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The vae of the celipsometer for the messurement of the thicknesa and refractive index
of very thin films ia reviewed, The Poincaré aphere reprerentation of the state of polariza-
tioty of Hght fa doeveloped and nead o deseriba the refteetion process.  Details of the oporation
of the ellipsometer are examined eritically, A compuatational methed §s presented by which
the thicknera of 2 film of khown rafractive index on a reflecting substrate of lnown optical
vcongtants may b caloulated dreetly from the cllipsometer readings, A method for eomput-
ing both the refractive index and thicknesa of an unknown film ia aleo developed, These
methoda have been applied to the determination of the thickness of an adeorbad water layer
on chromiurn facrotype plater and on gold surfaces. In the former eass tha thicknees waa
2310 27 E, aind in the latter was 3o 5 4. The mepsurement af the thickness and refractive
indcx of barlurg Aworide flme evaporated on ehrowfum ferrotype aurfaced 18 vaed as an

illatration of the simultanesns determination of these two guantities.

l. Imtroduction

Ellipsoruetey is & convenient and accurate tech-
wique for Lhe measurement of thicknesses and
refractive indexes of very thin films on sobd surfeces
end for the measurement of opticsl constants of
raflecting swrfaces. The lower limit of film thick-
neszes that can be studied by ellipsometry is at
least an order of magnitnde smaller than can be
studied by other means such as interferowmetry.
Artifactz such az those cavzed by vacuum in the
case of electron microscopy are nob encountered,
Naither interferomatry nor eleciron microseopy are
adaptable, s& i ellipsometry, to the study of films
under liquids, and only ellipsometey will give the
index of refraction of films of unknown thickness.

The techniqua of ellipsometry is concerned with
the measurement of changes in the state of polariza-
tion of light upon reflection fron & surface. For
a clean reflecting surface the coptical comstants of
the surface and the reflection coefficients of the
aystern may be calculated from these changes. A
thin transparent filin on the reflecting surface causes
additional changes from which the thickness and
relractive index of the film may be datermined.

The principle of the ellipsometer has beon de-
acribed by sevecal authors [er., 1-7]% and a bihli-
ography of the theoretical contributions of many
muthors, starting with the original equationa of
Drude [1] is given by Winterbottom (2]  This paper
will describe certain measurement techniques and
an application of the exact solution of the algebraic
equations of Drude to the measurement of optical
conatanta of aurfaces and thickness and refraclive
indax of thin films ecovering the surfacez. A gen-
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erally applicabile computational method is deseribed.
The complex and lengthy caleulations required to
sulve the equations involved have been programmed
for nn clertronic computer. Measurements carried
out on chrome nnd gold surfaces with and without
films will alss be deseribad.

In eddition, the Poincaré sphere reprezentation of
the state of polarization of light will be developed
ginge Lhis iz the most vselul representation for the
congideration of the affects oceurring on reffection.

2. Representations of Elliptically Polarized
Light

The state of dpalarir.atin-n of elliptically polarized
Light may be described in many ways. For this

urpose, congider & light wuve traveling along the
% axis of 8 coordinate system. The electric vector
of the wave is then given by:

Exzﬂ]_ o0a (f+ﬁl}

(1)
Er=ua; cos (r1+4)

wherer=uw t—% 10 mnd #are the angular (requency

and linear velocity of the light, respectivelg‘, anﬁha
tetal amplitude is the vector sum of ¢, and a;, The
polarization ¢an be deseribed by the amplitudes,
@, 6ud %, ond the phase difference, =48—4, of the
components. As ia well knuwnzm i stationary plane

whose normal is parallel to the £ axis the locus of the
end of the electric veclor i= the ellipse shown in
figure 1.

The ellipsa, however, may also be described in
relation to coordinates X' and ¥* along the axes of
the ellipse. Thus, the inclination » of thase coordi-
nates and the semiaxes ¢ and § of 1he ellipse also
degeribe the polarizetion of the lizht.



Fraure 1. The focus aof ihe elecforc vecior for elfiptically
polarized Wight in o plane nérmel lo the direction of profice-
Julfton.

The eocrdinate axea X7 and XY ara both convanlant bor the deseripiion of
tha ellipae,

It will ba convenient to introduce auxilisry angles
« and x defined by

=12
bt =2 ()

tan x== g- (3

The numerical value of tan x repressnts the ratio of
the minor to major axes of the ellipse and the sign of
¥ distinguishes the two sensss in which the ellipsa
may be described. The angles x and ¢ are called the
eflipticity and azimuth of the hght, respectively, and
the represemtation may be made ejther in torms of
&, Oz, and & «, §, and the totel smplitude; or ¢, x,
and the total amplitude.

Another re%resent.abiun of the state of polarization,
and one which leads quite naturally to the Poinearé
gphere is by parameters which have the sama
physical dimensions, called Stokes parameters [8]:

Sr=0ai+a3
Sy=ai—a}
=20 cO3 &
Sy=20,dy sin &

(4}

The parameter 8 iz proportional to the intensity of
the wive and is related to the other parameters by
the identity S§=57+8:-+ 83, so that the Stokes
parameters are not all independent.

It has been shown {9, 10] that the Stokes parameiers
are alse given by

8,=28¢ co= 2x cos Zp
8,=35, cos 2y sin 2 {5
S&ZSQ Sin Ex.

Therefore, the state of polarization may he repre-
sented by a point on a ephere of radius S, by the
spherical coordinates 53, 2y, 2x. This sphere is
called the Poincaré sphere. Alematively, ihe
Stokes parameters 8, 5, and 5, may be used as
Clartesian coordinates to deseribe the polarization,
This representation 16 illustrated in figure 2.

Einee the intensity of tha light is of secondary
importanes for uss of the ellipsometer, the projection
of the point on s sphere of unit radius i3 convenient.
Tha coordinates are then given by

5q=1
1—an® @
AN Ttante O 2y cos 2y
2 ten oo § .
Sg=m =08 ﬂx nn 29? {ﬁ}
2tanesind
P tanta oD X

Light of 2 given aiate of polarization iz therefors
represonted by a point on the aphere, with the polar
engies 2 ¢ and 2 x repressnting, respectively, twice
the azimuth snd twice the el dpticit:j' of the light.
For axampls, for plana polarized Nght, the allipticity
x i& zero, and &;=0. ralore, Iillane polarized light
iz represented by points on the eguator of the
Poincaré sphere. 0, tha sllipticity of ciccularly
polarized heht is 457, whence &=#=0, 2x=+r/2;
thus, sircularty polarized lizht iz reprasentad by tha
poles of the aphere.

The Poincaré sphern may be uszed to represent
elliptically polarized light with respect to an
physical azes, say X’ and ¥’ at an anple 5" wi
the X¥ rxin, The elliptieity x is not dependent on
the choice of axes nnd the azimuth of tha light is
changed by "', Thus the 8] and 5 axes must he
rotated an angle 2 o7 around the &, axis.

Ficuer 2, Repregeniation ﬂ;ﬁﬁimﬁmd Hght on ihe Poincard
apliere.
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Fioure 3. The indersection of the Poinecqrs sphers ond a plone
normal io fhe By axfs af 5= ({—tande} {1+ fania) for fhe con-
aideration of the effect of a doubly rsﬁacﬁ;}g afe unth re-
ferdation: & an Nghd with elfipticify represen P.

The tlate rotutes P ur . The fast a218-0f Hye Filate B along S.

The Poincaré sphere is eonvendent for considers-
tion of the effects of doubly refracting plates and
reflection on the state of polarization of a light beam.
For example, let the polarized wave represented in

ﬁflum 1 pasa through s deubly refrecting olate of
relative phase retardation ¢ Choose the X and ¥
axes in 1 along the slow and fast axes of the

plate. Since the azmnuth of the fast axis of the
plate is zero, it iz represented by the poesitive S,
axis. In this case there will be no change in the
amplitudes 2; and a; of the components of the hight,
sam-:i3 therefore no change in & or in # as shown by
u%ﬂiﬁ}, the only effect being to change the relative
phaze of the components by # Thus, upon passing
through the plate the point representing the polarize-
tion. will remain on the curve representing constant
#, or on the intersection of the sphere and the plane
#= conetant. The iotersection of the Foincaré
aphere by a plane perpendicular to the S axis at s,
2 tan &
14 tan’s
The light incident on the plate is repreaented by
the point P, and after passing through the plate 1=
represented by the point L. e effact of the doukly
refracting Elat.e iz zeen Lo torn ?oiuta on the sphere
sbout the &, axis by an angle 8, If the plate had been
oriented with its faat ams &t an azimuth ¢ with
respect to the XY axea, the rotation by & wmﬁd have
been about the line from the cenfer of the sphere
and the point 2 &' on the equator,

Reflection at 8 metal surface may ba represented
similarly. For reflection, the incident light wave is
rasulver{ into components in the plane of ineidence
and normal to the plene of incidence (the plane of
the surfacel. The process of reflaction intreduces a
phase difference A between fhese igro components,
and changes the ratio of their amplitndes by a
factor tan ¢; that is, tan ¢ Is a mensure of the rela-

shown in figure 3, i= & eirele of radivs

tive absorption of the two eomponents. Thus, the
riatio of the reflection coefficient for light polarized
i the plane of incidence to that for lisht polarized
in the plane of the surface 13 given (3) by -

{7

1.
p=—#=l tan Wm
Tr

whera p is the ratio of the reflection coeflicients #
and #,, and ¢ and A are functions of the npticai
constants of the surface, the wavelenyth of the light
used, the sngle of incidence, and, for a film covered
aurface, the thickness and refraetive index of the
film, (See also eqs 40 to 46.)

For consideration of the reflection process oo the
Poincaré sphere, represent tha light with respect to
Cartesien coordinates with the X and ¥ axes in and
normal to the plane of incidenes and the Z axis m
the direction of propagation. Then tan ¥=u,fe,.
The Stokes parameters of the light before reflection
are given by eq (B) and after reflection are

o 1—tan® o cot ¢
"1 tand o cott ¢

T ﬂtﬂ,ﬂacntlﬁc{]ﬂ EE‘I‘&}
=T 1+tant & cotty

3,,_2}&11 o cot 4 8in (51+A)
P T I+tanfacotty

{8)

Tha reilection iz represented on s Foincaré sphere
in figura 4. The point J, represents the interseciion

%3
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Frouke 4, HepreseniofEion of melallic reflectzon on the Porticaré
aphere.
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of tha axis §; with the sphers and hus the Cartesian
coordinate &=1, £=0, &=0 By aq (£) thia cor-
responds to zero ellipticity, X, and asimuth, ¢, #o it
representa the orientation of the X axia, or the plane
of ineidence. Likewise, tha point [, has Cartesiun
coprdinates (—-1,0,0), ae it eorrespends to zero
cllipticity and an azinuath «/2. Therelore, the
point. , representa the orientation of the ¥ axis or
plane of the surface, The point P representing the
polarzation of the ineident light is rotated around
the &, axia through an angle A, the phaze change
produced by reflection, to the point L. The Stokes
parameters of L are

8,_1—4.&.1’1#:1
U b tan!®
2 tan o cos (3-+4)

¥ 14 tan® o 8)
3;=2 ten e gin (5440
¥ 1+tan® a

In addition, the relative sbsorption of the com-

onenls translatea the poiot L to the peint L, the
gt.okes parameters for which are piven by eqs (8).

From ags () and (%) we have &' (957 =sp/ss=tan {5+ A}
Pointa £ and L’ will, therelore, lie on the great cirels
given by the locu= of points on the sphete with
By 8y TATL é.ﬁ-l— A). Thiz locus is shown in figures 48
and 4h and is given by the intersection of the sphere
with & plane passing through the point L and normal
to the axis g:h Thus the point L must be mowved
along the great circle defined above to point L° to
represent the polarization of the reflectad light. The
;[:::)sition of L' on thia great cirele will now he derived,

he Cuartesian coordinates of I, and of I, are (1,0,0)
and (—1,0,0), respectively, und the coordinates of £
are given by eqs (#). Therefore, the length of the
chords L& and ILL are

2 tan ¢

B T e
(10}
2
L= am
B0
Fi=tana, an

The angle L1, is a tight angle since it is inseribad
in & semicirele. Therefore, the angle £.7,5 is equal
to a, and it i= clear by eq {2) that the tangent of this
angle is equal to the ratio of the amplitudes of the
mmﬂunenta of the incident light.

The position of L7 s determined by the ang{e
L. The tangent of this sngle sgain gives the
ratio of the mn]ﬁitudus of the components of the
reflected light, which is now equal to tan eftan .
Therefore,

r
EE-L-—,smn (F L =tan «ftan ¢

1.L (12

and the ehord f,L" may be caleulated as
2

I’Lt={l—|—mtz a tan? ¢t~ (13)
Moreover, by eqa [11) and (12}, we have
_ LLEL
mﬁ_f,ﬂ"”..ﬁ! {14}

and, in generel, the ratio of the chords betwesn a
Fo'mt repregsenting the state of polarization of a given
izht wave and any two diametrically opposed points
on the sphere is aqual to the ratio of the amplitudes
of the components when the eleetric vector of the
hight is resolved wlong nxes represented by these two
opposed pointa.

e Poincaré ephere representation of the reflee-
tion of light from a surface with known complex
reflection coefficient tan @& may now be sum-
marized. The point #, repreaenting the state of
polarizetion of the incident licht e moved by the
reflection process thromph an ahgle A oo the sphera
in & plane normal to the 8, axis to the point L. Tha
chords 7L and 1.4 are mensurad and tan = calculated
by eq (11). Finally the an$le L IE 1= caleulated
from eq {12), or the chord f.L° is calculated from
e? {13}, thus determining the staic of polarization
of the reflected light. We ahall show later how this
rapresentation may be used conveniently for the cal-
culation of the effects occurring on reflectiom.  First,
however, we give a briel description of the inatru-
ment.

2.1, Insiroment

Figure 5 shows the various components of an
cllipsometer. Collimated monochromatic light, usu-
ally the mercury preen line {5460.734), is used.
The polarizer, & Glan-Thompson or & Nicol prism
mounted in & gradusted circle, serves to polarize the
light emitted by the aource. The compensator, also
mpunted in & graduated civele, is 4 birelmingent plae
usnally of guarter-wave thickness: it is used to con-
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vert the linearly E1]1n:r]£nri:15e-|:l light into ellipticall
golnﬁzad light. The light incident upon the sample
as an azimuthal angle and su ellipticity predistable
from the settings of the polurizer und compensator,
In goneral, the hght will have ita ellipticity and azi-
muth ehanged by reflection from the sample.

The “aperature’ is an ndjustable opening allowing
& variation in the area of surface examined and the
anmcunt of light reaching the phototube. The
anslyzer, u =zecond prism in m praduated eircle,
CAN ge- rotated until 2 minimum intensity is achiaved,
as indicated by the photomater. If some ellipticity
exizts in the Iight reaching the apalyzer, extinction
of the light cannot be obtained hy rotation of only
the analyzer. The polarizer and analyzer are then
adjosted alternately to remove this ellipticity and
obtain extinction. When thiz occurs, the light re-
fAocted from the sample is plane polarized and ean
ba therehy extinguished hy the analyzer. The
phototube and photometer ﬁ:ﬁrmit. determination of
the null point with a high degree of sensitivity.
For more accurate null peint determinstions grapl}::—
ical plote of the inteosity of the transimitted bearn
'Emr]sua angle of polerizer and wnalyzer may be used
11].

2.2, Alinemenj

Alinemant of the ellipsometer i3 not too critieal
for the measurement of thickness and refractive
index of thin films. Here the important quankity
15 the change in readings of the polarizer and ana-
Iyzer as cornpared to the valves for the bare subatrate.
]:Ylnweve:r, for obtaining sccurate valees of the opticel
conztante of surfaces, alinement i criticel. More-
over, during alinement certain confusiog phenomena
may occur, and it i3 worthwhile here to develop the
theory of the alinement process,

The proceduore for slining the ellipsometer is (ypi-
cal of that generally used in opticel spectrometers
excopt for the adjustment of tha analyzer (4) and
polarizer (P} scalea. When alined, the scalea for the
polarizer and aonelyzer read zero when the planes of
transmizsion of the prisns are parallel to the plane
of incidence. This 18 accomplished by first adjusting
the polarizer sind analyzer prisins in their scales so
that these scalez differ in setiing by 90° when the
priems ara crozsed. These seales, imagined us & umt,
must then be rotated 2o that when the F* and A scale
read 0 and 90° respectively, the planes of transmission
of the two Brisms ure respectively in the plane of
incidence and normal to the plane of incidence. That
iz, the coordinate system defined BtH' the 0 and 90*
gettipgs of both P and 4 must be made to correzpond
to the coordinate system defined b¥ ihe plane of
meidence and the plane of the surface.

In principle, the adjustmant iz relativeily simple.
With the compensator removed and the polarizer
and analyzer arms in the ‘streighl-through' position
the polerizer and apalyzer prisms are adjusted
in their respeciive scales until extinetion is achieved
with the =cale readingz differing by 90°. Tha arms
are then set for reflection from a metal surface. A

367

minimum in the photometer rendin% is songht at
which the scale readings differ by 9G°. The planes
of tranamission of the two prisma should then be in
the plane of incidence and normal to it. The prisma
may now be rotated in their halders until the scale
readings are 0 + 1207, and 90 +130%, and the aline-
ment is complete.

In practice, however, certain subtle effects ocour.
After having first crossed the priams whean reflecting
from the surface, & minitnwn may be achieved either
hg' foong P and adjusting A, or vice versa. If
the light issuning from the polarizer iz sccurately
plane polarized, then the minimum achieved by
either of these twa mesns, and with the P and A
sealea eroesed, oceura at & eingle value of P and A
ind, dent of the procedare followed. Howaver,
if the light i=suing from the polarizer has some
alight, e]fpticity due to some imperfection in the
polarizer, then there are fwo positions at which the
priama are croz=sed and tn.inimum]!l:hat.nmet.er readings
ars obtained, depending upon whether the minimuom
iz achieved by fixing F and sdjosting A or wice
versa. Moreover, the deepest minimum or most
complete extinction of the reflected light now
oceurs at & third point, at which the seales are not
crozsed. Fortunstely, with certain assumplions,
aven in this ¢nge alinament may be achieved quite
accurately.  We shall firat give & theoretical explans-
tion o the phenomens obeerved, and then give s
procedure for nlining ithe ellipsaimneter.

We shall assuma that the polarizer produces light
of & conatant elipticity x whose azimuth chabges as
the polarizer is rotated. The apalyzer s taken to
be perfect. It is assumed that the F and A4 prisme
have been adjuated withoub reflection se that when
minimam transmiesion is achieved the seale readings
differ by 90°. The compensator iz removed from
the system. The process will be depicted on the
Poinearé sphere. e congider only alliptieity and
wzinuth mwoch smaller than unity. In this case the
%t-okeﬂ parameters given by eq {6) are approximated

¥
o=l
fy=2x coafi=2yp
43 =2x sind=2y.

(15

Hence the state of polatisation may now be repre-
genterd by the plane polar coordingles 2o and &,
and this corresponds Lo representing as a plane
surtlace the portion of the sphere on the equator
arcnnd the azitmuoth representing the plane of
mcidence, 1.e., arcind J,.

Under the sbove assumptions, the states of polar-
ization of the light issuing from the polarizer all lie
on the linc

Do min 5=2x {16}
.
P= — {17)

Any point P with the polsr coordinates 2, 4, on this
line is rotated and transiated by the process of re-




flection to the point P* with coordinates 2a', &', with
the relations

2oy
L
tan (13}
ff=8+A

This process is illustrated in figure 6, whers J—1I
represents the locus of Lﬁlﬂintﬂ representing the inct-
dent Jight and B—&’ the reflected light.

The state of polarization of the light after reflee-
tion, repreeented by the point F’, may he resclved
into components along 1he plane of transmission of
the analyzer nnd normal to it. The latter direction
is reprasentad in the fizura by the point 2L. Under
these conditions of very small gzimuth and allip-
ticity, and by eqs (11) and {2}, the amplitude of the
light trapsmitted by the analyzer is proportional to
the distance I} between & and 2L

By the triangle P, 2L, I, the intensity of the
transmitted light is proportional to

45" BIx foos A
tap®y mn® & (an g \ken 4

=Lt sin ﬁ) (19}

whera 2L is to be conziderad &n algebraic quantity,
negative in figure 8.
he process of taking readings may be aecom-
lished 1n two ways, First, the aziinuth of P may
ge set and A adjusted for mipimum trapsmission,
Thia i& equivalent to fixing & snd adjusting L, ia.,

abr
arl =0,
whence
L tan ¥=2x(c0s & cas §—sin A}
or

(A+’§') tan y=P cos A—x sin A (207

which is the equation of the locus of points obteined
in thiz manner,

Equation (20) is l[;]]utted in figure 7. The polarizer
and analyzer will ba crossed for only one point on

this curve. For this point, P=A+E:- and

X Bin A

P=cas A—ton:

(20)

and thi= crossed position is in genersl not at zero
azimuth (a=§), but is determined by the constants

A and ¥ of the surface.

However, the scales mey also be adjusted by first
setting A and moving P. In this case, tha condition
for a minimum in transmitted light s

Dy

5 ¢, L tan o tan 5 cos A=X

2xdle/l s
2L ,
J;:\ o Sz
\
-
F Tan #

Frauie & The Poincard represeniodion of metallic refloction
S bighit of very small getmath grd dlipticity coused by an
imperfert polarizer.
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FiGuRe 7. The lncus of pednis I and A representing extinclion
of reflecled Hght for aon imperfect m&:ﬂwr and perfect
analyzer,

Tha upper e 13 achiered by Bone 4 sod sdins

the lower by fluing P and ad|usting A far esch setiing
paspes throngh eerc a2imath.

P tor esch seltfmg, and
ala thet the upper lioe

and

(A+-g) tan v cos A=P (22)

which is different from eq (20).

The point for which
F and A are crossed i= given by

Pll—tan ¢ cos A)=0. {(23)

Since the guantity in parentheses is oot in gencral
ZETH),

=0 (24}




Thus it seeme clear that the crossed position of the
rigms achieved by patting A snd adjusting P
or 4 minimum will always be the true azimuth under

these circumstances, i.e., sn imperfect polarizar, but

perfect analyzer. This i3 represented in Apgura 7

where we ehow both the line achieved by fixing B

snd adjusting A and the line achieved l‘:rj{&ﬁmng A

and adjueting P. These curves wera caleulatsd from

eqs (4) and (6] for A=135 deg and tan ¢=}, and P

and A are in the unite of X. It will be noticed that the

curve obtained by firet fizing A passes throurh the
zeTo azimuth.

For compsrison, s curye obtained experimentally
ia shown in ficura 8, whera the numbers indicste
meter readings and hence are proportional to the
transmission, Sinca the axes of figure £ are inverted
with respart to figure 7, the ellipticity of the polarizer
must be negative., However, the similarity is strik-
ing. The value of X computed from this figyre and
eq (21) is —0.1% deg.

It will ba clear from a considerstion of eqs (20),
(22}, and (12}, that it is best to vse & polarzation
gzitngth near the plane of incidence rather than near
the plane of the surface, since tan ¢ is ganseraliv less
than wnity, and this ha= the effect of magndving the
angular difference between P wnd AL «/2 by an
amount 1/tan y. I the polarizer were set near the

ana of the surface the angular spread between P
and A+ /2 would be deereased by an ainount tan
thus decreasing experinrental precision.

The condition for the deepest minimum or best

extinction is
al_alF)_
alL ak

and 1z thus given by the simuoltanecus solution of

ana {20) and (22). hia givea
” -—X
4 +§_tsm grain A (25)
* T T T
[-1a] ] e a3 5;4

A dag

Fromem 8, The epperimented counderpert of fgure T.

‘The & atd 4 sewdinales F the {nbereetipn of the Jjne P=-d —s% and the
*'lirjneg 477 jLig TePresent the pridath of kb pleng of {cidenr and the Dlans of
Ihe sirkqes, respectively,

—X

“tapn & (26}
By 2ge (17) and (26}
ten A=—tan §
or
itA=x (27)

s that the despest minimum oceurs when the re-
flacted light is Linearly polarized, as would be ex-
ted. 15 mipimym is shown in £ 7 and 8

v the intersection of the two lines. The absoluta
minimum determined by slternate adjustment of F
and A i3 the same as this point of intersecilon within
exparimentsl error. It will be noticed that this point

1= Aot on the line P=A+%~ However, if x=0, then

the deepest minimum oecurs st zere azimuth for
both P sod £, and thos either method of alinement
may be ueed if the light ia perfectly plane polarized.
Thuys, there appears to be only one uwnambiguous
way of alining the ellipsometer when the light from
the polarizer has ellipticity, namely, to seek that

puint at which hoth P=..ﬁ1:|:1'§r and minimum trans-
mission 13 obtained when A ia set and P adjusted,

2.3. Alinement Frocedure

A step-by-step procedure for alinement of the
ellipsometer ia &3 follows:
itat, remiove the quarter-wave plate. Lower the
arma to the “'straight through' pesition, Set the P
scala to read zero or eny eonvenient value. Adjust
A until minimum transmission is achieved. The A
geale will now in general read (P4 90+ . Rotate
tha A prizm in its holder until ¢ i3 zero. The P and
A scales are now crossed when the prians are crossed,
The scales should track within 4 0.02 deg throughout
one revolution.
With & metal aurface set for reflection, raise the
atms to an angle near the principal a.ngin, SBat A

go that the pline of transrission of the analyzer is
?pmxima in the pline of the surface. Adjust
until minimum transmission is achieved, and note

the readings of the F and 4 scales. Move A by
1.1 dag and egain edjust P aond note the values. 1If
the meter reading 13 f‘li her than for the previous sat
of values, adjust A by 0.1 deg in the other direction.
If it is lower, continue in the same direction. Take
a seriea of readings in thiz manner, changing A by
0.1 deg snd adjusting P for minimym trensmission
at aa:ﬁ setting of A, meking sure that the settings
encompess the lowest meter reading.

Flot the values of & and A and determine the
readings of the P and A seales at which P=A-£90°
At this point the plans of transmission of the P
prism iz in the plane of incidence and the plane
of transinission of the A prism is in the plane of the
surface. However, the scale raadings will in general
not ba some multiple of 90°. Let the walues of P
and A at this point be, for example, 0°4 ¢ and 90° -
respectively. ‘The quantity ¢ is now the emount by
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which hoth scales are displaced from the brue zero
azimuth. Set A at the value obtained from the
graph. Adjust the P prizin in its holder unti « i
zarg by turning the pr=m a small amount in its
holder and again adjusting the P scale for minimum
teansmission. This will reguira a seriss of adjust-
ments. ([t i= imperative that the 4 scale and prism
not be moved ot this stage and that the adjustment
be done in this way. IFf, for ezampls, the £ secale
were held and A adjusted, the elipzometer would be

alined to the value of P=A_:|:% obteiped by fixing P

and adjusting A, which has been demonstrated to be
incorrect.} aving adjesfed « to be zero, remova
the reflecting surface and lower the artns to the
“gtraight throughk' position. Set tha F scale at
gero and adjusi tha A scale for nnnimum. The A
acale will now read 804-«'. Turn the A prism in ita
holder until ¢ is zern, The ellipgometer F and A
gcales are now alined.

This procedure eliminates alinement arrors due to
ellipticity produced by the polarizer. The effect of
ellipticity 1o the analyzer on alinement has not been
determined bui is fed to be small sinece the
analyzer ie used for extinetion of the light. Thue,
any ellpticity by the analyzer after extinction of the
Iigﬂt will have no offact oo the photometer reading.

24. Determination of & and ¢ From Ellipsomeisr
Scale Readings

By oq (7} the reflection of ight from & surface is
characterized by the complex reflection coefficient
tan &, and hence by the two quentities ¢ and A.
It will later he shown how the refractive index of &
srface and the thickness and index of films on &
gurfuge are culoulsted from values of A and .
However, tha determination of & and ¢ from £ and
A readings merits some discussion, for this i not
always a perfectly direst matter,

For any given suriace there is a multiplicity of
polarizer, analyzer, and compensator scals settin
that produce extinction by the anelyzer of the
reflected light fromn the surface, and it becomes
somewhat of & problem to determine the valuss of
A and ¢ from theee various readings. In order to
explain how these numerous readiongs arize snd how
A and  may be computed from tgsmn it is well o
ikeep two {ncts in mind: (a) all azimuthal sogles ara
measured pozitive counter-clockwise from the plane
of incidence when looking into the light beam, and
(b} the compensator, which may be set &t any azi-
muth,-is generally set se that its fast axis is in an
azitnuth of + /4. The present discussion 1= for un
instrunent such sa that shown in figure & with the
compenzator before reflection, If the compensator
iz placed after reflection, suitable corrections will
have to be made.

The wvuripus readings fall into four sets called
zonag, two with the fast axie of the conmpensator set
ot x4, numberad 2 and 4, and two with it set at
—afd, numbered 1 and 3, In each zome there is
one independant et of polarizer and analyzer read-
inga, making four independent sets of P and A

readings in all, However, since both analyzer and
polarizer mey be rotated by r without affecting the
results, there are 16 polarizer and analyzer settings
falling into four independent zones. Since the
compensator may also be rotated by x without
affecting the results, there are 32 possible sets of
readings on the allipsometer.

Buther than calealabling A and  directly from the
F and A valuea, it is uselul to calevlate three other
quentities, p, 5, and &, from the P and A values,
P being related Lo the P readings, a, related to the
;! re.a,cﬁngs in zones 1 aod 4, and ¢, related to the
A readings in zones 2 and 3. For a perfect quarter-
wave plate these ara related to 4 and ¢ by the aq {2)

{28}
{29}

1
ﬂ=§l'-|—2p
P=8p=0a,.

If the compensstor is not a perfect quarter-wave
plate, the relationships are

(30)
{31}

—tan A=sin § cot 2p
tan® ¥=tan o, tan 4,

where & i= the relstive retardation of the com-

enaator. If the retardation & is near »/2, then, to

r=t order, ags (28) and (30) are thesame. However,
it is now neceszary to distinguish between e, and a,.
The relationship of p and @, and g, to the P and A
readings observed on the ellipsometer is best derived
by a conzideration of the procesa ss represented on
trli'a Poincaré sphere, and sinece this hag been
adequately treated by Winterbottom [2], we shall
merely list the results. The meanings of p, a,,
end &, in the four zones are as follows:

Zone I, The fast axis of compensator is at — /4,
The polarizer plane of trunamizsion malkes an angle
of +3# with the plene of iocidence. The analyzer
plane of transmission inakes an anglc of 44, with
tha plana of incidence,

Zone #. The fast axis of the compensator set
at +wfd. The polerizer plane of transmizsion
mekes an ungle of —p with the surface {an sm’[%!e
of rf2—p with the plane of incidencej. e
analyzer plane of transmission makes an angle of
+a, with the plane of incidence.

Zone 3. The tast axis of comnpensatoer is ab —=/4.
The polarizer plane of transmission makes an angle
of +p with the surface {an angle of 54=/2 with
the plane of incidence). The analyzer plane of
transinission makca an angle of —a, with the plane
of incidence, .

Zone 4. The Iast axis of compensator s at | x/d,
The polarizer plune of transmission es an angle
of --p with the plane of incidence. The analyzer
plane of transmission makes an angle of —a, with
the plane of imcidence,

The meanings of 5, a,, and @, are now clear, The
first is the angle between the polarizer plane of trans-
mission and either the plane of incidence or the
plane of the surface, while ¢, and @, represent the
angle befween the analyzer plane of transmission
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snd the plane of incidence, being labeled either a,
or ¢, aceording to whather p is the angle between
the polarizer plane of transmission and the plane
of incidence or the plane of the sarface, respectively.
With theee relationshipa, it iz 2 mimple matter to
complte the relationship of P and 44 to rp snd o
or @, and hence fo A and ¥, by means of eqs (23?
and {28}, or (30} and (31}
stmmunarized in table 1,

Theze relationahips sre

TapLE ).  Felotioh of P and A reqgdings I p, 8,, a5 G,

Zans Compenaator F A
1 —x
T £+:- E:
P Tpta
ptr ap
a ~nM MR r—m,
Lo fr r—a,
2 tw—a,
32 tw—m,
2 +ald x2—p B,
i —p fry
- [ )
Il —, 4,4
1 +wjd =g =ty
Ir=p T—0ax
™8 o
=g Ir=o,

For tha purposes of this table, it has hbeen assumed
that the # A and compensator seales have bean
adjusted to read angles with reepect to the plans of
incidence as previously defined. If the instrument
i1 not arranged in this menner, it is necessary to
adjust the readings before using table I.

he tahle gives the 16 possible readings for the
two settings of the compensator, When working
with & completely unknown surface it is still not &
simple mattar io identify the P and A readinga with
one of the entries on this tuble and henee to com-
ule p, ¢, or e, As e fimtstep in this identifieation
1t i3 worthwhile to consider the ranges for A andy
and henee for g, a,, or 4,  For all surlaces, including

multiple reflections,

095 @2)
I lact, m the large mnjority of cases

0y <7 (33)

-’

snd from eq (29) the range of @, and ¢, is the same,
For the apecial case of reflection from a dielectric
surface at sn angle of incidence smaller than the
Brewster angle, A= —x. For all other cases

0<a<2x (34)
which givea as a range for p,
—<ps® (35)

4— 4

When working with a completely unknown aurface,
and particularly if multiple refloctions are used, it is
best to take a complete set of 18 readings for the
two settings of the compensator, Then, with the
relations (32) and (35), and, the further condition that
the valuen of % @, &nd ¢, caleulated from theas
readings muet be approximately the same, it is &
simple matter fo identify each of the aeale readin
with one of the poagibilities outlined in the tahle.
To continus to do this when the surface is known
would be redundant and one reading in each zone is
sufficient. We havae found that the average of one
reading in each of two zones with the aame compen-
aator sotting gives spproxmmstely the seme reaplt &=
the aversaga of one reading in each of all four zones.

2.5, Dillerences Among the Zones

In practice, the valves of g, ¢,, and o, found from
the I* and A readings in the varivus zones are not
identical. A typical st of values is shown in table 2.
Differeniees of a5 inuch a= 2 deg oceur in the values of
2 and somewhst less in the values of @, and 0,. On
the other hand, it wiil be noticed that the average of
the nhserved values of p in zones 1 and 3 is the same
as the average of the value obteined in zones 2 and 4,
This atrongly impliea the following equations

p=p+s  pu==p+¥

pi=p—8F  p=p-t (38
where § and §° are ercor terins.  These ervor terins are
not constant from Tun to run, bt are ususlly 1 to
1.5 deg as in tabla 2. (In this particular set, § and
& are gpproxmoately the same.  This is ot trae in
generel). They are not caused by inizalinement or
any other rendily detectable eause, and their source
ramaing obecure. However, sinong very many
experiments, not a single one has besn found whers
the averages from gones 1 and 3 did not check the
averaze [rom zones 2 and 4 within experimental ercor,

Taenz 2. Vealues of P and A for a lypienl chrame elide tnt odr
in alf four zones

Ziaut Fa A r dp } o
1 18.71 3.4 19,71 il
2 187.17 3. 73 22,83 .72
E| 11304 MY T3 LRl L] =2
4 18020 14B 52 16, 1k 1.4k
Average of Jowr gomes. . _.______| @M 3. B3
Avarugs of Toqes 1 @ o 2.9 3124
Avsroge ofdones 2k 4 o] zZ1= T8l

The situation for ¢, and &, is not quite so clear-cut.
If the compensator is not a perfect guarter-wave
late, then differences in a, snd &, are to be axpected.
n foet, it may be shown that for a compensator with
retardation # near x/Z,
gy—a,= (§—x2} cos 2p =in 2y {373
where, for the purposes of this ealeulation, we have
used $=a. Agmn, an inspection of the table indi-
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cates that the average of 2, and @, from zonea 1 and 3
and o, from zones 2 and

is ei[ml to the average of ¢,

4 whichk again strongly 1mpi
@=dp+d  d=a, 13§ (38)
ty=a,—3§ a;=a,—3§'

where the ¢’ with the numerical subseript are oh-
gerved valyes in the various zones. Many experi-
ments indicate that these eguations seem to ha
followed guits feithfully. The values of § and § in
eqe EES% are, in general, different from those in
eqa (35).

It will be observed that the cquations are not
independent, and they cannot be eolved for &, and
4, directly from the obzerved wvalues of . Fortu-
nately, for a amall valye of a,—a, and for ¢ not
txo closa to zero it may he shown that

(@xt-a,}
fertal gy

{ten @, tan 2,1 =tan

t first order in @,—a,. Thus rather than using ag
{31} for computing ¢, the ahove equation is vsed.
This requires a cornpensator not too different from
quarter-wave, and Independant measurements indi-
cate that the compensator used in this work has n
retardation which differs froamn /2 by about 1 dep.

Because the averages from zones 1 and 3 check ao
clasely the aversges from zones 2 and 4 for both p
and @, meagurements are usvaliy taken in zones i
and 3 only and averaged,

2.6, Surdaces

The substratez most easy to work with are those
with high reflectance, such as metals. Both smooth-
neas and fainess are factors that must be considered
in the szelection of a substrate, Irregularities that
are small eompared to the dimensions of tha light
heam, which i commonly of the order of 1 mm?®, are
averaged and do not afect the results [4]. Long
range regularity (flatness} is desirable if more than
one location on 4 specimen is to ba studied.  An indi-
cation of the ragularity is obtained by detsrmination
of p and a at several points on the specimen, Meas-
urementa on 1-in, ]nnﬁ‘;ltae] gage blocks of 0.09 g in.
toleranca varied only about 0.1% in the polarizer readings
frotn top to bottom, and less in acalyzer readings.
Acceptable slides prepared by shearing smell Tec-
tangles from & large furru{;gpe plate variad about 0.2
for similor langthe and these make convenient and
readily available surfoces for study,

Various techniques have been used for the prepara-
tion and cleaning of the substrate surface. The
chrome ferrotype plate slides used in these investigs-
tions were washed in warm distilled organic solvents
W remove organic contamination.  Since the result-
ing surface waa h:,fdroﬁhobic, the slides were further
cleaned with warm chromie acid cleaning anlution
followed by several washings in warm distilled water.
This lreatment should not appreciably affect the
character of the chromium-chromium oxide surfaca,
but it did remove organic pontemination, the surface

now being hydrophihic. However, in less than 1 Ly
the surface became sufficiently contaminated to
becoma hydrophabic, aven when enclosad in a covered
contaner. ese  preclenned wlides were passed
through & flame immediately before use to remove
this contamination; this aming of the alides restored
the hydrophilic eharacter to the surfaca.  For studies
under ]icﬁlljjds, the slides wers placed under the liguid
while still warn from the dame. Tha cleaning of
suwrfaces by fla.minﬁ has besn deacribed by Patrick
[12] and Bartell and Betts [13].

27. Cella

Cells have been used for cllipsometer messure-
ments I vacuuln ar gasesus envirenmentia [2, 14, 15]
and under liquids [2]. The ¢ell shown in hgure 9 has
been used mm our studies for messurements under
liquids. The epecimen is situsted on the base of the
cell which ie filled with liquid of known refractive
index, The heht heam enters wnd leaves the cell
through optically flat windows. These windows are
inelined at the angle of incidence ¢ with respect to the
hase of the cell 30 that the light passes througl them
at normal incidence. Thevefore, reflection of light
at the surface of the eell windows will be independent.
nf its direction of polarization and the polarization of
the light will not be changed. There should he no
stregees in the glasa sufficient 0 cause detectable
birefringence; moreover, the inner and outer sides of
sach window slould be parallal. They tmay be sealed
to the cell hody either by fusion or by epoxy resin;
the epoxy =eal has been used more successfully for
our cells. The differences in polarizer and &nu{yzm'
readings in air for s metellic reflecting surface out-
gide and inside the cell were no larger than 0.1° for
our eells.

Difficulties with photometer fluctuations have oc-
curred a8 a result of convection currents caused hy
evaporation of liquid. A amall area of liquid in con-
tact with the aiv, & tightly ftiing cover, and solu-
ticns filtered through fritted glass disks minimiza
thia effect.

The angle of incidence should generally he chosen
to give the maximum sensitivity for the measure-
ment of film thicknesa, For this purpose, sensitivity
may ba defined as the change of reudri:ig or A
reading with film thickness, i, Le., dP/df and dA/dL.
One is then faced with the problem of selecting an
angle of incidenee such that these two gquantities
are & maximum. No genersl rules can be laid out
for thie selection, and the choica of angle of incidence
will depend upon the ﬂirticu]ar pubstrate, film and
surrounding oediwn.  However, Tor the common caze
of an organic film on s chromium surface in an
organic medium, the sensitivity for both P and A
has been calculated for various gngles of incidence
and fAlm thickpesees up to 1000 A, The results are
shown in figures 10 and 11.

The masximum sensitivity for A oecurs at angles
of incidence between 75 and B0 deg, and decreases
with film thickness. For P, the maximum sensitiv-
ity {the ahsclute value of @F/df) occcurs at an angle
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of incidencs of 70°, and decreases with ierenaiig
film thickness up to a thicknese of sbhonut 700 A.
At this thickness, the senzitivity in P is very small,
muking the thickness determination entirely depend-
ent on A, which is relatively ingeneitive in this region.
Thus, under these conditions, the accyrete determi-
nation of filn thickness is diffieult for 6K} to
800 A thick. For films thicker than 300 a, the sen-
gitivity in P again bacomea usable, but the maximum
cceurs at sngles less then 70 deg.

For any thickness, therefore, the best anple
of incidence is always s compromize between the
mozt sensitive angle for P and that for 4. The
selection will, in part, depend on tha relative impor-
tance of P or 4 to the determinstion of the thickness.

These sensitivities apply only ie the given specific
conditions but the sensitivities for other conditions
with a nonsbzorbing film are expected to have similar
behavior although specific values will he different.

2.8. Methods of Computation

A typical system for atudy by the ellipsometer
consists of & film of index ny and thickness d on &
reflecting subsirate of index =#; imunersed in a
medivm of index #,, 43 shown in figure 12, Let all
media be isotropic and %, represent a real index
of refraction, while #; and n; may be complex.

Cloozider light incident at the boundary betwesn
the immersion medinm and film, The cosine of
the refraction angle is

ez 00)]"

The parallal and normal reflaction coefficientz for
Iight meident at this boundary are:

(40}

Tia B0 o —Ty 005 o

41
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s

and
¥t 608 gy —Mg COS ¢y
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respectively, The reflection coefficients, #5; and v4
et the boundary between the film and substrate are
given by similar expressions,

The total reflection coefficients, F* and A" that
include the eontributions of reflections from lower
boundaries ara given [2] by:

s Thtrl, exp D
R T+ 75, oxp D {43)
and
R"‘_ ?"'j_g,—f—il"an 'E-'Xp D EH}

1+rluths exp I

.where co3 4 values needed for these refloction
roeflicients are given by an expression similar to
eq (40} and D represenis the quantity

D=—arjng con wdyh {45)

where ) is the wavelength of the light used, in
vacuum, wnd j=+—1. The ratio of the parallel

and normal total reflection coefficients is dofined
RS o
p=RF{R".

This may be expressed in terms of the relative
attenustion and phase shift of the parallel component
with respect to the perpendicular component that
OoCurs, represented l}}l'J the azimuthal angle A, and
relative phase shift ¥ by:

{46)

p=ton ¢ exp {ja) {47}
a3 In aq (&),
atar ngs,
The value of the complex index of a reflecting
syrface can be caleulated from the equation

_ _4psin® g )
fla—"T tin ¢ [1 (p+1)% ]

Thus & is determined rom ellipsom-

{48)

where g 12 the angle of meidence and p is determined
from ellipsometry measureinents on the base sub-
girate.

Several methods of determining the thicknesses of
films on reflecting substrates from ellipsomeatry meas-
urementa are available [2-5). When tha mdexes of
the gubstrate and film are known, tables or praphs of
A and ¢ may be computed from given values of 4.
Thie iz accomplished by caleulating values of p from
egs (40} to (46) and values of A and ¢ from eq (47).
Fl-%um 13 shows curves computed for three different
values of film index . e mumbers along each
curve are thickness values of the film, 45 xperi-
mental values of & and ¢ are then interpolated in
such tables or related graphs to determine unknown
thiclkneszes,

However, it iz ususlly more efficient to solve the
aquations directly from the thiekness of 2 film.  Sub-
stituting egqe (43), (44}, and (46} in eg (47) and
FEATTANZING TIVES W qunJmtic of the lTorin;:

Cilexp Y Gylexp Dy + =10 (49)

[P =

128 -

a3

[LEN o

Ag:1E0Y

b1 | +0 a7 EL]
v.de0

Ficure 18. A pfed of & oguinetl  for fifme of refraciive indes
a5 ahowen, i @ mefium with o rafractive {ndex of 13501

The wigaaheri u]omg Lha curvies mok AL ek Dedees 1 ADFELOM unlts,  From
duch 3 Apuge abd wl experinental palo @, &, otk the relractiee [mdex and
Lhickneta af the U niwy e plalodied (o Lexi).

where €1, ¢, and £ are complex functions of the
refractive indexes, angles of incidenca, A& and .
For a given value of the coeflicients eg (49) pives two
anlations for exp I and a value of 4 may be caleviated
Iront each. Since the coefficlents are complex, the
flm thicknesses ealeulated [rom this equation would
alao he axpected to be complex, Howeaver, the cor-
rect film thickness, d, must be & real number as= it
represents a real L{:mntiiﬁ. Therafore, the solution
of the guadratic that yields & real film thickness is
the correct solution. In practice, various experi-
mental errors will result in both solutions yieldin
complex values for . The thickness with the small-
ast intaginary component 1s selected as the ecorrect
solution; the real portion is taken as @ and the imagi-
nary part, d;, is taken ag & relative measure of error,
ﬁiﬂ portion of 4 is then used to compute & aod
¢ by eqs (43) to (47}, As the imaginary conmponent
of d has hesn droppad, these values will differ from
the experimental anﬁles by amounts §& and &, and
d;, 44, and & sre zll measures of the experimental
error., Howevar, 84 and §&p must be within the Jirits
of experimental error of ¢ and 4 for the results to be
valid. This is a mora direet determination of the
validity of an cxperiment than the magnitude of f,.
If hoth the thickness and index of refraction of the
flm, #;, are not known, the equations cannct be
golvad for & end sy in closed form.  For this case, a
series of refractive indexes are assumed and a thick-
ness iz ealealated fromy the experiments]l measure-
ments.  These calenlations will result in arror terms,
describad above, of different magnitudes. The
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renge of refractive indexes and related thicknesses
within the experimental errors §& and &b are then
chosen. The magnitude of the possible ranpes of
refractive indexes and thicknesses will depend upon
the magnitude of the error and on several parameters
aach as 5y, 8, g, 9o,

Home of the principlee described above are
illustrated in fipura 13, which shows theoretical A and
¢ values for a range of piven film indexes and thick-
nessez. An experhnenta]l]r determined point (4,
Y] for & film of unknown n; fall near one of these
curves,  For an assumed film index of 1.5, a thick-
ness will be calewlated corresponding to the point
(Ao, ). The error terms, §4 snd A are also illus-
trated. The error terms are usually much amaller
than indicated on this figure,

The calculations diecussed abova can be com-
puted manually, bot the equations are complicated
and the computation of any wppreciable amount of
data would be impracticel. Several “Fortran"

rograms have been written in this laboratery for
li‘B]l.:I 704 Bnd 7090 computers to ensble the com-

utation of dats frem ellipsometer messurements,

he programe are penaral enough to permit their use
in most situations encountered. The following is a
brief descriptien of problems that cen be aolved with
these programs.

The refractive index of the substeate, #;, may be
computed directly froin experimental readings on the
bare substrate. Immersion media of different re-
fractive indexes may be used for thia determination.

When &, and ¢, are known, the correct returdation
of the compensator can be caleylated,  This retarda-
tzon may then he used in eubseguent caleulations.
Thusz, the ellipsoinater data may be used even if the
compensator 15 oot a ?uart.erw-wave plate.

Curves and tables of A ¢, and reflection coefficienta
can be computed for a series of given film thicknesses
and refractive indexes, #;, a= shown in figure 13,

For experimental values of A and ¢, a thickness, &,
and error terms, & and 84, are computad for a piven
me. 1T #g 1= unknown, & series of fi; can be sssutned
and eorresponding filim thichness and error terms
computed. The selection of the correct n; and
thickness has been discussed and ig illvatrated in
the next section. Al the above caleulations heve
Lesn extended for multiple films and fer multiple
reflections.

3. Applications

Inasmuch as surfaces in air will ususlly have an
adsorbed” film of water or other contaminants, in
order to determine the index of a substrate it is
necessary either to ineasure the surfuce in 4 vacuum
or in » madiom with & refractive index identical to
that of the adsorbed film (7 =n4.

In the work reported here ehrome slides with and
without & vacuum deposit of pold wera flamed to
remove adsorbad gases and immediately immersed
in a liquid. Table 3 gives the relractive indexes of
glides mesgured in air and messored under water,
The differences in the refractive index of the metals
caleulated from mensurements madea in air and under

TabLE 3. Measured rafraciise fnder, o= N—jJK, of chirome »
and gofd v in nir gad in waler

Chrme Cald
Imrmecsyn madiom
N K W Iy
= g [ R X L i 2.
=3 4, 44 N Fa i
& 00 R ] K g
F R TH] A N 4 1m
E. bl i 208
1. 250 LN

b Slided bpd heen Mymed prior b axmedlmal o,

water are probably caused by the presence of an
adsorbed {ilm of water on the slides when megsured
inalr. Such a flm would not be observed, of coursa,
when the measurements were made under wrater,
ssenming the refractive index of the film to be the
same as that of water. It is presumed, therefors,
that the measvrements made under water yielded
the correct indexes for these shides,

The measurements deseribed above were alse
rapaated for immersion medis of different refractiva
indexes, The optics] constanis of the metal calen-
lated under these conditions are given in table 4.

TaBLE 4. FRefroctive indexar, N—iK, calcwlaled for chrome
sides intmereed in rorious lquids smmediclely afler Haming
,I Refroctive Inibey +
- Imioersisn oeediam T .
|I i K
—_— |-
Theorer
o] | methse]l .oy e eeeeea 1. 328 4. %12 L 345
LA L2 T 1,337 4. 118 1. 338
I T 1.337 3. 278 1.571
L] II neELgne. . . 1. 380 4.8 1. 33
il FY LT, T 1. 36 3.t 4. Ja88
W | oxelobrenne., - 1428 4. 054 1. 398
¥ | Lalamenr . e 1. 488 B L] AR
T 11 T 148 2. 888 +.170
kL] mwir boo —————— 1. 0% 3.918 4. 108

r AT refrwetive UndeDsd are oyelaged of (9o oF Mmere 3603 of MARIIFEIWILE, 2
L:EErl N teLfpaariel.
F{des reeaatieed i olr bad been eapesed to ale from 1 to 22 hbe.,

The shdes measured under liquids were flamed and
immediately iminerzed in the liquid hefore a filn
coudd form on them from the air, These slides are
therefors not expeacted to have sny adsorbed film on
them, so that their true refractive indedes ave
measured. If some film did remain on them, its
refractive index would probably be ncar that of the
immersion liquid, causing only & smail error in the
messured reiractive index of the slide. Henee the
rerfactive indexes of the slides under the various
liquids are sll approximately the same, snd inde-
endent of the liquid and the angle of incidence.

he variation is due mainly to variations among the
individual slides used [or the different measuramoenta.

The refractive index messured in air shows &
difference due to neglect of the Alms that is laxger
than the wvariations among the individual slides.

s




This film i35 cxpecied to be adsorbed water and,
perhaps, other pasee and is expected to have an
mdex near that of water. Bl'_:v firet. messuring slides
n air and then messuring them under water, it is
tharelore possible to calculate a thickness of the
adsorbed la,{er in air, gasuming the refractive index
of the adsorbed film to be the same as that of liguid
water. Such resulis are shown in table 5, where
A and & are the differences ohtained as deseribed
above, The reproducibility of the results is seen to
be quite good, slthough the actusl value of the
thickness may be somawhnt in error due to the
sasmnpiion of the refractive index value.

TapLe 5 Thickness of odembed fayer* on slides tn air

Elda w A | 1.3 '] .3 d
DUmbEr
Beree | Degree | Dngrae Degres | 3
Chrotme T 1] . H oM | Ak LN | a3
I B 152, 4} 2| 33 -1 e |
FL] by ] 133, b | AL B 13 a3
5 i 132,77 .0® | 41. 5T L] ar
L] W 1M 78 M | 81,83 ] B
It T IZE. 4 R [ ] 23
L] 1] a5 L6 | 15 | 11 28
A VB BRI o oottt 14t ettt m e e e e e e e 25
Qo T mo | ends | wod | sz | s z
Fr m ul. B L a0, 59 R 3
T L] B 3R 2 e R LB 5
T i BB 38 1] [T} | | [ 4
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» Caltulated Ax walsk
TeZ? 2,
FH=5) progent

The determinstion of both the thickness and
refractive index of & barium fluoride film vacuum
evaporated onio a chrome surface iz given as an
example of the messarements snd caleulations
described earlier. The index, w., of the substrate
was first detarinined from the reading taken on the
bare chrome surface, then the fln was vaewwn
deposited on the surface and the angles A and
were measured for the film-cove surface, A
gerios of refraciive indexes are assumed for the filin,
and thickness and the eorresponding error terms,
A and &, are calenlated for each index by the
methods given earlier. The results are given in
table 6  The reproducibility of the resdings is
+0.1° for & and 4-0.05° for ¢ and the maximnom
experunental error is expected to be sbout L0.2°
for Asnd £0.1% [or ¢. It will be observed from
table ¢ that the index 1 456 pives zero error terms
a5 and &, and is, therefore, the best fit with the
experimental reading. However, #: valuea from
1.454 to 1.458 also give error terms within the Fmits
of experimental error, and wure the range of aihle
indexea of the ﬁlgl. The corresponding thicknesses
are 654 and 665 A

The actual range of possible thicknesses 1= greater
than this range as is illustrated in fignre 14, This
figurs i= an_enlargemient of the center portion of
rigura 13, Curves [or additionsal refractive ndexes
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Takrr 6. Thickneas of eoapersfzd bordum fuoride ffn on

chomie alide 8. B
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. N0 Eeebinim, 2w ], A0, ot goyangle oflosidence of 60°,  The vefroct v
Lodex of the ide Waa k=3, 306—4 307,
* Fm prepered by Frank E, Tooes, Motlonal Fercaw of $tandarda.

have been added. The dashed lines represent the
lirits of experimcntal error for the aﬂoint. (A, ¥l
The true values of ng and @ must (sll within these
limits, A range of poesibla thickncsses for each
refractive index rather than only a single selected
value of thicknesa for each possible refractive index
15 oblained. The range of pogsible thicknesses is
thus approximately 630 to 680 A,

These metheds do not determine the index of the
ilm as accurately when the fibm is very thin. This
can be observed in figure 13 by the cloze proximity
of the curves for small thicknesses. Since the
experimental error is independent of film thickuess,
the range of refractive indexes and thicknesses that
would be included in the rectangle of axperimental
error deseribed above i3 increased. hen tha
refractive index is known, the thicknese ean ba
sccurately determined even for wery thin films,
except that as the film index approaches that of the
mediun, the sensitivity in determining the fhn
thickness decreases, iz cen be seen in figure 13
by the decreasing sensitivity to thicknes= of & and
12 the refractive index of the film, »., approaches the
index of the medium, 1.355.
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F1oUuse 14. An snlorpement of figure 13, showding fow error
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indes and ckness of o fim.
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4. Summary

The use of the ellipsometer for the messurement
of the thicknesas and index ol refraction of very thin
tilma is deacribed and Mustrated by exemples. The
represantation of elliptically polarized light by means
of the Poincaré aphers is developed in detail sinee it
is neces for n complete uynderstanding of the
changes in the polarization of light in the ellipsometer.

Some unususl effects in alinemwent have been
observed and expleined se dye to the brht from the
polarizer having a slight ellipticity. mathod of
slinement thet is not affected by the ellipticity is
ELVER,

Chrome ferrotype plates have been found o be &
convenient substrate for study of thin films. Means
of preparing and eleaning the plates are diecussad.
Also, cells used to study filme vader liguids are
dascribad.

In order to study a film by allipsometry, the
reflection cosefficient of a bare eubetrate s firat
measured and the complex refractive index of the
substrate computed from the reflection coefficient.
A film is then deposited on the substrate and the
reflection coefficient of the combination 18 measured.
Ef the index of the film is known, the thickness of
the film may be computed. In one method, the
reflection coefficient of the subetrate with a film i3
computed for many thicknesses . tha flm, Then
the measured reflection coefficient is interpolated in
the calculated resvlta to defermine the thickness
of the fiim  However, in thi= paper the required

uations are solved to give the thickness of the

m directly in terms of the measured reflaction
coefficients =0 that iute.:*[pol&t.inn i3 not required.
Thesa messgurements and ceelculations are applied
t0 determining the thickness of an adsorbed film on
fervotype plates. The index of refraction of this
flm was assumed to be that of water.

Both the index of refraction snd thickness of a
film may be caleulated from the complex reflection
coefficient of the flm-substrate combimation. The
procedura is to azsume a series of refractive indexes
snd compate a corresponding thickmess for each

mdex. If the refrsctive index chosen 13 npt the
exact iIndex of the film, and if the messvrementa are
not sufficiently precise, the calculsted thickness of
the filin 1 complex. The itneginary part of the
computed complex thivkness is taken as & relativa
measure of error either of the assumed refractive
index or of the original messurement,. The film
refractive index with its corresponding thickness
that vielda the smallest error terms is taken as the
best fit. This caleulation is Jlustrated for a bariom
fAuorida film,
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