there is no ambiguity involved
by the small changes in " with A Thi‘d:fﬁrmination of AA
itself involves only a small wavelength&in zenersl, so errors
due to varyinga? are small, Dbata on this guestion has been
given by SCHULZ,I951, KOEHLER,I953, and BARRELL and TEASDALE-
BUCKELL, 195I. The latter work is probably the most reliable,
having been done for the purpose of high preeision wavelength
measurements at the N.P.i. Although not with F.E.C,0. in
mind, it is readily applicable, ZEven though the measurements
were made using a transmission Fabry-Perot interferometer, the
apperent optical thickness, R4z :%’\i LS-\-(&,-@[&,) , in the
notation of Chapter 2, is the same in either the transmitted
or the reflected system. Using thg guantity ¢ given by Barrell
and Teasdale-Buckell, the fractional error inébtis,

£ = b N~ sz’\z__ = 2L~ N
~m A) M AN

( Ar> A, ~ a2

From (I) above and from Barrell and Teasdale-Buckell's table I
we see that ‘5 is less in the red than in the blue, This is
fortunate as fringe quality improves towards the red end of the
spectrum, due to improved quality of silver films at longer
wavelengths, It is important to notice that ashtvaries,h)\

and soA7 , vary in such a way that the fractional error

is roughly the same for the working range ofA% values,
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CILPTER TV

froperties of the eflecting Couting.

It wus steted in Chanter I thut in order to obiain
pultinle vean interforernce “ringes the surfoces of the
gpecimen zna the lat must be coated with a highly reflecting
film wihich follows the surface structure of the speciuem
accurately. Three filias @re used in wrazctiee Tor ithls work;

2} the well known silver film, (b) aluminiwa films, and (c)
multilayer dieletric films. The =fficiency and contouring

nroperties of these films will now be discussed.

The Pnovometric and Regelution Ifficiency of the Transmitted

and Reflected 'ringe Systell.

In Chapter I it was shown thet in a transmission Fabry-

Derot type system the half-width, as an order fraction is given

(VNS H 4
by @ = ‘- R

wid.
nccording to BRIGHT, JsCKS0W, and KUHN 1949, the resolving
power’[‘¥ of a Mabry-Perot etalon cun be expressed as the
N 2 It - ‘ - v s O E i T
nroduct of the order and /.a = rﬂ-/‘ -+ The quantlt,r‘l\’rn./‘_&
1Y

is termed the "eguivalent number of beums by analogy with the
prism and grating resolving powers. It is customary to plot

¥ =w as & mecsure of the fringe half-width.



de gee st T dls dependunt only I, the refleciion

coefTicisent, so to increase I, X tust be corresvondingly

2 oo

[

increased. Iiowever, the Hhotouetric erfficisncy I/I. w kY
~ 0 u-ny
and tiils decrecses with increasing & in the runge YLRLY for
the turee types of film we ere considering. The bzttle
between hizgh W and hizh I/IO for ths tnrec film ty es will De

discusged loter.

Be reflectlion.

In the reflected system the maximum inteneity is no »roblem =
L Py

there is generally too mwuch light avalloble instead of too little.

1O 1eam i B3 < F 3 aa 1 .;-‘:J" ar "I’Z e CO dema ey o — . i
tore the vuantities of interest are the contrast (I .. Tainy

for unit incident intensity)and the fringe nalf-width, here
defined as twice the fracivional order when the intensity drons

I ). Iiolden 1949, has discussed
J P

- 3 < 1
ne  vor = - i
to the value I + 7 (Imax min

min
the influence of absorption unon tnese. Mromr the eaprlier
Giscussion on the reflected system we gsce thot, as the absorption
increases, the contrest aend the half-width deteriorate rapidly.

It is interesting to note that only the absorption of the upper

film matters.

Comparision of the JIfficiency of Silver, aluminium, and

iultilayer Filmse

These three film types will now be commared from the point
of view of photometric and resolution efficiency. To achleve

these it is evident from the pnrevious section that for a given

7 =



R end at a given wavelength, the absorption of the rilm must

be a minimuie

Tow wultilayer films are designed to work &t one wavelength,
'lb, end nave unique values of 2 and » at that wavelength
(since the thickness of the layers involved are determined by
the wavelength Ay - On the other hand it is wossible to
produce silver and sluminium of varying thickness, 2 and & at
any given wavelength. 30 we have to choose an X, & nuir Tor

silver and sluminiwn ilms frowm the available measurements.

This choise is complicated by the fact that

(a) in the reflected system, the judgenent is
made on the basis of high contrast and

low frinze width.

(b) in the transmitted system high I/I, and low
Ifringe width are the guiding factors,

and the dependance of these quantities upon R and A is not
the same for (a) and (b). In practice the reflected system is
more important, but the contrast and +-width curves for silver
have only been given in the literature for one set of
measuremnents and at one wavelength. They have not been given
at all for aluminium. In view of this, and the marked
superiority of multilayers oversilver and aluminium from this
point of view, since the construction of nalf-width and contrast
curves for the reflection system is very laborious, it has been

decided to find representative R 4 puairs for silver and
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aluninium using the I/IO and helt-width of the transnitted cystem.

Unfortunately the position is comwlicated by the fact that
the furnished reflectivity and absorption curves for silver
differ somewhat. This is an immportent e stion, Tor it is
important, from the point of view of obtaining high cuality
fringes to know the cuality of the films which one ig depositing.
Als0, as the cuality of the films measured by various authors

varies, it is of interest to discuss possible reasons for this.

The Reflectivity and sbsorption of silver Films used in

Interferometry.

The early workers in this field were ROLKINOJA, ROBZOW, and
PROKROWSKY 1934, G003 1936, KRAUTKRAIER 1938, and STRONG and
AIBBLE 1940. The results of these workers show so much
scatter that they are of little use in the region of low A for

accurate assessment of performance.

The recent results which will be considered are those
TQLaWKSY 1946, KUHN and WILSON 1950, and DUFQUR 1951, The

results obtained by these workers are shown in Fige 43.

Figc 434 70—
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Here the quantities € = W/ _p\v and N = 'u'ﬁ:./
(-®) V-0

are nlotted against R. The film efficiency 3 is equal to

the ratio I/I, for the transmitted system, but has wider

significance then that, for it is an useful measure of the ratio

of absorption to reflectivity. In this figure

curve 1 is taken at 6800R ,by Kuin and /ilson (new films).
" e " " " 5200&. " " " (v L
weog ou "M o 4700p. M onoo S ")
1" 4 " 4200 &‘ it 11 1 1] ( 1 " )
o5 " " 5500 N, by Tolansky
R R " 5460 B. by bufour

It is unfortunate that these results differ so widely and
insufficient experimental data maeke it difficult to explain the
discrepancies, which are greater than the errors gqguoted for the
photometric measurerents. It is considered that two effects
are to blame, namely varying rate of evaporation and surface
films on the substrate. An illuminating peper by SaVHITT and
SCOTT 1950, indicates that the rate of evaporation plays a big
part in determining film cuality. They investigated the effect
rate of evaporation on the film reflectivities and absorption.
Fige WY (m»shows clearly the results obtained with films
evaporated in 2 sec., leb min, 8 min, 3 min, and 75 min. The
symbols &, @®:and A are drawn at reflectivities of 80, 70 and

60%, and the corresponding absorptions are shown in the lower
graph. At these three reflectivities the films are in o
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grouvns; low absorption characterized by fast evaporation rates,
and high gbsor»tion characterized by slow evaporation. Thus
high welity films are produced by fast evaporation. It can
be seen that the discrevancy in the cualities of fast and slow
films is reduced as the reflectivity increases. It is felt
thouggaggke inrormstion could be obtained about the effect of
evaporation rates upon film cuszlity in the region f4i@l) .
This varistion in film guality has been atiributéed by Sennett
and Scott to varying grain size in the film. They support this
by electron micrographs of their films. On the other hand,
BURRIDGE, KUHN and PiRY, think that the absorption of gaseous
products of the evaporation is largely, or even entirely,
responsible. They maintain that while a metal film is being
formed, the percentage of foreign atoms occluded in the metal
can be expected to denend on the relatiye rates of bombardment
of the surfeace by foreign gas atoms. If this view is correct,
the product of § the foreign gas pressure and T, the
evaporation time, is the factor determining film quality. To
test this they plotted the reflectivity curves showing which
points had high or low (YT) values (this was actually done for
aluminium films, but the problem is similar for silver). Even
with aluminium, which needs more outgassing than silver, no
marked dependance of film quality with (W¥) is noticable. It
seems rather more likely that grain size is responsible, although

occluded gasses may well have a small effect.
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The actual cleaning metihod employed by each of the
workers mentioned above will huve been different. This is
especlally true for the hign tension gaseous dischnarge cleaning,
about which little is known. The pre-nistory of the substrate
and the air impurities might also have varied. S0 it is not
unlikely that impurity layers, unaffected by the cleaning
process, will have produced a systematic effect upon film

quality between the results shown above.

Surprisingly the nature of the substrate has 1little effect
upon either grain size or £ilm quality. This has been confirmed
by Kuhn abd Wilson and Semnet and Scotte The latier compared
films formed on formver and silica, two widely differing
substances while Kuhn and Wilson tested films formed, at the

a4

nsame evaporation, on silica and glasse

It is of interest to note that Kuhn and Wilson measwred
their reflectivities and absorptions (a) soon after the films

were exposed to air and (b) after 22 days in a clean atmosphere.

They reported a marked reduction in film quality.

The Reflectivity and absorption of sluminium Films used

in Interferometry.

BURRIDGE, KUHN, and PERY 1953, carried out a series of
measurements on evaporated aluminium similar to their previous
experiments on silver films. Their results are shown in Fige44.

Aluminium films are inferior to silver films in the region
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above 5000 B., but do not sulffer the high sbsorption of silver
Tilms below 4000Q,, and indeed the guelity of aluminium
increases as the wavelength decreuses, as seen £rom Fig.ll .
Representative aluminium filwms have been tsken which have 20

effective beamse.

200
E : N
) ALUMINIUM
.2 b r !CO
Nl
0'7 .
'8 9 R 0,

Other measurements have been made by CaDRIRA 1944, and
CRAWEORD, GRaY, SCHAWLOYW, and KELLY 1949. CABRERA dealt with
a wide range of film thicknesses and not with the thick film
region in particular. Both Csabrera and Burridge et al, showed
that both T and R increase by about 1% within a few hours af ter
exposure to air, but remained steady afterwards in contrast to

the rather more unstable silver films. Crawford et. al. showed
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the effect of fast and slow evaporation discussed above for
silver. However, their results are for a few films only and
cannot be compared with those of Burridge, Kuhn and Pery, who
measured some hundred films in all. . Later measurements by

E3SIG and MOLMS (1954) also suffered from this defect.

Multilayer lieasurements.

Jacquinot and Dufour were the first to apply the
multilayer technigue to surface coating in (high resolution)
multiple beam interferometry. Thewe highly reflecting raulti-
layers consist of alternate layers of high and low refractive
index materials, each having an optical thickness of one cuarter
the wavelength of the light for which they are designed. (In
some cases llyq.layers are used - such coatings are called
second-prder multilayers). Typical materials used are zinc
sulphide (high index) and cryolite (low index) for a glass
substrate. The reflectivity depends on the number of layers

used; 7, 9 and 11 layers are common for high values of Re.

Such highly reflecting films have been produced for inter-
ferometric purposes and their reflectivity and absorption measured
by JARRETT, 1952 ( & & b), 1954, STONE, 1953, RING and WILCOCK,
1953, (in the wavelength region 4000-5000 A, ), BELK, TOLANSKY
and TURNBULL, 1954 and by PENSELIN and BTENDEL, 1955. The last
authors give very extensive results for many types of multi-

layers and quote results obtained by previous workers. The
effects of ageing and rate of evaporation of the materials used

-84~



in multilayers have not been studied in so great deteils

as silver and alwminium f£ilms. It iswell known, however,
that multilayers last well for about 2 - 3 months. ROOD,
1949 investigated the ageing of single layers of ﬂg‘:y_ and
CaS.0,but gives no date sbout the effect of rate of |
evaporation. He only considers single films; in a mlti-
layer, the lower layers are well pnrojected. In a later
paper he discusses the ageing and effect of rate of
evaporation ofZwS rfilms, and comes to the conclusion, like
POL3TER, 1952, that rapid evaporation increases absorption
(cf. silver). The results of measurements on films designed
for use in interferometry are shown in the itable below. The
representative (RA) vairs for silver and aluminium films are

shown for comparison.

The results of the multilayer, silver, and aluminium
measurements are shown in Fig. 45. Here the quantity (N.E.),
the nroduct of the film efficiency I/I0 and the effective
number of beams is taken as a measure of the film's suitability
for interferometric work. There is considerable scatter in
the multiléyer resultse. This might well be due to effects
similar to those resulting in silver end aluminium film
quality as well as the difficulties inherent in making
multilayer films and in the measurement of R, T and A in the
region Y&W&\ . The multilayers measured were the

conventionalqef layer zinc sulplide - cryolite films, and
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the low wavelengtih lead cunloride - uagnesium fluoride i lwme

produced by renselin and 3tendel ( zinc sulvhide shov

~4

g an

cosorption band at about 400C A ).

i

Degnite the scatter in the multilayer neasurewments and
the degree of arbitaﬁ%ﬁesa in the cholce of ooints to
repdpresent the silver and aluminium films, it is clearly seen
that wultilayer rilms have greater efficiency as reflecting
coatings in the reflection and trengiission Fabry-Perot
systems - in short, the graph clearly shows that multilayer

films have less absorption for a given refiectivity.

Discussion of the Relative lerits of Silver, aluminium and

Iultilayer Films for use in Jlultiple Beam Interferometry.

The graph shows clearly the superiority of multilsyer
films over both silver and aluminium in the visible region
and ultra-violet. The silver curve rises to only 3.2 at
rbTOO R i multilayers in region N b§OOR. are even higher
than this. 2t lower wavelengths the only metallic film

W BULVER
available is &luminium, due to an absorption band)in the ultra-
violet at IOBBRA , but gives poor performance films.
Unfortunately, the high index material, zinc sulphide, has an
absorption band starting at zbout woveh,. An alternative
material which has satiasfactory U.V. trananission; high
refractive index, and good vapourizing characteristics is

difficult to find. Penselin and S+endel, in the paper
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duoted above, use lead cinloride and magnesiwa fluoirde. Lead
chloridé is hygroscopic and turns milky in a short fime, but
they protected the rilm with a nalf-wavelength layer of
magnesium fluoride. Recently Bapk and JENKINS 1956, have
tried films using antimony trioxide, and preliminary results
snow prouise. This wuestion is of importance, as it is the
U«.V. that high metrical accuracy is obtained using multiple
beam interferometry (since Ai here is less in centimetres than
%, in green light), and the available metsllic films are of

ratner noor aquality.

Kuhn and Wilson 1956, remeasured their silver rilms after
keeping them in moderately clean air for 22 dayse They found
8 reduction of film efficiency due nrobably to formation of
the sulphide. Aluminium films do not suffer so nwuch
deterioration, and this all occurs within a few hours after
exposure to air, ilultilayers, on the other hand, show
little deterioration even after several months, & fact which

is well known in this laboratory.

One of the properties of multilayer films is their
chromatic¢c filtering action. Their operation depends upon
an interference effect so this might be expected. The pass
band for the quantity 'ﬁ/b_“al is often only of the order
of tens of Angstrom units - see, for example, STONE 1953.
Consequently, a multilayer film should only be used for the

wavelength for which it is designed (i.e. at that for which
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the ontical Ffilm thickness is NQ% )e  For Pizeau work this
is no defect, as monochromatic light is used, but it means
that multilayer films cannot be used for fringes of equal
caromatic order. If a channelled spectrum is obtained using
multilayers, the fringes broaden out considerably on either
side of the wavelength at which the reflection maxima occurs.
This property has been used by BELK, TOL&VSKY, and TURNBULL,
1954, in the examination of surfaces by reflection Fizeau
fringese. They used a second order multilayer giving maximum
reflection at StbLO®., and formed the fringes using this
wavelength. They then used a red riltered carbon~arc in the
microscope. Since for this wavelength the film. transmits
about 90% of the incident light, the surface could be viewed
directly. In this way the actual surface and its inter;

Terogram could be directly compared.
3

The efficiency of & multilayer film depends upon the
refractive index of the substrate, as well as the layer
constituents. lmltilayers have been successfully deposited
upon glass or ¢uartz, but to produce efficient multilayers
upon any given material is difficult. Not only is it
difficult to do this, but there is considerable danger of
artefact in the fringe pattern. This might arise in the
following way. In a silver film, gemA. tiick say, the front
of the film contours the topography under examination. The

reflections nroduced by the silver effectively take place at
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a surface parallel to the front silver surface, a short

di stance wi chin the silver. This surface is well defined,
unique, and parallel to the surface under examination. But
however well a multilayer will contour a surface, the various
reflections will take place at 7, 9 or 11 different levels each
My (i.e. 500 to 7O0A. ), apart. So we see that there is
likely to be a danger of artefacts at large wedge angles and

for sharp or rough surfaces.

The situation is not as bad as might seem, for in
reflection Fizeau work, which is the most important in which
multilayers are empnloyed, the usual practiée is to coat the
surface under examination with & very thick coating of silver.
Then only the nroperties of the film on the flat determine
the fringe quality. We can so use multilayer films to
advantage on the optical flat. Their long life nakes them
particularly useful here. (However, in this case the
difference in W between the flat and the surface produces a
slight asymmetry in the fringes. To obtain fringes of the
highest quality both surfaces have to be coated with identical
films ) Murther articles dealing with the use of multilayers
in multiple beam interferoume try have been published by

TOL&NSKY, 1952 and TURNBULL and BEIK, 1952.

It is a fumkmental assumntion in the examination of
surface topography by multiple beam interferometry that the

reflecting layers shall contour the surface closely. There

-89~



is much indirect evidence that surfaces are well contoured

by silver and multilayers alike. Jor example, mica

cleavage stens have been measured by mulitinle beam
interferometry and in all cases have been found to be
multiples of WA, , which is the size ol the mica lattice = 3,
as obtained from X-ray determinations. also interference
filters formed by deposition of the system (silver-i cryolite~
silver) on glass give quite narrow transmission bands, even
though cuite irregular substrates are used. Virect evidence
on this problem has been given by & recent paper by TOL.ISKY
and BHIDE (vorivate commnication).  They took a silicon
carbide crystal which had well defined spiral pattern. It
was examined by reflection eclectron microscopy and the step
shown to be quite sharp. Silver was evaporated onto the
crystal in varying thicknesses from 250 to 26,700 ﬂ. .

This thickness was measured by evéporating, at the same time,
the silver onto a glass nlate covered with sn opaque silver-
inge. The measurerient was then made using reflection

FeZeCe 0o The apparent step height was measured, also by
F.E.Co0., (a) at the step itself, and (b) 06 rm. Tfrom

the step. The results are shown in Flge. 46.
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a)

b)

c)
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Figs 46

This shows thnat -
Un to a silver thickness of 6000 A . the

contouring is perfect even at the edge itself.

Up to 28,000R contouring is perfect at
distances beyond 1/15 m.m. from the edge.
For any thickness beyond 6000® a defsct
begins to aspear in the step heightmeasured
at the edge and it increases to about 100 R

at the max. Tilm thickness of 26,700 A..

Since in multiple beam interferometry the thickest
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films are of the order of 1000 A. thick, these exveriments
confirm that we wmay rely upon silver films to contour details

upon surfaces examined by multiple beam interferouetry.

-

Tolansky end Bhide also performed similar experiments
upon zine sulphide and cryolite films, Zven though multi-
layers are not usually used to coat surfaces under examination
to obtain really sharp contrasting reflection fringes it is
preferable to have boti: surfaces with exactly the same value
of‘(L.. For this reason Tolansky and Bhide considered it
worth while investigating zinc sulohide and cryolite

contouring.

The same step on silicon carbide was used as before and
the measurements were made as for silver. The results are

shown in Fige. 47 for zinc sulphide.
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de see that for zinc sulphide, contouring is perfect

at the step up to =

<

thickness of about 2000 A of zinc sulphide.

Beyond .06 me.me from the step edge contouring is perfect at

all thicknesses

Similarly for cryolite, we find that contouring is

500 p——
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>

Slep height
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g 8 %
T T T
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b heig \] r

Step hught at 0-06mwm frvam
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i 1 |
3900 Sooo 7060

Thickness of Cryolile film — 5

000

Fig. 48.

perfect up to

film thicknesses of about 1000 #,

. This is

of the same order as the metrical thickness of a guarter-

wave film at 54604, .

Again beyond .06 mem. from the step

contouring is perfect even at great thicknesses, but nearer

the step there is a pile up of cryolite at the step when

the film deposited is thicker than about 10004, .
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Tolansky and Bhide's results show that we wmay rely
upon silver contouring in multiple beam interferometry as
the film thicknesses are seldom tore than 10004 . On the
other hend, care has to be taken when using multilayers to
contour smnall structures. These ilms generally have .9
layers in all, 5 of2mSand 4 of cryolite. The metrical
thickness of 4\/4. of cryolite at 5400A is 1000 R ..
So we will have 4000 A. of cryolite in all. This is beyond
the safe limit of 2000A.. 1In fact the cryolite is in TFour
distinct layers, and we might expect the effect to be less
than on a single rilm 40008, thicke. fTolansky and Bhide
carried out an experinent with silver by depositing 6000
in 6 separate evaporations, upon the silicon carbide step and
found the step defect to be less than for 6000 R. deposited
in a single evaporation. Ifevertheless, the danger of lack

of contouring of small structures with multilayers still exists

To sum up, the results of meny reflectivity and
absorption measurements on silver, aluminium asnd multilayer
films (displayed in Figes ) shows clearly the superiority of
multileyers over both silver and aluminium films from the
point of view of fringe intensity and sharpness. This is
esvecially true of the ultra-violet region, but holds to
a lesser extent at much greater wavelengths. imltilayers
have the further advantage of good keeoing qualities; a
film, slthough rather more difficult to make than & simple

silver deposition, will last for several months. On the other
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hand, their guality hes a marxed denendance upon wavelength
with the result that they are unsuitadle For FeZ.C.0e work,
furthermore, they can only be deposited easily upon a glass
substrate and even then their contouring nronerties are in
doubt for small objects. These last objections, however,

are only relevant in reflection work, if we are striving for
fringes of the very higshest guality; usually the back

surface (that under examination) is coated with a thick
silveringe. In short, multilayers are eminently sultable for
use on the optical flats used in reflection Fizeau multiple
beam interferometry, but are unfortunately not available for
FeB.CeCo as yety, although a recent paver (BAUMEISTIR and
STONE, 1956) describes a multileyer film of exceptionally wide
band-width in which the layers were not of the usualhq and

3}Q+ type, but were calculated by a matrix method using a

I.5.ifs card catalogued computere.
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Appendix to Section 1.

Sxperimental Techniques.

The principles of the multiple beam interferometry
of surfaces having been given in the previous chapters,
some of the experimental technigues employed, in this

laboratory, in its practise are described below.

Before evaporating silver, aluminium, or a multilayer
onto a test surface or & flat, it has to be very thoroughly
cleaned, otherwise the film will not adhere or will be of
poor quality. The clesning vrocess used depends, of course,
on the nsture of the surface material; care has to be taken
that cleaning reagents do not attack the surface in any way.
Glags, diamond, silicon carbide, and other highly resistant
materials are generally cleaned (see TOLANSKY, 1948 and
STRONG, 1946 ) by a preliminary washing with teepol and water
followed by rinsing with caustic soda, water, and then nitric
acid. The finsl cleaning is effected by leaving over-night
in hydrogen peroxide and then rubbing with cotton wool
soaked in hydrogen peroxide until clean. The surfaces are
judged to be clean when, upon rather heavily breatiing on the
surface, the condensation anpears to be absolutely uniform.
This test is best carried out by holding the specimen at
about eye level in front of a window and viewing the surface
at an angle of 20-30°. illetallic surfaces have to be

treated with more respect. In many cases they are not
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silvered, but have o naturzal high reflectivity after
polishing. Otherwise, TOLANSKY, 1948 has recoumended that
they be degreased with ethylene trichloride. The ethylene
trichloride is gently bolled in & bearer closed with a
watch~glass. The specimen is suspended &bove the liquid,
the vapour condenses on the surface, degreases it and the
impure licguid drops backe In all cases, the final cleaning

is by ionic bombardment in the evanorating vessel.

The tecmmigue of thin film evaporation has been
described by TOLANSKY, 1947 and 1948, 3TRONG, 1946, LIWIS,
1946, and HEAVENS, 1954. In this laboratory, an. HGdwards
standard evaporating plant, type E3 1is used. “his is of
the vertical type, the chamber being a ny:ex bell-jar, 60em.
high, resting on & massive steel base-plate. The vacuum seal
is a rubber L -~ gasgket on the lower rim of the bell-jar. A
number of insulated electrodes pass tnrough vacuum seals into
tihe chamber. wo of these are comnected to flat rings
fitting Jjust inside the bell-jar. an a.c. potential of
3,500 v. is amplied between these when the pressure falls
below .5 ui.lle of Iig. and the specimens receive tieir final
clesning before evanoration. The specimens are mounted face
downwards about 30ewa.above the filuument. A large glass disc
above the specimen holder nrevents the top of the bell-jar
from becoming coated with silver. The silver, in capsule

form, is placed in a small depression in a molybdenun strip,
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wnich acte ag the filauent. « varfile is placed Just above
tne rilament - this is mounted on a verticsl rod to enavle
it to be reuwoved when actuully evinorating. 11 the
mountings, etc., in the nlunt are ol «luminium, to reduce
sputsering. £ currents of cbout 90 to 120 aims is nassed
when evanoratinge. When the veacuum in the chamber is better
than 10_4 [ellle Of“i: a hesvy current (150 amp.) is passed to
degas the silver. This 1s reduced to svout 90 smmw. and the

baffle removed until a sufficiently thick film has been

deposited. This is Jjudged either by viewing the films Trom
above, or by timing. The veacuum which riust be reached beflfore

starting the evanorating is deteriined by the distance from
the filanent to the specimen. This .:ust be much less than the
mean free nath of the silver atouas, On the other hand, the
specimen = Tilsanent di stance nust be large enough to secure
sdecuate uniformity of coating, (this is helned by the Tact
that the molten silver is not ua point source but has an

effective radius of % - % cnj.

‘The reflectivity of the silver films may be estinmated

o4

by eye, after experience, due to the cirfferential absorntion
of silver to blue and red.-lighv. A thick silvering will
aopear deep blue when held towards & window. An alternative
rmethod of quick evaluation is the observation of a pea bulb
through two Tilms having & suall angle between each other.
The number of images of the bulb seen gives an idea of the

quality of the film after exnerience. For more accurate
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work, & S+rong instrunent nay be used.

I

The nroduction of mmultiloyer Piliis is carried ont, auite

su€cessfully, in thig Luborutory us Cfollovs (see SalK 1954 ).
ans ~ cryolite films are generally used. Mo Tilaaents, which
gre '"bDouts" of uiolybdenu, are used side by side with a glass
sheet in between to prevent contuaination of one by the other.
The importunt feuture is the method ofthickness control useds
This is the one originated by BaNNING, 1947. The control is
erfected by visual observation of the change of colour of the
light reflected from the films. A5 the thickness of the film
incresses tne wavelength for whicn the Zilm has 1ts maxinum
reflectivity changes and so the colour of the reflected lisht
changes. "The teble below, given by Belk, lists the colour of
light reflected by the films from a 60 watt opal bulb for

various thicknesses (in green 1light).

r
! Colour Optical thickness
zns Cryolite for Green Lignt \
Blue-white yellow
whi te magneta X N
yellow blue
megneta whi te N2
i blue yellow ‘
Greenish~white wmagne te 3™
yellow blue
magneta  greenish-white p
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A~ monitor is usocl to judge the thickness of different
layers. It can be partially or wholly covered by a movable
baffle, similar to that used in the silvering plant, and a
fresh section is exposed for each successive layer. For

more accurate work a photoelectric method may be used.

The interferometer set up and used in this laboratory is
generally a jig, consisting of two annular plates held to-
gether by spring loaded tiiurb screws - see Fig. 49. The
flat - which is usually a piece of ordinary cover-glass (these
are generally plane enough over small regions) is held against
the specimen by the plates. To examine small regions in a
convex portion of a specimen a micro-flat is used. This is
a small truncated cone of glass with olane-parallel ends
about 4 inn. tiiick, the wide end being about 3 mm. in diameter
and the thin end less than 1 mm It is made by cutting a
small cylinder out of a small glass flat and mounting on a rod,
the ends being coated with wax for protection. The cylinder

is then ground down to a cone with a carborundum wheel.

Fig. 49. .
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Lastly, most of the work here is done using the Vicikers
rrojection idicroscope. This has the asdvuentage that the
snecimem is above the objective. Llso 1t 1s easily set up

Tor Flzeau or FeZ.Ge0e work and plotes cun be taken readily.
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Two seam Interference !'icroscopy.

Interference microscopy has come into being on account
of shortecouings in two other ontical methods designed to
study surface microtonography, namely, multiple beam
interferone try and reflection phase microscopy. It of course
has its own shortcomings, but nrovides an extre.ely useful
tool in its own province, the study of wicrostructures of
surfaces at high wagniiicati on. Qwing to the very nature
of phase microscopy it detects only more or less abrupnt
changes in surface height and can tell us nothing about the
more gradual variations of surfaces. 4 further snag of the
nhagse-contrast microscope lies in the vell known halation
effect. Due to the finite stop introduced by the annular
ring of the phase plate an object, intended to anpear dark,
is surrounded by a bright band. This effect is of small
moment in biological work, where amall unstained refractile
bodies are made visible, but can be highly comfusing in the
more extensive structures generally observed on opaque
surfaces. In addition, a normal »hase microscope 1s
orimarily of use for the detection of small structures and
if these are apnreciably greater tharx%ﬁg in height phase
contrast offers little advantage. wuantitative work with
the phase microscope is a matter of estimation rather than
of accurate measurenent. 48 explained earlier one of the
drawbacks of multiple beam interferometry is that its use at

high magnifications is limited by the third order correction
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term ( ‘f/s ’p?’-l,“ k ) to one or two fringes near to zero

orders.

The two bean interference microscope improves on this
somewhat and orders of interference up to about five, even ak
% 1000 can be ewmployed. llere the meximum order is zoverned
by the depth of focus of the microscope. Thus it decreases
as the magnification goes up, but is still rather larger
then permissible with say, a 4 mew. objective using multinle
becm Fizeau fringes. The important feature of ihege
instruments is that the reference flat is a virtual image of
a plane silvered surfeace, Thus one is not restricted to the
"tons" of microstructures by the necesgsity of having extremely
thin air films between the surface and a solid flat. It is
true that the surface will only be contoured accurately in the
region of low orders (why this is so will be explained later)
but low order interference is always ovtained in the region
where the objective is focussed. Por example, if we are
examining a steel ball bearing surface, the use of the solid
flat restricts observations at high magnifications to a few
orders at the crown; Dby using a virtual flat, we can focus
further down on the sides of the bearing and still obteain low
order s. In addition, fringes on both sides of zero order
can be seen, which doubles the range of height observed for a
given depth of focuse However much vertical resolution is
lost by employing the two beam fringes with their ceésine

squared distribution of intensity, This is a serious
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drawback to the use of this instrument znd eypleains vihy 1t is
preferable to use multivle beam fringes ir possible. Recently
multiple beam fringes have been employed successfully at high

magnifications on a diamond surface, (TOL-N3KY and BiAia, 1955 ).

Having explained the raison d'etre of the two-beam
interference microscope, the ontical systems used will now be
explained. The basic orineiple behind ell such instruments
is that a virtual image of & plane rererence surface is
brought near to the surface under test. Soth the image and
the surface are viewed by the nornal convergent nicroscopic
illumination, either by the same or by different, matched,
objecitives. The wavefronts reflected by the image and the
surface interfere showing up the surface contouring in a two
beam pattern. The ontics of such a system is rather
different from the Figeau set-up in that critical illumination
is used instead of Kohler illumination. The two spherical
wavefronts diverging from a point on the surface and a
corresponding point on the flat interfere to give fringes

in the image plane of the objective. These two points have

to be within the devnth of focus of the objective.

The three practical set-ups that have been published

for use in micro-interferometers will now be described.

The Linnik System

This is the earliest two-beam microscope interferome ter

3 - A I a0 A )
to be described. It is an instrument related to The
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kiichelson interZerometer and was first used by LITIK in
(see LIWNIK, 1933). The parallel beams of the Michelson
up are focused onto the surface under test (Hl) and the

reference flat (Mg) by two matched objectives, Ly and Lo.
surfaces are observed by the eyevniece Ly The image of

adjusted to be close to llj. ‘wo beam fringes contouring

1935

set~

15
It
1

are then seen through ILg. In the path beam slo is a plate,

the tilting of which enables the Iringe dispersion and

position to be modirlied at will. (See ulso Rantzch, 1945).

figed.

This instrument recuires a very robust construction
and is sensitive to vibrations and teumperature effects.

It requires a pair of carefully matched objectives for

efficient operation. In 1954, GRUBZ and ROULE published
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a paper showing seversal interrlerograms tsker with a Linnik

instrunent.

4 modern uicrointerferometer similar to the Linnik
instrument has becn described by Pix:Y, 1955, 4S8 shown
in #ig. 2 the two beams are nos collimated, but are directly
focused onto the surface and flat by the two matched

objectivese.

.—E‘i é*; . 2 ..-..-

The thickness of the beam splitter and compensator have
been kept to sufficiently low values to avoid even order
defects which they might introduce into the objective optics.
It uses 4 mem. and 16 me.il. objectives, giving megnifications
ranging from 78 to 750 times. To gi&e uniformity of fringe

visibility with varying specimen surface finish, the flat is
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mounted eccentrically and is metallized in two adjacent

120° sectors giving reflection coefficients of ap roximately
95 and 40 per cent, the third sector being left immetallized.
An adjustable wedge conmensator gituated just above the lower
objective, together with its counterpart in the other beam
provides a fine adjustment of the nath difference between

the two beams.

The llirau System

This system (DILaUNLY, 1953) employs only one objective.
The virtual imnage of the flat, which is merely a silvered
nortion of the objective front face, (see Fig.3) is produced

by the beam splitter Pq, Pg.

P
. BE==3n
mm“&é“‘\\?\\\n
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The snag with this esrrangement is that it requires &
rather large working di stance to the objective and thaet the

aperture of the objective is cut down somewhat by the "rflat!.

The Dyson System

4 rather rore elaborate arrangenent employing a single
objective, but which has no restrictions as to working
distance, was Tirst described by DY30N in 1953. Tnis is
somewhat different to his transmission instrument. The

optical system is shown below in Fig. 4.

half-silvered mirror of

/ vertical illuminator

Y
-
microscope objective
centre of curvature of
3 bottom silvered surfiee
these two T -v\ small silvered spot
distunces \ half-silvered surfiee
are equal l |
[ . .
i : T silvered snefer
/

S~

specimen

Fig. 4.

4 system of three blocks, of high optical quality,
cemented together, is placed below the objective. The
lowest block has a plano-convex shape, with the plane surface
uppermost. The top surface is half-silvered and the bottom

one.has an opagque coating save for a stiall region near its
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vole. The middle block is plane - parallel :nd bears a
small silvered spot on its upper surface, to which the top
block is cemented. The thickness of the lowest block is
slightly less than hslf the radius of the convex surface and
that of the middle block is such that the radius of curvature
of the convex surfaces is about & millimeter above the

silvered spot.

The convex surface is then oil-inmersed onto the
gpecimen in such a nosition that the specimen and the silvered
spot are eouidistant from the half-silvered surface. Images
of surface and flat are then formed just above the centre of
curvature of the convex surface. wo beam fringes ane
forned between thege two images. Illumination is by the

conventional vertical illuminator.

In order to give a fine adjustment to the separation
between flat and surface the arrangement shown in simplified

form in Fig. 5 1s used.

thrended for
Wivroseope Bosepive: vertical iluminaior

/

| 4 mm ohjective

o brass flange

~— teel vings

contring serows

eleetromagnet adjnstable et

Fig L4 5 Ld sponl probepiees
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The relative positions of the objective and interferometer
is adjusted by the dectromagnet. Very fine fringe dis-

placements cén be obtained using this devise.

Having described above the three types of interference
nmicroscone in use, we will now discuss the general properties
or the gystem. These have been discussed in detail in &
vaper "Interference llicroscony at lligh Wedge angles' by

MYKURA, 1954.

The Vertical Range of the Instrument

The vertical range or the instrument is limited by the
optics of the illuminating system and of the viewing system.
In reflection, of course, these are the same, but their
effects on the vertical resolution are rather dirfferent.

In order to obtain interference between the wavefronis
reflected from the flat and the surface, the illumination

of the corresponding voints on these two surfaces must be
coherent. To be more precise, the coherent illumination

at the two points must have approximately the same

amplitude. So, intuitively, the two points must be within
the depth of focus of the condensing lens of the system,
which is the objective in this case of course. Dyson, in

an earlier paver on his transmission instrument (Dyson, 1950)
calculates the visibility of the fringes as a function of the
separation of the corresponding points on surface and fiat
giving, 3, LQK A m~ 2w QVA)

‘s -
M e o
AL %110.. /)n.




Here d is the separation of the woints in a direction
parallel to the axie snd el is the semi-angle of the
illuminating cone. This expression is 808 of its maximum

when W d‘“"“""%—:i s S0 we see that fringes of duite appreci-

able visibility will be obtained even when 4 1is rather larger

than the depth of focus.

The viewing o tics, however, are effected in a rather

different waye. When the reference plane is in focus the ray

ontics are shown in Fig. 6.

CR

Pige. 6.

Qutside the depth of focus, the light coming from the surface
is reflected from a region 3C. Thus a true nicture of the
surface will not be given unless it is within the denth of
focus of the objective. livkura gives & very good

illustration of this in nhis paper. He shows a portion of

en interferogram of a 1 rm. steel ball with scratches taken
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on a sLelgs~-Linnik interferomneter. I: shows clearly how the
fringes only contour the surface cccurately near the zero
order fringe. Outside this denth of focus region of about
five fringes on either side of zero-order we see that there

are Ifringes, but of diminishing visibility, as expnlained above.
This reduction in visibility is commlicated by the varying
wedge angle es explained below.

Variation of Visibility with Jedge Angle

As can be seen from Fige. b , the cone of lights frow the
surface und the flat are not coaxial, the sngle between their
axeg increasing with increasing wedge angle. Correspondingly,
the light flux entering the microscope from the surface will
vary with wedge angle and with it, the visibility of the
'ringese. liykura pointed this out and plotted visibility

against wedge angle - see Fig. 7.

-- - CONVERGENT ILLUMINATION

—— PARALLEL " "
‘ ] ~ =~ ~
> N
(= AN
3 4 \
a
@ 4 \
>5 / \
/ \
\
/ \
/ \
-l (]
SINE WEDGE ANGLE
N.A.

Fig. 7.
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o\

Two-beam interferegram taken on a Zeiss-Lirmik
instrument, as given by Mykura, Note how the
fringes only contour the surface near the zero

order fringe.



It will be seen that the nmaxziiuam wedge wngle giving iringes
of reasonable cuality is ratuer less than the sewi-cngle

The corresponding quantity for two beam Fizeau fringes is shown.

To sum up, three arrangements which vnerwit two beam
fringes to be observed between a surface under test and a flat,
using critical illwaination, huave been described. The
continued use of critical illumination and two beam fringes
enables higher magnifications to be emnloyed than is usual
with multinle beam Fizeau fringes. The range or surface
structures which can be ovbserved by this method is limited
by the finite denth of focus of the objective to a few order s,
but, having a virtual flat, we cuan focus 'down the specimen'.
On the other hand the fringes hiave only the broad cos-z
distribution, so the vertical and angular resolution is very
POOIre lukura gives about 5 to 10¥% for the accuracy of angle
measurement between 30° and 10°, Really accurate wspping of
surface micro-tonography is impossible and the very suall
detsils seen on the surface at high magnifications nerely
blur and confuse the fringes. fictures of surfaces with a
lot of detail do not come out at all well with two bean
fringes, =nd in fact look messy, especlally when compared with

the corresponding multiple beam plcture.
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SZCTION IIT

Surface Frofile and shadow Casting Hicroscony.

The Surface Profile llicrogcope

In 1952 TOL.WoKY, 1952 (b, ¢ and d) described an
immroved version of the &CITALYs (1935 li:zlit-cut technique.
The oschmaltz method used one objective to focus the inage

of a fine slit onto the surface, the iliwiinstion being at

459 to “he normsl. Tne gwrface, thus illuminated, was viewed
by another objective at 90° to the virste. In Shis wor the
variations in surface heignt cre revesled zs lateral chifis
of the imecge of the =lit. The original schmaltz method_could

-+

only be used with large working distance objectives (i.e. at
low nowers) as the two lenses aporoasch each other at 45°.
This objection wes overcome by various vworkers, but only at
the exnense oi the objective averture, and hence resolution.
In any case, light cut methods have the disadventeages that

0 regions of non-

ch

they have & "chonpned" anpearsance due
specular reflection, scattered light leads to imege broadening,
the whole surface cannot be seen at the same time as the

light cut, and only one »rofile line appears.

The 1ight-profile technique overcomes all these
difficulties and provides & simple and accurate method of
measuring surface features down to N& in height even at the

highest magnifications available in an optical nicroscope.
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ANy ordinary metallurgical micros

wilth the nrolile. he set-up 1s shorn

The il uminating system (Lg and Lo) has
=
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serlie

3
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is mounted close to o “he
¥

is replaced by a wetal ton ue .

is produced and so tne inwge ol
to have different lateral disnleacements
varies. Lonochromatic light is used,

introduces chiromztism into the objcctive ontics.

of a surfece profile taken on a bearing

HLEa

shown in 2

Thig technigue overcomes the snags
me thod.
surface can be seen at the same time as
more than one profile is taken at once,
the image (dark on a bright background)
There are no

elf{fects are not serious.

narallel wires, opr o scrateil on
L s

conventional

tie Hrofile wire

Ifost of the objective anerture is

comne can be adunted for use

in Fige nelow.
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as the surface height
since the tongue

An exauple

surface at {1000. is

in the 3scimaltz
used, all the

the profile 1s used,
and the nature of
means that scattering

restrictions on the

magnifications employed other than those inherent in every

microscope.

N Y PR /ﬁu

where 1i is the lateral manification, 1

incidence of the illuminating light,
the ra

refractive index. In practiee,
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experimentally using a depth graticule -reviously calibrated

DY FeBalaOs The table below gives the vulues of 197”'

found for three objectives used in this leboratory (it is
included to give a rough idea of the ratios met with in

nractlse.

S

Lens 1/l |

{

R

A s “kw . g 1.00 !
' 1

Gamanm N S i 1.23 E
Eraan aehvo. 0.56 i

j

It is interesting that the 2 mm. lens has a ratio 17 to
It of 1.00. The lower nowers, which have to be used on the
coarser structures due to the finite depth of focus, have

TTl

lower (/1™ valuese.

To sum up, the light profile is a simple and accurate
techni:ue, which gives & method, complementeary to multiple
beam fringes, of measuring surface Teatures down to in
height at magnifications up to X 2000, tne surface being
in full view at the sume tine. It has been found to be of

great value to many workers in the laboratory.
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The Qptical Shadow Casting Technique,

This is a method of microscopy which is analagous to the
metallic shadow casting technique used in electron microscopy
for the enhancement of contrast and surface height measurement,-
Likewise it shows up surface features clearly, and can be
employed for measurements of vertical displacements under
suitable conditions, The idea (see TOLANSKY, I953) is that
the specimen is illuminated at an angle of incidence near
grazing with a small bright pencil of parallel light. The
difference between this and darkground illumination is that

the light falls onto a special small-grain scattering

surface - which may be either a coated slide, upon which the
specimen rests, or, as in the case of crystal studies, the
specimen itself is coated. The shadows formed by surface features
are then clearly visible in the microscope, Provided their
height is greater than the wavelength of the light employed,

sharp shadows, free from diffraction will be seen, enabling
height measurements to be carried out. The magnification is done
using approximately spherical particles, e.g. lycopodium powder,;
either their diameter is found by an alternative method or ghe
ratio of shadow length to width is measured., This calibration,
unlike that in the profile method, is indepemdent of the objective
in use, The specimen can be explored for t.e best contrast
conditions by riasing and lowering the source and by rotating it
about the microscope axis Polarizing the incident beam generally

improves the picture,

The scattering surface found to give best results is
obtained by evaporating a thick silver layer onto the specimen

and holding it over aquaregia until it appears matt white. This
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gives an uniform, fine grain scatterinyg surface, The figure
below shows this method being used to measure the depth of a
trigon on a dﬂﬁdnd growth face., The ratio of vertical to lateral
magnificatigp is X12 and the microscope magnification is X 250
so the total vertical mgnification is X2500,

Another interesting feature of this technigue is showh in
this photograph, namely, that the non-horizontal faces facing
the beam have enhanced brightness., To sum up, the optical
shadow-casting mathod provides a simple method for revealing and
neasuring surface stiructures rather coaser than those which may

be tackled by the previous techniques dicussed in part A,

~-119-



PART B

METHODS WHICH GIVE QUALITATIVE INFORMATION ABQUT

THE SURFACH

Phase-Contrast Microscopy.

Soon after the war it was realized that phase microscopy,
which up to then had only beenused to observe biological
specimens of low amplitude contrast, could be easily applied to the
mettaluggical microscope. The early work was done by, JUPNIK,
OSTERBERG, and PRIDE, 1946, 1948, and by CUCKOW, 1947, 1949,
Later, in 1949, TAYLOR the phase contrast eyuipment produced by
Messers Cooke, Troughton and Simms, which is used extensively in
this country.

The theory of phase contrasi microscopy has been given in an
elementary fom by BENNET et al,, 1951, «nd from a vector point
of voew by BARER,1951, As the method has been very adeyuately
described there, it i% not desribed here, RICHARDS, 1954, has
published a bibliography of phase microscipy which is intended to
be ab supplement to the boock by Bennet etai, This useful article
contains about 200 references,

In biological and medical work the phase contrast features
are produced by differences in refractive index ina film of
constant thickness, but in reflection metallographic phase
contrsat the differences in optical path are produced by changes

in metrical distance, See fig., 1 .
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WAVEFRONT DISTORTION PRODUCED BY :-
CHANGE IN M CHANGE IN t

A reflection set-up has been described by TAYLOR,1949
In this, see fig. 2, the light from a2 high intensity lamp 1,
is converged onto the projector annulus,3; An imay of this annulus

is formed, Jjust above the focal plane of the objective, by the

projector lens 4 and the objective 5, at 6, 1hus an iuw ge of the
projector annulus is producec by tne surfsce of the specimen
Just below its surface, at 7. This it turn is imaged in the
plane of the phase plate 8, which is situated ABOVE the beam
splitter. The phase plate is above the back focal plane of 6 in
the set-up., This isto avoid placing it below the beam splitter,
which would give pise to spurous images reflected from the

rhase plate, That such an errangement will give a phase-contrast
effect has been shown by OSTERBERG, 1948, who showed that any
one of the conjugate pupils which follows the entrance pupil

can serve as a location of s phase plate, In the C,T.S. apparatus
the phase plates are incprporated in the objective mount, along

with the beam splitter. All the various phase plates corresponding
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to the cifferent objectives have a common ratio.. of inner and

outer diameters corresponding to that of the projector annulus;
thus by varing the position of the latter we ean have perfect

match between the phase plates and the image of tie annulus,3,

In reflection phase microscopy the specimens are generally silvered
in improve the light situation, The Bauch and Lomb and the

Reichart metallographic microscopes are described by BENFORD

& SEIDENBERG, 1950, and by GABLER, LS953 ,respectively,

The reflection phase contrast technique is very useful
in conjunction with multiple beam interference to give an overall
picture of the surface, A good example of this is snown ih fig.3
below.The plate shows a growth gpiral of SiC taken in a) phase
contrast and b) reflection Fizeau fringes., Unfortunately, the method
can only be used with nearly plane surfaces., Otherwise the
various facets of a surface will produce a numser ofsmall images
of the projector annulus in ramdome relative positions, which
would only result in a highly confused picture, Secondly, the cont-
rast in the image is produced by diffration, which only occurs
at abrupt discontiuities in the wavefronts, So little is
known about regions where the surface height is varing slowly
Furthermore, the halation effect, where a dark image is accompanied
by a bright edge and vice-versa, confuses the picture and can lead
to-false detail, (this is sometimes useful in showing up steps
though). Lastly, the phase microscope cannot be used to measure
surface features at all ( though see FORTY ,1952 ), although it
can detect features only 30 A. high, Like Fizeauu fringes, it
has an upper 1limit too, though it is rather less, bein, about

for normel phase plates,
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