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EFFECT OF MASS TRANSPORT BOUNDARY LAYERS ON THE
ELLIPSOMETRY OF SURFACES

Craig Gordon Smith

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Chemical Engireering, University of California
Berkeley, California 94720
ABSTRACT
The effect of mass-transport boundary layers, that are often
associated with surface reactions proceeding at high rates, on ellipsometer

measurements of the underlying surface has been investigated for
typical transport conditions in ]iquids.y The effect can be of
significant extent and depends primari1y on concentration difference
across the boundary layer, angle of incidence and optical constants
of the surface. ‘A simplified method for predicting boundary-layer

effects based on light refraction is introduced. Computations are

in good agreement with experimentsQ
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1.

I. INTRODUCTIONM
" Heterogeneous reactions on solid surfacés are generally accompanied
by the'fdrméfion of a mass-transport boundary layer, i.e., a region’
near the interface where the cohcentration of the reacting species
in the fluid phase is different from fhat in the bulk fluid. In

contrast to the conventional ellipsometry of static or slowly changing

surfaces, it can be expected that the observation of fast-changing

surfaces with automatic ellipsometers involves mass-transport (or

diffusion) layers that have a significant optical effect. This

work-was undertaken to develop techniqdes to account for the effect

of mass-transport boundary layers on the e]]ipsometric'obseryapjon
of surfaces, to establish this effect for typical electrochemical

reactions and to explore the use of ellipsometry for the measurement

‘of boundary.layers, particularly those that are too thin for observation

by interferometry.
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II. MASS TRANSPORT

The transport of material under the combined actlons of convection

and diffusion is described by the convective d1ffus1on equat1on]

oot y;VC v+(DVC) . ' (1)
The velocity field v satisfies the Navier-Stokes equation2

Pt — + pvWev = -Up + szv + pg . " (2)

A. Transient Diffusion

When the fluid is stagnant, for one-directional diffusion, Eq. (1)

reduces to

Under ga]vanostat%c conditions, the boundary gonditions are

v i(r-t,) -

e et y=0,t>0 | (4)
C = Cb at t=0,ally . o (5)
C=C, as y»w : ' ' (6)

For constant D and transference number t_, the solution to Egs. (3)

through. (6) is_the‘Sand equat'ion.3 “At the interface,

Sc(t) =2l it - 1.1291 Jt - -

Cp ~ G 2F VoF = —zF YD

Under potentiosfatic conditions, the boundary conditions are
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C_= C; »a constant , at y =0, t >0 - - (8)
C=C, at t=0,ally - (9)
C=¢C, as y~ | (10)

~Again for.constant D and t_, the solution to Eqs. (3), (8) through (10)
is the Cottrell Equation. Thevcurreht'dénsity at the interface is

given by
i(t) =2F(C - C)¥Vx o (11)

B. -Forced Cdnvection s

~Under Taminar flow,. Eq. (2) may be solved for.y,_which'is used -
in Eq. (1) to obtain the steady-state solution for the rate of mass

transfer to a surface]

- o dh 1/3 . ' o
Nu(x) = 1.2325 {ReSc ~ , Re < 3000 (12)

where Re = dhv/v, Sc = v/D, x is the distance a]ong the planar

electrode, and the Nusselt number

] (PR B o e

§ 1s the boundary layer thickness.
For turbulent flow, an analytic solution does not exist. Various

. . . . 4 s . e el . ) .
semi-empirical correlations can be used. By assuming. v varies as,

5
y]/7, use of the integral method yields an expression for the

friction factor

1/4

f = 0.079 Re” (14)
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which, when used with the Chilton-Colburn analogy

N = f/2 Resc /3 o | (15)

yie]dsv

Nu = 0.0395 ReS/%scV/3 | Re > 5000 (16)

Observations by Hickman, using the limiting-current technique, have

shown Nu to be proportional to Reofs.

C. Natural Convection on Horizontal Electrodes

A heterogéneous reaction at a so]id-]iquid interface can produce
a gradient in the density of the solution. The action of gravity on
this gradient leads to natural convection. For horizontal electrodes,
the 1iquid remains stratified until a critical gradient is reached,
at thch point the fluid begfns to circulate in ce1]$. The cellular
nature of flow complicates the mathematical description, and the use

» 8
of empirical results 1is necessary:

0.545 6r'/8sc1/6 | gr < 10°

N

0.265 r'/4scV/* | 10'< ar < 10° (17)
0.065 6r'/3sc!/3 | 6r > 10°

where the Grashof number

6r = 8g8ac/vE | | (18)
The coefficient B is defined as

o+ (@)
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From the dependence on p with ¢ given in Appendix A, 8 = 0.155 gm/cm

(MCuSO4)—] for 0 <€ < 0.1 M. The variable §_ is a characteristic

distance over whichbthe change in density Ap occurs.

w
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| 'III. THE OPTICAL DESCRIPTION

Mass-transport boundary layers are optically inhomogeneous, with
. the refractive index varying continuously from the (homogeneous)»bu]k
fluid to the interface. The concentration dependence dn the distance
Yy normal to the interface has been investigated by techniques‘such
as interferométry;9 “Although more acéurate descriptions of the
“concentration fie]d‘are available, the inhomogeneify has been
ahproximated,by linear and parabolic functions, as.well as various
equivalent homogeneous films. |

Experimentél]y, boundary layers have been generated by electro-
chemical (anodic) disso]ution or (cathodic) deposition of copper under
different convective conditions. The dependence of the refractive
index of CuSO4'upon concentration at 546.1 nm wave]éngth has been
determined with a Bausch and Lomb refractometer. These results as well
as published physical data for CuSO4 are presented in Appendix A.
A linear function fits the refractive-index data fdf‘the concentration

0 < C<0.2MCuso,
n = 1.3345 + 0.029C | (19)

Although aquebus'CuSOA so]utionS'are}colored, the 6ptica1 coMputations
are not perceptive]y affected by the very Weak 1ight absorption. The
imaginary part of the refractive index (k = ].BX1O'6 Appendix A) has,
therefore, been neglected. Using the linear refractive index |
re]ationship for concentration, the linear and parabo]ic functions
approximating MASs-transport boundary layers, with fnterfacia] index

n; and bulk fluid nb, are



nb - n1
n.=n; + 5 Y (20)
Tpsng (g - a0 = (0 - /)7 (21)

The profiles are plotted in Fig. 1 for én. =n - n, corresponding

to a concentration difference C, = C5 = 0.1 M CuSO4 and § = 10u.

Two Tinear profiles are shown. One uses ¢ as in Eq. (20). The
second is the Nernst profile with an_=-1/2‘6, which is associated
with interfacial mass transfer rates equivalent to the parabo]a.\
Calculations involving the linear profile used S rather thah'dn. :

Besides the homogeneous fj]m with n = n, and tﬁickness equal |
to &, illustrated in Fig. 1, hombgene0us films with n = nilf,a(nb - ni),
a = 1/3; 1/2,0r 2/3, were also investigated. Véridusugcaled values
of 6 were used in addition to the Nernst thickness.

A. The Inhomogeneous‘Film Model

B The mq]tip]e-fi]m method]qlwas used to treat the iphomogeneity
descfibed‘by Eq. (20) andquf7(21), Figure 2vshdws a schematic
diajréﬁ;of the method. Equa]]y)spaced planes parallel to the
substrate separate the layer into a pile of homogeneous films. An
average refractiVe inaex for each film is obtained by an integrated
average of the profile between the values of y which Timit the film.
The number of films is increased until the calculated ellipsometer
parameters A and ¥ converge (with respect to the number of films)
to the desired accuracy.

The method begins by calculating the Fresnel reflection coefficients

describing the light reflection at the substrate /lowest-film interface,

,as illustrated in Fig. 3:
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Fig. 1. Refractive index profiles approximating a.1(u thick mass-transport
boundary layer. Change in refractive index corresponds to
AC = 0.1 M CuSO,. ——— parabolic, - - - Mernst linear, .

- homogeneous film.
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- | Inhomogeneous =~ Film

NV
N
Ny

.

55

Fig. 2.

XBL 759-7342

Mu]tip]e-fi]m model representing the.inhomogeneous boundary Tayer.
Planes are drawn parallel to the solid phase (hatched) and form
interfaces for reflection and light-deflection. ¢, _ 1is the angle

of incidence upon the boundary layer. ¢ is the angle-of incidence
upon the substrate (solid phase).
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Incident medium

/no

Film 1 Gl TGN g
Film 2 no
Substrote S ° o, Ns
(a)
Incident .
medium
Film 2 P
‘Substrate S // ng
(b)
Incident n
medium \ / 0
Film 1 2ol oy

Substrate S’””I'”“”I”I”””””“”I””“ ngs

(c)

XBL7312-6966

Fig. 3. .Iterative procedure for multiple-film calculations.
(a) Optical system consists of 2 homogeneous films
above the substrate S. (b) Film 1 replaces the incident
medium to calculate the optica] effect of film 2 and substrate.
(c) An effective substrate S' having the same optical effect
as the combination of film 2 - S rep]aces the substrate
for the incident medium--film 1 - S' interaction. Figure
taken from Ref. 34. -
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oo s - O] BRI o (22)
2s s1n(d>Cf + cs)
ey @
- .p ‘ cf. “cs
Th f £f S and vt
e squares 0 the coe 1c1ents,.r1sr1s and r 1p 1p’ represent the

ratios of ref]ected to 1nc1dent e1ectr1c f1e1d energy f]uxes for
orthogona] states of po]arlzat1on perpendicular and para]]e] to the
plane of 1nc1dence The coeff1c1ents "1s and r]p forvthe reflection

at the boundary between the bottom two f11ms are also determ1ned

The Drude equat1ons]] are then 'used to calcu]ate the amp]1tude rat1os r

"%

and rp for the two reflections bounding the bottom f11m of thickness L:

v +r e-iZT
R 'e_12T
v 2v
where
= A anfc?sécf >

-and_v"is.either s or p. The def{nition of symbols is presented with

the derivation of the Drude equations in Appendix B.

The upper ‘interface then becomes an effective substraté, re > oo

and rp > er‘ .The procedure is repeated for each successively upper

- film, until the .overall coefficients rs énd.rp for the inhomerneoUé

boundary layer have been obtained. The ellipsometer parameters A and.

p are defined (Appendix B) by

S
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=p = tampe1A (25)

'1]13-5.
7

Tan ¥ and A represent the re]ative attenuation and a relative shift
in phase between the s and p components of the ellipse describing the
electric field propagation.

B. The Light-Deflection Model -

Successivé application of Snell's law to each‘ref]ecting interface
in the pile of films allows the determination of thevang1e of incidence

for light upoh the substrate
nbs1n¢b==nf]s1n¢f] =, .., = nf(n-]).51n¢f(n—]) = nfnsjn¢fn
or
npsingy = ne sing. ‘ (26)

where the subscript fi refers to the ith

film from the top of the pile.
Equation (26) indicates that the angle of Tight incident upon the
substrate is known,given Nys Ny = Neps and ¢b = ¢, thé angle of
incidence upon'the boundary layer. |

Computations for the linear and parabolic profiles, which are
presented in thé'following section, indicate that the reflections
occurringvat the boundaries of the pile of films become negligible for
the 1imit of a thick inhomogeneous film. The angle of incfdence upon
the substrate, as visualized in Fig. 2, does remain changed by the
light-deflection. A secdnd method which utilizes this information
calculates A ?nd Y by using the reflection coefficiénts.fp and rs for

the single substrate/interfacial-solution surface. The correct angle

of incidence as given by Eq. (26) is used.
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IV. COMPUTATIONS
Figure 4 shows the dependence of the relative phase A on the film
thickness §, for cathodic deposition with the interfacial concentration
c; held cdnstant"(potentiostatioymode);..The;figure iT]ustratesbtwo o
surprising results: (1) for transport’regtons‘greater than aboutllou, A
is independent of thickness but depends only on the concentrat1on
d1fference between bulk and 1nterface,_(2) A-is not greatly affected

by the nature of the concentrat1on prof11e The figure also 111ustrates

that mass-transport boundary layers can change the e]]ipsometer

'parameter A by several degrees, an amount often not.negligible in
y e111psometer measurements The ¢hange in ¢ is usua]]y found to be
asma11er than that in A, but it follows a s1m1]ar th1ckness deoendence

~F1gure 5 treats the anod1c dissolution mass transfer boundary 1ayer .

and indjcates that changes in A and w are of the opposite sign but
the same magnttude as-those for the cathodic deposition.

The independence of ellipsometric parameters upon film thtdkness
in the thick-film 1imit is most unusual, since the values of A and ¥
for a homogeneous transparent film show an unabated periodic behavior
w1th 1ncreas1ng film th1ckness due to the s1nuso1da] dependence
1nd1cated by the complex exponent1a1 term in Eq. (24): | Computed
ref]ect1on coeff1c1ents from the interior of the 1nhomoaeneous f11m
show that the principal reason for this behavior is light def1ect1on
(refraction) in the film: At large boundary layer thicknesses, the
refractive-index gradient is small enough to allow light to be
deflected without attenuation by reflection, while at small thicknesses

(large gradients), reflection occurs simultaneously with refraction.
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Boundory layer thickness, O (L)

0.01 0.1 | | 10 100
LR | | I1II1I[ T U TTTrT
0.0 M
—~ 580 o -
o 0.033 M
© -
<
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o
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a ’ :
o 0.0637 M
> —
© n
< 57.0 -
o
O.I0 M
S56.51 W, - n
Lol gl b e 1 a#gluL Lot it
XBL.755—2962
Fig. 4. Effect of masthransport boundary layers of thickness s,

resulting from the deposition of Cu from 0.1 M CuSOa, on the
ellipsometer parameter A. Concentration difference between

bulk and interface indicated along curves.

parabolic

concentration profile, - - - A linear concentration profile.

Refractive index of substrate 0.94-2.337.
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| TR S T Y I I I S I 1 1 1111
0.0l 0. ' L 10
Boundary layer Hﬂckness;S‘Qi)
| XBL765 - 2961
Fig. 5. Effect of mass~-transport boundary layers.of thickness.§,

resulting from the dissolusion of Cu from 0.1 M CuS0,, on
the ellipsometer parameter-A.. Concentration difference-
between bulk and interface indicated along curves.

Parabolic profile, refractive index of substrate 0.94-2.33i.
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In the thick-film limit, the light-deflection model is expected to
apply. | . _ |

The validity of this approach to computing the obtica1_efféct of
. boundary layers is illustrated in Table I. Up to 400 layers in the
multiple-film @ode] are necessary to give convergencé with respect
to the number of'1ayérs for the largest concentration difference
between bu]k'and interface. For a 5u thick layer, the ]ight—def]ectioh
model approximates the much more involved inhomogeneoué-fi]m com-
putation quite'well; agreement to the third decimal place is found
for a 500u thiék layer.

‘The region where it is necessary to use the inhorogeneous film
computation may be characterized in terms of the réfkaptive 1nd¢x

grédient at the surface. From Eq. (21),

an| 2y - ny)
T W (27)
y=0
For the curve ' AC = 0.1 M CUSO4 in Fig. 4, the'gradient for a 10u-
thick boundary layer is dn/dy = 580 cm_].' An a]ternafe approach is
to specify the electrode-current density from |
(T -t,) dy y=0 a-t) & -

Using the average transport properties D = SXI0'6 cm2/s and
t, = 0.385, Eq. (28) gives i = 0.31 amps/cmz. A third characterization

is to specify the flow conditions necessary to give § = 10u. For

2

v = 1.065x107% cn’/s and d, = 1.36 cm, Eqs. (13) and (16) give a

Reynolds number Re = 35,000.
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Table I. Va11d1ty of light-deflection model for comput1ng the effect of cathodic mass- transport
boundary layers with parabolic concentrat1on profiles. Bulk fluid 0.1 M CuSO4, n = 1.3374;
substrate Cu,‘n = O 94-2.331. :

B - | Ang]e of Incidence ' Compqtation Based On
Ci:g:;{igl?ln: Bq#g?ﬁa%etzyer- 1Macrosc§pic At Interche; ‘Inhomogeqebds Fj]m 5 Light Deflection
M _(;uSO4 ' ' u deg deg “f, Y A 0 A
0.4 . 0 .60 . 60.00 36.253 107.48¢  36.253  107.484
02 s . e 6043 36.205 106496 ~ 36.209 106.478
.00 o s . e - 60.87 . 36158 105.472 . 36.166 105.434
<00 500 - 60 . 60.87 . 36.166 105.431  36.166 105.434
04 o s 75.00 37492  58.058  37.492  58.058
.o s o 275 75.96°  37.747  54.727  37.769  54.67]
o;o S s s 7699 38.053  51.067 . 38.104  50.94]
00 . s00 55 7699 ¢ 301 50,937 38004 50.941
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It would be desirable to represent the inhomogeneous boundary
1ayer‘by an optically equivalent homogeneous film. fhis is possible
only over the sma11 range of thicknesses in Fig. 4 for which the
parameter A changee rapidly. Figure 6 shows the variation of A with
thickness & for the homogeneous film with n = ni; as well as the
linear and parabolic profiles. The homogeneous film approximetes the
linear profile for about 1/4 of a cycle of oscillation. Equation (24)

indicates‘one‘cycle cokresponds to Tt =mw. For 1/4 cycles, this gives

>N
I3

Ln;cosé,

FNE

0
which, with the use of Eq. (26) and cos?¢ = 1 -_sin2¢, results in
A

5 = 0 - o (29)
' 2<n§ - ngsin2¢)]/2 '

When the refractive index decreases toward the interface, total
reflection in the boundary layer is possible. The ellipsometer
measurements are then independent of the substrate. .Some 1imiting
concentration differences necessary for total reflectien under .
dgfferent angleglof incidence are listed in Table II.

The changes’GA and & in e]]ipsometer.parameters A and ¢, defined
positive for an increase due to maés—transport boundary layers, depends
on the angle of incidence, ¢. Computations for the_thick—film limit,
with different substrate optical constants Neg» are Shbwn in Fig. 7.
The data re]ate to the slope of the dependence of A and'w on the angle

of incidence as indicated in Fig. 8. Discrete changes A and &y result.

_ from discrete changes in the angle of incidence on the substrate. As
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1 .2
Boundary Layer Thickness,6 8 (p)
XBL7510-7437

Homogeneous film approximation to cathodic deposition mass-
boundary layer. Dotted profile in Fiag. 1. For n = nj
corresponding to 0.0 M CuSOg, A oscillates with increasing
thickness &, in comparison with the linear profile - - -,
and parabolic profile Substrate refractive index

Nes = 0.94-2.33i, ¢ = 75°.
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Total reflection in cathodic boundary
layers with parabolic concentration
profile. Bulk fluid 1.0 M CuSOA,

n = 1,3635. '

Angle of Incidence

Boundary Layer

(Macroscopic) Minimum Interfacial Conc.
deg M CuSO4 |
75 0
_ 79 0.14
81 0.42
83

85

0.65

0.82 .
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Fig. 7.: Dependence of the change in A and ¢ due to anodic boundary layer on the angle of incidence

¢ for different substrate optical constants n_. Thick-film Timit, bulk fluid refractive

~ index dB = 1.3345, refractive index differencgsdni = 0.03, corresponding to 1.1 M Cu$O4;
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light deflection in the boundary layer. Substrate
refractive index n__ = 0.8-2.3i. Incident medium
refractive index n®2 1.3374. '
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illustrated in Fig. 9, the éffecf‘of boundary 1ayérs, under most
conditions, is proportional to the concentration difference
6"1 = N, - n; oacress the layer. | ,

Figures 10 through 25 allow an experimenter to estimate errors
in ellipsometer meésurements caused by,mass—transpokt boundary layers
with substrates of arbitrary optical constants. The'errorsvare
largest for substrates with 1arge_rea1 parts and rather smq]]
imaginary part§ of the refractive index.

Neg]ecting'fhé effects of mass-transport boundary 1ayéré can
Tead to errors in the quantities derived from e]]ipsometer-méasurémenfs,
such as film thicknésées or optiéal conStahfs of fi]ms”bf substrates.
The magnitude of such errors has to be determined for each individual
case. An example on tﬁe formation of cuprous oxide during thé
anodic dissolution of copper is i]]ustrated”in ng.:é6: 'A,andsﬂ va]Ués
computed for oxide layers up to ZOOK Ehickness are para11e1-disp1aced
by thé presencé of a boundary layer.  For a 0.4 M conéentration
difference and no oxide preéent,/ekroneous'Substrate optica1 constants
of 1.03-2.6ﬁi (compared to the real 0.94-2.241) would be derived
from the measurement. The shift in 4 is of simi]af_magnitude'as that
due to a change in oxide thickness by 100R. Table III gives thé, |
apparent substrété values for other concentration differences. An
apparent value of the oxide refractive index was determined by using
the correct thickness and the erroneous substrate va]ues! From

Table III, with the boundary Tayer correspondihg'to AC = 0.4 M, a

- 100R thick oxide layer appears to possess a refractive index of
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Fig. 9. Dependence of the change in A and y due to anodic boundary layer on the refractive-index .
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Table TIT1T. Errors in the optical constants of Cu substrate and Cu,0
film caused by neglecting the mass—transport boundary layer.
_(Thick=Ffilm limit, ¢ = 75°).

Film Refractive Index, N

Thickness,

Angstroms Sc = 0 M 0.1 M 0.2 M 0.3 M 0.4 M
0 0.94-12.24 0.96=12+33 0.99-12.43 1.00=12.52 1.03=12.60
3 2.06~ 1.55 2.05—- 1.85 2.05- 1.40 2,13~ 1L.532 2.680— L85
10 2:05= 1.75 2 05— 155 2:15= 1.70 2.00- 1.84
20 2,05~ 1.65 2,05~ 1.60 2.10- 1.70 2.00- 1.82
50 2.05- 1.58 2.05- 1.62 2.05- 1L.70 2.00- 1.77
100 2.05- 1.54 2505~ 1.62 2.05= 1.70° 2:10= Ll.77

200 2.05- 1.54 2.06- 1.60 2.10- 1.67 2.10~ 1.73




00 U430 500

-43-

2.10-1.771 compared to the true value of 2.06-1.551. With the true
optical constants for film and substrate, a film thickness could

not be derived from the measurement.
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V. EXPERIMENTS

Experimental observations of the effect of boundary layers
on ellipsometer measurements have been made for comparison to theoretical
predictions. Boundary layers have been generated by the electrochemical
deposition and dissolution of copper from aqueous copper sulfate.
Measurements have been conducted for pure diffusion, convective diffusion,
and natural convection.

A. Apparatus

An automatic e111psometer]2 was used to conduct the measurements.
The instrument is of the se]f—compensafing type,and employs Faraday
cells to rotate the plane of polarization of light at 546.1 nm wavelength.
From the degree of rotation, the change in relative phase and amplitude
are derived. Figure 27 shows the arrangement of the ellipscmeter to
allow observation of convection-free Cu deposition. The same
arrangement was used for observation with natural convection during
Cu dissolution. Alignment to a 75° angle of incidence was achieved
through auto-collimation of a beam directed through the optical axis
and reflected from an accurately cut prism mounted at the specimen
location. The mechanical design of the support for the optical train
allows the compounds to remain securely locked in position to maintain
alignment.

Figure 28 shows a close-up of the optical cell housing the electrode
being observed. The light enters and leaves the cell windows at
normal incidence. The working electrode is directed face-down. For
alignment purposes, the cell is mounted on a coordinate table giving

x-y translations. The coordinate table is mounted on an adjustable
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CBB 7510-7285

Fig. 27. Arrangement of ellipsometer components for the observation
of convection-free Cu deposition from CuSO4.
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Fig. 28. Close-up of cell for convection-free diffusion experiments,
showing reference electrode and 1iquid-circulating pump.
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tripod base to give 3-dimensional rotations. The cell has four
additional openings, as depicted in Fig. 29: (1) a capillary tube

for the reference electrode; (2) a mount for filter medium used to
bubble nitrogen gas for the removal of dissolved 02 from the solution;
and (3), (4) inlet and outlet for a "vibrostatic" pulsation pump

used to remove the boundary layer formed in convection-free deposition
by stirring the solution.

Forced convection experiments were conducted at 75° angle of
incidence with the ellipsometer components mounted horizontally. The
electrode was held vertically in a cell (Fig. 30) constructed to
allow suitable entrance length to obtain fully-developed flow, as
shown in Fig. 31. Alignment used the sarme autocollimation technique.
Gravity feed supplied the electrolyte flow, which was measured with
a rotameter.

B. Specimen Preparation

The electrodes are Cu specimens with approximately 1x3 cm active
surface. Polycrystalline samples fit in a cylindrical acrylic holder
which mounts in the optical cell. The electrodes are detachable to
allow study by scanning electron microscopy. "Kynar" has been used
to electrically insulate the sides of the electrodes.

Single-crystal electrodes were also used for study. The electrodes
were cut by eiectkochemica] machining from two sources of copper
single crystals: (1) crystals were arown by the author in a carbon
mold from high-purity copper using the Bridgeman technique; (2) a
crystal (notebook number 5935-34220) grown by T. Kosel using the

same technique. The crystals were cast in epoxy due to their irregular
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Cross-section of stagnant soiution cell.

A
B

cell body

observed electrode approximately 1x3 cm2 area

body for electrode (acrylic, exchangeable)

electrical connection to electrode {(chrome-plated brass)
O-ring seal

adjustable body for controlling electrode depth
(chrome-plated brass)

sealing nut for electrode body (aiuminum)
washer (Teflon)

0-ring for electrode body (silicone rubber)
holder for electrode body (polypropylene)
screws for attaching ho]dér to cell boay
0-ring seal for holder

frame for window (acrylic, glued to cell body)
sealing nut for window (acrylic)

support for counter electrode (acrylic); also position
for aiaphram

counter electrcde, ccpper

0-ring for cell window

cell window

pressure sleeve Tor cell window
screvis for attaching fourth side

0-ring seal for fourth side
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capillary outlet for reference electrode
outlet for sparcing N2

pump outlet

pump inlet

in fourthsicde above cross section
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Fig. 30. Cell for forced convection experiments. Taken from Ref. 35.

A body of flow channel (acrylic resin)

B observed electrode (anode), 1.2%x3 cm area

C body for observed electrode (cast epoxy, exchangeable)
D electrical connection for observed elactrode (brass,

silver-soldered to electrode)

E sealing nut for electrode body (polypropylene)

F washer (Teflon)

G 0-ring for electroce body (silicone rubber)

H holder for electrode body (polypropyvlene)

I screws to attach observed electrode with holder to

flow channel

J 0-ring seal for electrode holder
K counter electrode (cathode), 0.9%2.5 cm area (314 stainless)
L sealing material for rectanguler counter electrode in

round cavity (epoxy resin)

M stem for counter-electrode (stainless, silver-soldered)
N 0-ring seal for counter electrode
C ‘acorn nut with electrical connection for counter

electrode (stainless)

P electrical connection for counter-electrode

Q cell window (plate glass, 0.25 in. thick, 0.7 in. diam.)
R 0-ring for cell window

S pressure sleeve for cell window (PVC)

T sealing nut for cell window (brass)
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shapes resulting from cutting. X-ray diffraction was used to determine
the orientation of crystals for cutting, as well as for developing a
mechanical polishing technique to minimize surface damage in the
crystal. Figure 32 shows the acrylic electrode holder, a polycrystalline
electrode, a single crystal (mounted in epoxy), and an electrochemical
machining tool used to cut crystals. The tool descends vertically
to expose a planar surface of the desired orientation.

The electrodes were polished mechanically using. various grades
of abrasive, down to a 1y diamond paste. For the single crystals,
controlled electrochemical dissolution removes layers damaged by the
roughest abrasives. Re-polishing at the 1u level gives a good optical
finish. A clean wheel for the final polishing is important to reduce
lTattice distortion of the surface Tayers.

Prior to use, the electrodes are cleaned by cathodic evolution
of hydrogen in 1 M NaOH for 3 min at 300 mA/cm2 current density. This
removes organics adsorbed on the surface and reduces much of the air-
formed oxide.

C. Procedure

1. Convection-Free Diffusion

Observations were made of galvanostatic deposition of Cu from
0.2 M CuSO4. The influence of the mass-transport boundary layer
was determined by mixing the solution inside the cell at the end of
the deposition period. This method was necessary to overcome the
effects of surface changes during deposition. Figure 33 shows a
typical experiment. The baseline in the figure for measuring &A

was verified by observing A and ¥ remaining constant after current
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XBB 7510-7340

Fig. 32. From left-to-right, electrochemical machining tool
for cutting single crystals, Cu single crystal electrode
cast in epoxy, acrylic electrode holder, and polycrystalline
electrode.

Cu
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Fig. 33. Experimental observation of cathodic convection-free Cu
deposition from 0.2 M CuSO4. Single crystal electrode of
dimensions 2.7x1.2 cm.
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interruption when the solution was not mixed.

2. Forced Convection

Convective-diffusion mass-transoort boundary layers were generated
by potentiostatic deposition and dissolution of Cu from 0.1 M CuSO4.
Surface changes due primarily to roughening and oxide formation are
again present. These were overcome using a current-interuption
technique. Single crystals were used to control surface roughness.
They are most effective for dissolution experiments, when their
cubic-close packed structure can be retained. However, in the early
stages of deposition when the deposit is thin, the single crystals
were found to reduce the noise in‘the ellipsometer measurements.
Figure 34 shows the measurement of SA and Sy for an electrolyte flow

corresponding to Re = 600.

3. Natural Convection

Natural convection experiments were ccnducted by potentiostatic
dissolution of Cu in 0.2 M CuSOa. Single crystals were used, and
sufficient time was allowed for steady state to be reached. Figure 35
shows the measurement of 6A. The pump was not necessary to remove
the boundary layer. One observation is that the magnitude of the
oscillations in A during dissolution agrees with the value of A
measured after current interruption.

4. Growth of CUZO Films

Observations were made on the anodic dissolution of Cu in

0.1 M CuSO4, accompanied by growth of cuprous oxide films. The convective
diffusion case was observed. As shown in Fig. 36, copper was deposited

onto the electrode prior to dissolution to reach an oxide-free surface.
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D. Method of Analysis

The equatioﬁs describing mass transfer présehted in Section II
indicate that for ﬁhe experimental cbnditiohs investfgated, the
thick—fi]m‘]imft for the méss—transpbrt boundary layer app]ieé.
The‘caTcu]athnS presented in Section IV have shown*that 84 and &y
depend upoh-the'optical constants of the subétrate. -Cé]cu]ations 
which model syrféce roughness and oxide films as homogeneous 1ayer§
show that, in génera1, the values of 84 and &y arendjffereni from
values ca]cu]ated using an e%fective substrate formed by determining
optica1‘consiant§ from the values of A and Y givenﬁbylthe %i1h/actua]-
substrate system. &A decreases and S increases fof CuZO fi]ﬁé and |
roughening Cu, with Sy being more sensitive than SA. - These trends
for 84 and &) were observed for forced convectfoh. lThé'effectﬁve
substrate approabh is applicable for small rbughnéss CQndftions;
Comparison of the interfacial concentrations determihed from SA and &w
give an 1nd1§ation of whether or not effective subétrates may be used.
When &A and &y give interfacial ;oncentrations in agreeﬁént, optical
constants for-an effective substrate are determined from the
experimental vaTues of A and ¢ in the absence of the boUndary layer.
Figure 37 rertes A and ¢ to the effective substraté obtica1 constants
n - ik. | |

Calculations have shown 8A to vary épproximatejy.1inear1y with
6n; for AC(= C, - C;) < 0.3 M CuSO,, as indicated in Fig. 38.
Figures 39 ahd 4O give values of 8A and &) for various effective
substrate va]uéé and AC = +0.1 M CuSO,. The method for determining

4
interfacial concentrations used here is to first determine the effective
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Fig. 37. Ca]cu]ated;re]étionship between A; ¢'éhd'substrate refractive

index n - ik. Incident medium refractive index n = 1.3374.
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Change in Anolyzer Azimuth, §A, deg.
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Fig. 39. Dependence of change in polarizer and analyzer azimuths _
with effective Cu substrate optical constants neg = n - ik.
Cathodic deposition (AC = 0.1 M) from 0.1 M Cu504,.
¢ = 75°. ¢ = A-90, A = 90-2P. -
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Change in Analyzer Azimuth, §A, deg

with effective Cu substrate optical constants n_

=n - jk.

Anodic dissolution (4C = 0.1 M) in 0.1 M"CuSO’,Li = 75°,
v = A<90, A = 90-2P for zone A3. .
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substrate refractive index from measurements and the use of Fig. 37.
Linear interpolation (or extrapolation for AC > 0.1 M CuSO4) of the
experimental values of 6A and & from the values given in Fig. 39

and 40 gives the interfacial concentration.

Cpmp]ications

| For 1arge.c0ncentration differences occurring across the Boundary
layer, linear interpolation is no longer adequate. Equations (20)

and (21) must be modified to include the non-linear dependence of
refractive index upon concentration. It might also be desirable to
use a more accurate déscription of the concentration profile. The
actual implementation of these refinements into the mu]fip]e-fi]m
ca1cu1ations'$re quite easy, however. For the progﬁam'INFILM in
Appendix C, this is accomplished by adding the corresponding algebraic
equation into the subroutine PROFYL (with the appropriate routing

Togic statements).



-67-

VI. RESULTS AND DISCUSSION

il

A. Convection-Free Diffusion -

Figure 41 Pre§ents interfacial Concentfafionsdés a function of t]/2
for electrode curreng\dehsities of 5, 10 and_Zb mA/éﬁ?.' There is a
systematic deviation from the Sand'Eq. (7). The direction is consistent
with an anaTysis by 'McLarnon]O wﬁich'so]ves'Eqs. (3)'tthugh (6) with
allowance for variable D and t,. Other”sourcesaof deviation, which

would result in tHe‘same trend, are convection due to the fact the
electrode does not cover the whole cell, and the use3qf an effectivel
substrate in the.ana1ysis scheme.. It is believed thaf.these three sources
of deviation have been presented in the order corrésbdhding to their

relative importance.

B. . Forced Convection

Table IV presents forcéd—convection results which verify the
independence of éTTipsometer parameters.upOn film th{tkhess and their
sensitivity to interfacial concentratioh. The largest deviation 'is
observed for the dissolution results. The deposition experiments
were performed on surfaces with small roughness, while tﬁe dissolution
experiments were done with surfaces having oxide films.:;Most of the
deviation for the'condition AC = 0.714 is probab]y'dué'to the use of
an effective szStrate. Another possibility fs the decrease in current
.efficiehcy dué to the oxide film formation.

Figure 42 presents the change in concentration écross the boundary
layer as functﬁons of Re and curreht density for potentiqstatic deposition
- from 0.1 M CuSO%p The major source of experimental érror:is the

electrolyte fioW'rate. The dashed line in the 1aminar'régime is from

Egs. (12) and (13).. The deviation at low Re is probably due to natural
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Table IV. Experimental test of computed changes in e1]1psometer parameters A and ¢ due to the
presence of mass-transport boundary layers with different thickness and concentration
difference. Electrochemical deposition and dissolution of copper in aqueous copper su]fate,'
o = 75°, A = 546.1 nm, convect1ve d1ffus1on

Boundary Layer = o Chahges in A - _ - Changes in v
S ‘Tﬁickﬁesé Conc. Difference Calculated 'Expéfimenta1' Calculated Exper1mentai
Nature T , M CuSO4 deg - deg deg . _ deg
Deposition 50 -0.016 0.23 <030 +0.08 4016
50 -0.096 -1.39 .40 +0.18 +0.18
87 -0.083 S5 Ta138 401 404
26 . -0.080 1.6 1.6 +0.13 +0.20
76 1-0.094 1.3 1,36 . 40117 ,'fo,zs«::7
Dissolution - 80 0.108 S #1548 4167, -0.23 - 030
| 80 0.206 +2.93 f3,oz_ T 030 o2

C e 0714 4892 4850 099 -1.42
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Fig. 42. Experimental dependence of concentration difference on electrode current density
: and Re for cathodic deposition of Cu from 0.1 M CuSO,. Convective diffusion.

- - - given b% Eq. (12),
/

given by Eq. (30), for v = 1.065x<1072 cmé/s,
D = 5:10°6 cn?/s, and t, = 0.385.
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convection being superimposed on forced convection.. The effect would

be to. provide a more uniform current density in reiatioh to the X]/3

dependence givén.in qu—(12). Increased transport in the center of the
electrode, whérev£he measurementé are made, would increase AC.

The solid curves in the turbulent regime are a least-squares
correlation of the data found here to be |

6.743 . 1/3

Nu = 0.042 Re Sc

The correlation used a constant value of D = 5x107° cm/s. By considering
only values of AC > 0.070,

Nu = 0.035 Re- 763 5173

Insufficient data were obtained to determine the Re dependence close
to Timiting current. However, the reSu]ts do;not‘séem to be in-
consistent with Hickman's7 results if the dependence of D with ¢ is

taken into account.

C. Natural Convection

These results afe_meant to be qualitative. Thé.vaiue of SC in
Eq. (18) was first assumed to be in the regime of the:thick-fi1m Timit.
As no information may be obtained by.e]1jpsometry-%orléc, the cdn—
centratidn driving force was correlated by using the length of the
electrode (2.7 Cm’ as the characteristic length in the’Grashéfvnumber.
Table V presents this result. The average value of fﬁe coefficient
was K = 5.42.  The.approximate value of'éc was detérmined by using
Eqs. (17) and (18). The value of § = 2.7 cm was decreased such that’
K decfeases from 5.42 to the.vélue 0.265 given iﬁ Eq. (17). This gives

§c = 50 w, which;ié in the thick-film limit. Effective substrate values



Table V. Experimental correlation of the concentration driving
force occurring in natural convection. Cu dissolution

in CuS0j.
Current Density AC :
' . " : * : - -
ma/en®  Mcuso,  (6rse) /YT ko= nuerT4scnVE

5 0.016 77 989  5.59

10 0.028 200 1130 5.54

15 0.041 223 1160 5.22
20 0.050 236 1270 5.36
30 0.069 255 1380 5.39

40 ~0.087 270 1460 5.39

" _
The Grashof Number has used the length of the electrode for a
characteristic length instead of 6C, the boundary layer thickness.

-2L-
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vere used in the.ana1ysis; although an oxide 1ayef was present. This
procedure woqu.result_invAc values sma]fer than the.attual values,

"and 8c would subsequently be slightly greater.théd SO ﬂ.(w{tﬁin a factor
of 2). |

0 Film

D. ’Growth of Cu2
Figure 43 is a plot of ¥ vs‘A.fqtpfhe growth;pf a Cu,0 layer

accompanying the anodic_dissb1u§ion processhgiveh in;Fiél 35. The

» refractive index of the copper substrate following deposition is-

1.14-1.88i. Iﬁ the initial portion of the disso]utidnjprocess,

the substrafe is roughened cons{derab1y, givi;g a Suﬁstréte refractive

index o% 1.9-2.0i. A homogeneoqus oxide fi]m of refrattive.indék'j |

2.45-0.607 fits the experimental curve up to point~P].  The thickness

of the oxide layer has been indicated along the chVe,’,The discbntinuity

in the curve.at P1 corresponds closely to the point where transport

theory (Eq. (]2)) indicates the interfacial concentration reachééithe

solubility Timit of CuSO, in water. Point P2 is a second discontinuity .

4
: ’The‘eXpekimentdi data have not been interpreted beyond Pl because
experimenta1’observations'ﬁn addit{oh to the 2—parameter ellipsometer

measurements are necessary to uniguely classify the surface.
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, deg

A\ 20}

10

L L i L ! 1 ]

Fig. 43.

o - 20 : 40 60

A, deg
) XBL 7510-7441

Variation of A and y for Cu dissolution in 0.1 M CuSO,

accompanied by oxide film growth. Convective diffusion with

~Re = 600 corresponding to an average linear flow velocity
‘u = 8.7 cm/s. Film thickness indicated along curves.

Electrode area 3.2 cm®. Current density varies from 140
to 175 ma/cm?. '
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VII. CONCLUSIONS

For most transport cond1t10ns in 11qu1ds, the effect of mass-
transport boundary 1ayers 1s sens1t1ve to the refract1ve index
(concentrat1on, temperature) at the interface but not to the th1ckness
of the layer. The magn1tude of the effect great1y depends on the
angle of incidence and the opt1ca1 constants of the so11d phase
The effect can reach amounts that can s1gn1f1cant1y a]ter the inter-
pretation of measurements. The e]11psometr1c determ1nat1on of
interfacial concentration complements the observation of boundary
lTayers by interferometry3 where this guantity may oe dftficult to

derive precisely from the observations.32’33
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. APPENDIX A. PHYSICAL PROPERTIES OF.,CuSO4

- Refractive Index, n'

~

The PhySica1 refractive index n' (Appendix B, p.90) of CuSO, at

¢

546.1 nm ané1ehgth was determined with a Bausch and Lomb refractometer.
The measurementvis;made by rotating.a‘prism (#749)v6f known refractive
index n = 1.5256vuht11'tota] reflection at the so]ution—prism

interface is obtained{‘ A sample of 1.0 M CuSO4 was brepared from

CuSO '

-5H,0 and diluted to 0.1, 0.2, 0.5, 0.65 and 0.8 M samples.

4 72
The Tleast squares fit for O <iQ'§:O.2 M as a function of temperature is

n=ny o(T) + (0.0290 & 0.0002) C . )
H2 0 . k'.r‘;“‘_ ‘ . i
~ The slope agrees with results presented;bnycLarnohf]O At 20°C,
Ny g = 1.33447; compared with a Titerature Va]ue of‘1.33445.]3 The
2 . _. :

data are presénted in Fig. Al.

Absorption Coefficient, k'

The imaginary part of the refractive index k' is related to the

absorption of 1ight by (Appendix B)

‘a is determined from intensity measurements by =

109,,(1/1,) = g z(cn) - (3)

From Refs. 14 to 20, &10 = 0.177C. Converting to the_natural logarithm,

a = 0.408C cn”! - o (4)
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Fig. Al. Dependence of refractive index on CuS0, concentration.

Temperature dependence indicated next to curves.
Refractive index measured by author.
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Use of Eq. (2)'gives‘

6

k' = 1.77x10"8¢

' fofusion Coefficient, D

The.dependehce of the diffusion coefficient upon concentration is
presented in Fig. A2. The data are found in Ref. 21 and taken from
Refs. 22'and 23. . |

Transference Number, t.

The dependence of the transference t _ upon concentration is
presented in Fig. A3. The data found in Ref. 21 were taken from"Ref. 24.

Viscosity u and Density p

Theidependence of viscosity v and density p upon. concentration js

presented in Fig. A4. The data were taken from RefsJ:ZS’énd 26.

-
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Fig. A2. Dependence of diffusion coefficient D on v'_(;uS(bA
concentration. Dala taken from Refs. 22 an’_d_v"/i.%.
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Fig. A3. Dependente nf transference nUmbeht+ on CuiﬂA concentration.
Data taken from Ref. 24. o ' : '
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. R4. Dependence of density o and viscosity i on CuSﬂA'Concentration. Data taken

from Refs. 25 and 26.
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APPENDIX B. FRESNEL AND DRUDE EQUATIONS.AND THE
ELLIPSCMETER PARAMETERS ¢y AND A

This section presents the derivation of the reflection coefficients
for both reflection at a bare surface and reflection from a film-
covered surface. The ellipsometer parameters ¢ and A are also

introduced.

The Eiectromagnefié Theory of Ref]ection

The classical description of the reflection of 1igﬁt from a.boundary
between two media is based upon the macrostopic MaxWéTT;Equations.
The assumptions {ﬁvo]vea‘are that the sﬁrface is p{anar, both media
are continuous, linear, and isotropic, and each field.is represented
as a monochromatic, sinusoidal disturbance.

This dgrivation gives the Fresnel equations, whicﬁ represent the
ratios of,ref]ec@ed to incident electric field 1ntensitjes for two.
vorthogona] states of polarization. XWith the exceptionlpf Section 2,
which is originai, this work is a modification of the hOtation'used
27,28 -

in a derivation presented by Muller and Mowat.

1. The Maxwell Equations

Light 1s_éssumed to obey the macroscopic Maxwell Equations (1)

through (4):

->

div D o= dnpp (1)
2__1 8B
curl B = - = 5% R - (2)
divB=0 ~ @)
-+ . ) . . Lo
curl fi =120 4 415 (4)
_ ¢ 3t ¢ “free .
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in addition,

- -»> > .
D=E + 4np - (5)
> 3 > ’ .

B=H+4mM . | (6)

E is the electric field intensity, P is the electric polarization,

->

- .
B is the magnetic induction, M is the magnetization,_j is the free

free
- ' >
current, H is the magnetic field intensity, D is the displacement
current, and_pfree the free charge density.
The following assumptions are also made:

(1) The media considered are all linear and isotropic, that is

¥
v

P =XE ,M =XH ,d =of (7a-c)

and the magnetic and e]ecfric susceptibilities Xe ahd Xm as well as

the conductivity o aré constant throughout space. The subscript s

refers to theispatia]]y dependent parts of fheir corresponding vectors,
(2) The equation of continuity holds:

ap
free _ .7
at div L]fr‘ee : : (8)

(3) Each field quantity is represented by a monochromatic, sinusoidal

disturbance. For example,

> _ > > ﬂ :

E=e OtZIEI cos(wt - ker) = . (9)
The term e-az,fepresents the amplitude attenuation in the direction
normal to the reflecting surface, |E| is the "undampened" amplitude,

w is the frequency, E is a vector in the direction of propagation,

>,
and r is the position vector.
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2. Wave Propagation

As shown in Ref. 29, the proper application of the.Fouriér cosine
- representation of a function demands that

. > >
i (wt-k<r)

- ; > >
- : - > _' - . -
26 2 E| cos(ut - K-¥) = Fe Hwt-ker) -az

Ere”
+ e
0] o]

-

where E0 is a cohétant, compTex vector. |
waever, éé will be shown.for Eq..(]), thé-fa;t‘that the Maxwell
-Equations are se]f;adjoint, wi]i allow a simpler repfesentation:'rf
Substitute the‘fi(st term on the right in Eq. (10) into Eq; (1)

to yield

e-az[-iksin¢ - ikcoso - o] ,
r o r
(1a)
> > L. i > >
[cos(th— ker) + 1s1n(wt - kfr)] Eo _'4Wpfree
where k is the magnitude of k referred to Fig. Tb.
Substituting the second term on the right in Eq. (10) into
Eq. (1) gives: V
e—a2[+iksin¢r'+ ikcos¢r - o]
(1b)
. > > o > > *
“[cos(wt - ker) - isin(wt - k-r)]_EO = 4”pfree
The complex conjugate of Eq. (1b) is identical to Eq. (la). As
% > o
EO obeys the same relationship as does.Eo, we need only.solve for
Eo‘ This is also true for Egs. (2) through (4).
Therefore,
> > gz 1(wt—z-:) 2 +iwt :
E=Ee ‘e = Ee - (11a)

o] s : , :
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Proceeding with similar assumptions gives:

o2 gt : > _ 7 dwt

P=Pe Jtren = Jse

—>‘ > 3 -> >

B =Be"t M=Meot . (11b-g)
| s s

B =t’5$e1wt . ﬁ = ﬁse.lwtf

The fact that the Maxwell relationships are ée]feadjoint is
implicit in Eqs. (1la-g). - |

Substituting for J into Eq. (8) and integratfng,with respect -

free

 to time gives.
) et | (2

Eliminate the time,dependence from Eqs. (1) through (4). Substitute

Egs. (7a-c) into Egs. (1la-g), then into Egs. (5) and (6), divide
eiwt ’ '

out the common term to leave
o . >
Bo= (1 amx) £ o (5a)
B = (1 + anx ) H | | (6a)
s ( Tm! Mg : e d
Equivalently,
e _ E > > ‘ S b
DS = ek, BS = uHS 3 - (5b,6 )

Substituté Egs. (5b) and (12) into Eq. (1) to give

. dro \ = _ ‘ 3
d1v<s: - A 1) E =0 . _. (1a)
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-
Since
o ,
_ o lwt _ iwt
EY 1wBSe = uuuHSe s
equation (2) can be written as
o | N
| curl Es = - iwp/c HS

Eqﬁation (3), using Eq. (6b), becomes
djy uHS =0
Using Eqs. (5b), (11f), and (7c), Eq. (4) becomes

.—}_‘_ -_m—>
curl Hs = 1w/c<§ i " ) ES

Taking the curl of £q. (2a) and substitute Eq. (4a),

> 2,2 . 4o >
curl curl ES = wu/c G: - - ) ES

The L.H.S. of Eq. (14) equals:

1 curt £ = grad div . - v°F
cgr curl B = gra 1Y s~ v ES

As ¢ and o are isotropic,

3. The Complex Refractive Index

By defining

2 ( . 41ro>
n_. = ule - 1 — s
c w /.

(2a)

(3a)




.

Eq. (15) becomes

PR

VE + 9§-n2+
C

oS Es =0 - (15a)

The quantity ne is the complex index of refraction and is further

defined by

e '»z' n -k - (16a)

k replaces the conventional use of k for the purpose of clarity. As
shown in Refs. 29, 30 énd 31, Eq. (15a) is satisfied by Eq. (11a)
if the magnitude of E,

k = w/v | L (17)

where v is the velocity of the propagation of Tight in the medium.
The ratio of the vacuum phase velocity c¢ to the phase ve]oéity
v is the physica] index of refraction n'.
c¢/vzn' . : (18)

Thus

k.

=W e _ ' : l . .
w/v = cn kOn' _ (17a)

where ko refers to the vacuum propagation vector.

Expanding E-; (vis Fig. B1) and inserting into Eq,.(11a) gives

F =F -1‘1’-&[1a)+cos¢]-i.: (19)
s o EXP c Lxsing + 2z r az .

Define
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Z= - — o
Absorbing
medium
y .
"
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3
MUB 12898

Fig. Bl. When 11qht propagates in an absorbing medium, the-
propagation véctor k forms an anyle dy with fhe norimal
to the surface of the medium while the attenuation
vector a lies q]onq the normal. Planes of equal phase
are normal_ to k while p]anes of equal amplitude are
normal to a The angle ¢y is the real angle of refraction

- in the medium, while the plane z = 0 i5 its surface. The

figure is taken from Ref. 27. o '



and

= n' - ik . (I6c)
From Eq. (20),

o= A B (20a)

Equation (19) now becomes

o . '

E - Eo exp[; i?n' x<§in¢r + z(cos¢r - i ET>>] ; (20b)

It is very useful to be able to relate the four quantities n,

K, and n', «'. The proper expressions are found to be?7’30 :

and
nK = n'K'cos¢r . ' - (22)

Equations (21) and (22) connect n' and k', physically measurable

quantities which are used in the descriptﬁve Eq. (20b), with

n

c T n- ik, which will be found to occur in the equatiOns which

describe ref]ectﬁqn from an interphase.

4. The Boundary Conditions for Reflection

With the definition Eq. (16) for ng, Eqs. (1a) and (4a) become
div n’E =0 | | (16)
. Cc S

1H = -ik
.cur HS = - 0n
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The boundary conditions; which are a conservation of,eﬁergy across
- the reflecting Surface, are néw derived. Let‘two'hOmogeneousbmedja
be separated by a plane boundary, with n the unit hb?ma1 véctor in
either direction. .Construct a surface o as shOWn,féhd Tet the thickness
of the volume t enclosed by o be small comparéd wiih'the‘width, and

also small enough to assumeé small changes in the various fields.

Medium > “Medium
I S A

The app]ication‘of Gauss'§ Theorem
f div Fdt =  n-Fdo
t g . :

to Eqs. (1b) and (3a) ines, as t »~ 0;

2> > 2—>._> v : -
neiEpen = noEyen : B (35a)
>, >, . ’ v
,‘H]-n = H2-n . - (35b)

Stokes theorem,
f curl F =f ;x?do
t. 0]

when applied to Eq. (4b) and Eq. (2a), gives the reSu]t_that
E]gn = E2xn - | (35¢)
T T (35d)
H]xn = H2xn ‘

Thisroccurs-bécause‘as t strinks to zero, the right-hand sides

of Egs. (4b) and (2a) approach zero.
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2
c

The bouhdéfy conditions require the normal componénts of n’E and
H and the tangential components 6f E and ﬁ to be Continuous across the
surface.

Consider ‘a plane wave suffering reflection and‘refraction.- Figure B2 )
: shows the coordinate system and the sign cohventioh.fo be used. The
subscript p refers to the polarization of E parailel to the plane of
incidence, whiie_s refers to the polarization norma]ité_the p1ane of
incidence. E,'E", and ' refer to the incident, reflected, and
refracted waves;  The xz plane is the plane of incidence while z = C
corresponds to_thé boundary between the two absorbing media. The
corresponding ﬁ“Qectors are directed such that the veﬁtor EXﬁ in a

-

right-handed coordinate system lies along k.

. -> > .
For the incident vector E, when E0 is expressed as

CE= €1pr + Esy + e3Epz , | (23)

values for ei and é3 which provide unique solutions to Egs. (1)

through (4) are27'
€y = COS¢ - 1Ko/n0 : o (24)
ey = -sing o : (25)
> 27
When H, s represented as
A, = ﬁoegp[- 0 (xsing + z(cosd - m(')/n'('))v)]' , (26)
12 ’ | .
Ho=n'|-E Ciet/nt) R 4 E (1 - 0L g 2O 17+ E_singZ (27)
Ho = |- s(C0$¢v-,1Ko/no) x_ o\l - ;T?-— i ﬁg-cos¢vy ' ss1n¢z )



0

Fig. B2.

U s B d305027

>

\XBL.7110-7420

Coordinate system and sign convectidns for the electric’

field (positive direction of Ep and E¢ in. incident,

reflected and refracted waves is indicated by arrows).
The propagation vectors are presented by k_. k' and k;.
Subscript p stands for polarization parallel Lo the pf@ne
of incidence and subscript s stands for polarization
normal to the plane of incidence. The complex index of
refraction of the adsorbing medium is designated n - ik.
Figure taken from Ref. 28. :
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The expressions for-E' and E" are found by priming Eqs. (23) through
(27), with X ~ =X and 2 - -3 for E".

To presént'the final representations of the electric waves, Snell's

Law
nising = n'sing , (28)
is used.
N Ko\ ~ . R ,
E={E{cosd - 1 —}x +Ey-Esinpz , (29)
p ong SO | o

. ‘ ©!
exp %ﬂl- ct - n6<%31n¢ + z(%os¢ -1 59>D>
0 : 0
-> | K'(') ~ R . A C | -
E" = -Ep co§¢ L R + Esy - Ep singz 7 (30)

. N k!
exp %TU— <ct - n(‘)<xsin<1> - z(cos¢ - n—?—>>>
0 : 0

-

K '
T s ___]_ < RN 1 : 2 .
E' = <%p<%os¢r - ni> X + Esy Ep s1n¢r%> (31)
. - Ka
exp %El ct - n'xsing - niz cos¢k -3 El
0 0 1
. _2m
The relation w/c = 5 has been used. v
0 . ->

. > -
Expressing only the pre-exponential terms for H, H' and H":

. é R Kéz ZiKé R
H = ng —Es cos¢ - i =) X + Ep 1 - ;——»— ~Hg*-cos¢ y + Ess1n¢z (32)
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r L , 2
> Ko “o
H" = n! E;<cos<b - n—'> x + E"11 —% - (33)
0 n'
| 0
- e L. @f 2] .
H' = n -ES cqs¢ - i HT— X + Ep 1 - ;T-— ni cosd, iy + ES sing z (34)
| 1 |

The boundary conditions at z = 0, if it is assumedfthat no surface

charges or currents exist, are that30

the components of § and ngf normal
to the surface and that the components of E and H bara11e1 to the

surface be continuous:

2 Zz 2u _ 2 1.5

nco(E + E")ez = nc]E z (35)
(H+H") 3 =hH'e32 (36)
-> > ~ > A

(E + E") xz = E'xZ . (37)
(F+H) x2 - Xz . (38)

Expressions are now derived relating Ep, Eé; E;, Es

v s Esf and E;,
using Egs. (35) through (38). Substitute Egs. (29), (30), and (31)

~into Eq{ (35) and evaluate at z = 0.

n2o(-Ey = Ep) sing = nlq(-E) sing,)

or -
nl n? R
_-ﬁf—(ﬁp +EN) = _%T ey R - (39)

Substitute Eqs. (29) through (31) into Eq. (37)'and‘eva]uate at z = 0.



, K !
A . 0 " _ .0 ~ : -
-Ep<%os¢‘— i 5;) + Ep<%os¢ i 5§> y + ! (40)

To simplify notation, let

Ko/no =z ko and K]/n] = k.| . (41)
Equating coefficients of y and X in Eq. (40) gives

(E, + En)(coso - ik!) = E)(coss, - ikj) (42)

and

Eg +E = El . : | (43)

By substituting Eqs. (32) and (33) into Eq. (38), evaluating

at z = 0, and equating coefficients,

nO(E

¢ - E;)(cos¢ - iké) = n]‘E;(cosdJr - iki) (44)

and

2

2 - zikicoss) = niE!(1 - kj© - 2ikjeoss) . (45)

ne(E, + EF)(1 -k

p p 17p\

It can be shown that Eq. (45) reduces to Eq. (39). To summarize,
the boundary conditions (Egs. (35) through (38)) give the following

four relations:

h . 2 ] n '_. 2 ] ]
nCO/no(Ep + Ep) = nc]/n]Ep _ (39)

_'(Ep - E;)(cos¢ - ikl) = Eé(cos¢r - ikyg) (42)



Es tEg T Es
no(cos¢ - 1k0)(E - E") = n]Es(cos¢r_- jki)

s S

5. Reflection Coefficients

The ref]ection coefficients are defined as
/

_ E\)reﬂected

v Evincident

where v is .either s or p.

For the present notation,

ry T E/E

By the use of Eqs. (43) and (44), straightforward‘ﬁanjpu]ations yield

o - ki)
r‘ =

S nOTcos¢ - 1k0) + n](cos¢r - Tk}?

né(cos¢ - iké) - ni(cosq

The use of Egs. (39) and (42) results in:

2! st 2| ..-a
nc]no(cos¢ - 1k0) - ncon](cos¢r - ]k])

roo=
P 2 ity ol o
- nC]nO(cos¢ 1k0) n~n

co ](pos¢r,—ijki)

6. The Complex. Angle of Refraction

For absorbing incident and refracting media, Eqs. (49) and (50)

(47)

(49)

may be simp]ifiédbif Snell's Law is modified to incliude complex ahg]es:

n_sin = n'sind = n!sind_ = n_;sin
co ¢co 0 ¢ 1 ¢r cl ,¢c1

This equation is consistent with the further definition27

'hclcos¢cl = ni(cos¢r - 1Ki/ni)

(51)
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7. The Fresnel Eantions

Equations (49) and (50) may now be written

.- NoC0SPco = N 1€0Shey (53)
'S. ncocos¢co * nc]cos¢c]
- N1C0Shrg = NeCOShey
p nC]cosq)CO + ncocos¢c] Y
Alternate expressions are now derived. For rs,vsubstitute for
Ny from Eq. (51).
o ncocosd>CO - nCOS1n¢COCOS¢C]/S1n¢C1
P = n_cosé_ +n_sing_cosé -/sind. (55)
co co co co cl cl
) s1n¢c]cos¢co_- s1n¢c0cos¢c]
» s1n¢c]cos¢co + S]n<bCOCOSd)C]
- STn(¢CO - ¢C])
Sm((bco * ¢c1) .
For o again use Eq. (51)
n3 (cosd sin2¢ /sin2¢ - sind__cosd /éin¢ )
r = SO co co cl co cl cl (56a)
p .3 . 2 4 . . _
nco(cos¢cos1n ¢Co/s1n ooy * s1n¢c0cos¢c]/s1h¢c])

cosdp _sin“d - sind _cosdp ,sing :
( pco 1co Pco ‘c1 1c1)

. 2 . .
+ S1 d in
(qqs¢cos1n ¢co s n¢C0COSQC]S ¢c])

. ) - (‘ .
cos¢cos1n¢co COSpC151n¢C]
sé_.sin + cos sin
co ¢c0 ¢co 0 d)cl ¢c1
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Equation (56a) is trigonometrically equiva]ent27

- ¢

1)

N tan((bco C

p~ tan(o_, * o,

To summarize, let the subscript m refer

1)

=]
i

cm
e = L L
'né = c/vm
' Z n'a/k = ac/w

where

\Ju(em - i4ﬂom/w)v"

t
=

m

to the mth

o is the absorptioh coeffﬁcient

e -l =nf ok
m m m

nK =nk

m-m nEmCOSy

n_sind = n,sin
0 ¢ 1 ¢r

The fef]ectionvcoefficients are

n_ cos - n_,C0S4
p = €0 080y = Nc1€05%¢y -
cos + n_,CO0S
S Neo ¢co cl ¢c1
cos - n_.cos
- Neq©0 ¢c0 NP ¢c1 -
. n_,COS + n__cos
~P cl ¢co co®05%

Es/Es

E'/E
P/ P

~medium involved,

(16)
(16c)

(18)

(53)
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where

npsing, = ng sing - (51)
and |

'ncmcos¢cm = n&(cos¢m - ik&) _ '  ' (52)
where _

Ko = /M - (53)

The Fresnel coefficients " and r may also be written as

sin(o - ¢ )
p o= . _.co “cl . (55)
S s1n(¢>CO +-¢c1) o -

and

- .:‘tan(<bCO - ¢C1)

(56)
p tan(o , + o.q)
The Reflection Coefficients for a Film-Covered Surface.
The Drude Equations
Figure B3 shows the notations used to represent the electric
field vectors for a film-covered surface. The boundary conditions
(Egs. (35) through (38)) become
s Tuy o _ 2 -y T .5 o
nCO(E +E") 2 = n (E' + E )2 o (57)
- - - -
(H+ H")+z = (H'" + H"'")-Z (58)
(E+ E")x2 = (B + E'")x3 (59)
(B + A")xs = (H + A" s (60)
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n — s
co — no lko

Incident Medium

z =-L
Z=0 Film nc-l = n]—lk]
\\ \\ Substrate
N N"em = N ikm
(a)
' ' . . nO
7 =-1 Incident Medium
-EI ) EI!
L =0. Film ng
E : : .
m Substrate n.n
(b)
" XBL 759-7341
Fig. B3. flection from idealized film-covered surface.

Re
(a) Representation by multiple-beam reflections.
(b) Representation in terms of equivalent waves.
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At the first interface, Z = -L. Substituting Eqs._(29)-through (31) into

Eq. (57), and noting ‘E"' is analogous to E', and using Eq. (S]),

ngo T -1, ni] it - -itT
T [Epe + Epe ] = T(,) [Epe + Ep e } (61)
where
.TO = 2nLnCOcos¢CO/AO
T = ZWLnC]COS¢C]/AO

Substituting Eqs. (29) through (31) into Eq. (58), and equating

coefficients of X and ¥, gives

n_coso _ it -iT n_,Cos¢ s
co>"co [}pe o ere é] o el e [}pe1r._ Ele 1?] (62)

n' n
0 0 P

it -iT

o] " o _ 1 1T "o =11 :
Ese + Ese —-ES E (63)

The substitution of Eqs. (32) through (34) into Eq. (60) gives

iT -iT : . .
6] h 0 _ 1 T wi =1 T
ncocosd)co [Ese - Ese ] = nc]coscbd [Ese - .ES e ] , (64)

At the substrate interface, Z = 0. The results similar to Eqs. (61)

through (64) are

2 e 4wy - 2
nC]/n](Ep + Ep ) = ncm/nmEpm | (65)
nC]cosch]/n](Ep - Ep ) = cos<bcm/nmEpm ‘ (66)
ES + E; =_Esm : : (67)

nC]cosd)C](ES - ES ) = Mem cos¢cmEsm . (68)
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Divide Eq. (66) by Eq. (65) to give, after simplifications,

_y _ ] _ EIII/EIv R
MmO  TFETE ] T "1 - (69)
K p P :
Define
'EIH' El =
p /Ep T T2p
' : (70)
- ES /B = Tos \
Equation (69) now becomes
11 - r n_,cos¢ >
2p _ _cl cm | o (71)
. _1.- r2p . ncmcos¢C]

Use of Eqs. (67) and (68) leads similarly to

- "s - ncmcosd)cm ; - (72)
T+ o NepCosdyy I

The Fresnel coefficients, analogous to Eqs. (53) and_(54) are

ro = "c199%%1 " "enem P = "en0%%¢) ~ "e1%0%Pen (73),(74)
2s NeqCOSh y + n_COS 2p ncmcos¢c] * Nn.qC080 4
For the first interface, similar to Eq. (69), Eq. (71),
Lt p L Mer%0 D (75)
1 - r]p ncocos¢C] o
1 + "s =vncocos¢co | _ 76)
-r . nC]cos¢C] . :
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We wish to obtain for the final result
roo= Ev/Ev’ V=S orop : (77)

\Y

Divide Eq. (61) by Eq. (62), rearrange, and substitute Eq. (75) to

give
=21t :
-2it
E_+ E © 1+ El + E!
p . pe = r]P P P € : (78)
-21"[_0 ] - Y‘]p EI - E|||e‘21’f
Ep - Epe p P
A similar expression with p ~ s is obtained for the s component by
using Egs. (63), (64) and (76). Letting v = s or p, Eq. (78) is
-2t v -2it
E + E'e 0 1 +r E' + E'"e
v Y N Tv (79)
. "21’[0 ] —r-]\) El - E“Ie—.ZiT
E - Ele .
v V
From Eq. (79),
21‘To : =2iT
e - + E"/E 1 +r 1 +E"'/E e
AV AV} - ]\) Vv Vv ) (E)O)
ZiT ] - r " —ZjT : ?
vy
Using Egs. (77) and (70),
e21T +.r 1+ r 1+ r -2it
_ 1 2V
(81)
mro 1 Y‘]\) 1 -r. e 21T
e -r 2
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then ry?
21T
- g -1
r,=e R (82)
As £ is the left-hand side of Eq. (81),
E -] (] + r]v)<] * r2\)e_2”> -( - r]v)<] - ere-21T>
N E+1 ~2iT =211 -
<],+ r]v)<1 tor,e >+ (1 - r]v)(1 - o8 )
_ ' (83)
-2iT
riy t o8 .
. =2iT
1+ r]erve

As only the‘ratio of rp/rS is involved in ellipsometric measurements,

the term exp(Zin) in Eq. (82) is dropped. Equation (83) is the
Drude equations. | '
-2iT .
. r + r, e .
ro= Tv 2v i A - o (84)

: -2iT
1 + r]erve

where v = s or p.

The Ellipsometer Parameters ¢ and A

When polarized light is reflected from the boundary which'separates
two media, the:components of the electric field parallel and normal
to the plane of incidence suffer unequal amplitude éttenudfion, and

a phase difference A occurs between them. Let

tanyy = [EI/]E o (89

and

i

tany,, = [E51/1EL] - (86)



-106-

The amplitude ratio is changed by the factor

tan

tany
T
- tanwi

(87)

The ratios Eg/ES'ahd E;/Ep are related to the angles of incidence and

refraction by the Fresnel Egs. (53) through (56). The reflection

coefficients may be represented as an amplitude ratio and a phase

change:

where v = s or p, and the epsilons are the phases'of the various

components with respect to an arbitrary time change.

absolute phase change by

The ratio of the reflection coefficients is

Define also

Then

©
1

g
11

©
1]

=r /r

tany
p''s B tanwi

exp(i(s

p

- 8.))

S

Define the

(88)
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APPENDIX C. COMPUTER PROGRAMS ‘

INFILM . o

The prograﬁ INFILM calculates A and ¢ for a system of up to 3
films, witﬁ each film either being homogeﬁeous, of,ha&ing an
inhomogeneity in the direction normal to the interface described by
a linear, parabolic, orvexponent1a1 profile. For eaCH.fi]m, the
number of homégeneous layers in the multiple-film mode] is ﬁncreased,
Within specifiedv]imits, by increments Qf'lo‘unti].cohvekgenCe of
A and within10;003° is obtained. The maximum hﬁmber.of layers per
film is 999. - |

The computational procedure begins with thevfi1m-next to the
substrate and works upward, as indicated in Fig. 3.

The program allows the conversion from the primed quantities n'
and k' to the unprimed complex refractive index n = ik (Appendix B).
The appropriaté relationships are E

n? o k2=l ol o (1)

nk = n'k'cos¢r N ' (2)

In nand K are'assuﬁed to bé independent of'¢r, thenin"and k' depend
on ¢.. The knOWthuantities are n' (meésured at a given angle, say
dt total ref]ectioh with a prism of known refractivé‘index) and k
(if measured at.normal incidence and, therefore;, equé] tovk').

The variable KCONV controls the.conversion.

For KCONV 5.1, n and k are read in and no conversion is made.

For KCONV = 2, n' and k are read in and the angles in the system
~of films are used for the conversion.
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For KCONV = 3, n' and k are read in along with the refractive
index of the prism used to measure n' at total
reflection.

vThe substrate is assumed to be given as n - ik.

The thickness of each film is free‘to vary. Tﬁe refractive
index of the substrate and the angle of incidence may be varied if
desired. The'refractiQe index of the lower boundary for‘each film
may also be varied.

KFORM(I) is the variable controlling the inhomogeneity of film I:

KFORM(I) = 0, homogeneous film
KFORM(I) = 1, linear profile
(n, - n.)
n = n, + b 5 ! y (3)
KFORM(I) = 2, exponential profile
b
n = n.exp{|in —1| y/¢ : (4)
i n, .
KFORM(I) = 3, incréasing parabola
n=ny b (no-n) [1- (- y/6)%] (5)
i b i _
KFORM(I) = 4, decreasing parabola
] 2 v N v )
n=mn.+ (n -n)( - y/s) : (6)
KFORM(1) = 5, inverted increasing parabola

n=n; - (nb - ni)[] - (1 - y/6)2] o (7)
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KFORM(I) = 6, inverted decreasing parabola

. , 2 -

n=ng - (ng =) - y/6)°] 3 (8)
n, = refractive index at the top boundary of the fi1m :
n. = refractive index at the bottom boundary of the:fi1m

i
“'nis in generaT'comp]ex. The actual value of n(y) is obtained by

integrating the'function between the 1imits a and b of the layer.

As an example, for the linear profile,

| ‘ - -, f2 o\
N o = " (b° -a
e LU < 3 ) 9

Ihput Variables

TITLE -~ . Alphanumeric label

RANGE ' _A]bhanumeric 1abe1

WL Wavelength of Tight, A

PHID AhQ]e of incidence, ¢ deg |

TNO . Reé] part of refractive index (r.i.) of the fncident medium
TNKO '“Imaéinary part of incident medium r.i.

KCONV (1) Cbntro]s conversion of r.i. of incidenf'medium

RPRISM(1) Refractive index of prism measuring r.i. of incident

medium at total reflection

*NPHI o Number of increments for ¢
DELPHI increment for ¢, deg
™s "Reé] part of substrate r.i.
TNKS Imaginaryvpart of substrate r.i.
NF ILMS NUmBér of films, from 1 to 3, integer

NBASER Number_of increments for TNS, integer



NBASEI
DBASER
DBASEI
TNU(I)

TNKU(I)

(1)

TNKL(1)

THICK(I)
NTHICK(I)
DTHICK(I)
KCONV (1)
KLAYU(T)

KLAYL(T)
RPRISM(T)
KFORM(T)
NTNL (1)
NTNKL (1)
DTNL(I)

ITNKL (1)
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Number-of increments for TNKS, integer
Increment for TNS
Increment for TNKS

Real part of the r.i. of film I at the upper boundary.
For a homogeneous film, equals r.i. of the medium above
the boundary '

Imaginary part of the r.i. of film I at the upper boundary.

~For a homogeneous film, equals w.i. of medium above the

boundary
Real part of r.i. of film I at Tower boundary

Imaginary part of r.i. of fi]m I at lower boundary

o

- Thickness of film I, A

Number of increments for THICK(I)

Increment for THICK(I), A
Controls conversion of r.i. for film I

Upper limit for number of layers approximating the
inhomogeneity of film I

Initial number of layers for film I

See PRSISM(1) above

Chooses function describing the inhomogeneity éf film I
Number of increments for TNL(1)

Number of increments for TNKL(I)

Increment for TNL(I)

Increment for TNKL(I)



Input Format for Data Cards

Card No. Co]ﬁmn:— 0-9 10-19 20-29 30-39 40-49 50-59 60-69  70-79

1 o Title (0-80)

2 Range (0-80) B _ | |

3 W PHID  TNO KCONV(1) RPRISM(1) RPRISM(1) NPHI DELPHI

s TNS . TNKS  NFILMS  NBASER  NBASEI  DBASER  DBASEI

5 TNU(I)  TNKU(I)  TAL(I)  TNKL(I)  THICK(I) NTHICK(I) DTHICK(I) KCONV(I)
g S KLAYU(T)- KLAYL(I) RPRISM(I) KFORM(I) NTNL(I) NTNKL(I) DTNL(I)  DTNKL(I)

This is one data set. Any number of sets may follow, with 3 blank cards after the last set.

=Lt

A fixed-point integer (I - N) is right justified in its approbriate column.

Film 1 (I = 1) is the top film.

For a homogeneous film, TNU(I) - iTNKU(I)
incident medium for I = 1.

is the refractive index of the film above film I, or the

5

n

s
i

9 £ 0 ¢
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PROGRAM INFILM(INPUT,QUTPUT)

INFILM CALCULATES DELTA AND PST FOR A SYSTEM

JF UP TO 3 FILMS. THE FILMS CAN BE HOMOGENEOQUS OR
1AVE AN INHOMOGENEITY DESCRIBED 3Y LINEAR,
PARABOLICy OR EXPONENTIAL PROUFILES.

COMPLEX X0y XBASE»XUP, XLOW,XLF,R1S,R1P,R2S4R2P,RSyRPyRHO
COMPLEX DsAsByCyRyOLeX1yCCo XLOWLy XUP L, XBASEinLU

COM2LEX RSH4RPH

OIMENSION RSH(10),RPH(10)

DIMENSION THICK(3)'TNU(3)pTNKU(S)'TNL(3)oTNKL(S).NTHICK(S)
DIMENSION OTHICK(3)yNTHL(3) yNTNCL{3),0TNL(3),OTNKL(B),TITLE(S)
DIMENSION RANGE(G)'KCONV(A)'KFORN(3).XUP(S).XLOH(3).XLOH1(3)
DIMENSION KLAYU({3)},KLAYL(3)

COMMON/RFRACT/RPRISM(6)

COMMON 7/ XINC/TN,SCsyHLyALPHA

THE COMPLEX COSINE
CC(E4+FyX1)=CSQRT(L.-E*E*F*F/xX1/X1)
THE DRUDE EQNS FOR THE REFLECTION COEFFICIENT

R{UAyB+CI=(A+B*CEXP(-C))/(1.+A*B*CEXP(-C})

CONT I NUE

READ 1, TITLE,RANGE

FORMAT(B8BA10/8A10)

IF{(TITLE.EQ. 12H ) GO TO 5u00

READ 24WLPHIL,TNO,TNKO,KCONV (1) ,RPRISH(1)sNPHILZDELPHI
FORMAT(F940,3F1040+110+F10.0,110,F10.0)

READ 39 TNS, TNKS,NFILM,NBASER,NBASEI,DBASER,DBASEI
FORMAT(F9.0,F10.,043110,2F10.90)

DO 5 I=1+NFILM

‘d=Ied

READ 4y TNUCL) y TNKULL) s TNLCI) 9 TNKLII) s THICK(I) NTHICK(I)OTHICK (L)
C »KCONVLY)

FORMAT(FOa0 s4F10404+010+F10.0,110)

READ S, KLAYU(I),KLAYL(I),RPR[)H(J)-KFORM(I),NTNL(I)yNTNKL(I)o
C DTNL (I}, DTNKL(I)

FORMAT({I9,»I10,F10.0,3110,2F10.0)

FORMAT(1H1,3X,8A10/3X,38A10)

FORMAT(1HO 42X, *WAVELENGTH = *,F74.1,*ANGSTROMS ,* * PHI = *,FS.1,
C*0EGREES o */2X*REFRACTIVE INDEX OF INCe MEDIUM = *,F7.443H I ,
CE12a.4)

FORMAT{1HO,2X,*1  NBASE NLCWER{NFILM) NUPPER
CNFILH) T(ANGSTROMS)  KFUKM®)

FORMAT (1HO,2X*2%20 X*NLOWER (NF ILM=-1) NUPPER (NF ILM-1) T (ANGS
CTROMS)  KFORM*®) n
FORMAT(L1HD,2X*3%20X*NL OWER(NF ILM=2) NUPPER (NF ILH=2), T (ANGS

CTRO43) KFORM*)
FORMAT(LHO2X®1*3XoF7 et 92X s F7 oty XF7al,y ZX FTolboXyF74 Q'ZX F7alobX
CF9.1,6X,13)
FORMAT (1H 2Xy‘2'v23XvF7.“;2X.F7-Q,kX.F7.k.2X'F7.4ka.F9.1,6X.I3)
FORMAT(LH 2X 3 ¥3% 23X gy F 7 el 92X gF 7aloguX yF T ales2XyF7alistXyFal146Xy13)
FORMAT(1HO,7X, ¥PSI DELTA AC PC*)
FORMAT(1H +5X44(FB.3,3X))
CONT I WUE
ALPHA—.Ul7h5329252
TN=THO

o 4

-
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VARIES THE ANGLE OF INCIDENCE

DO 1100 NPH=1,MPHI
PHI=PHI1®ALPHA |
XBASE =CMPLX (TNS, -TNKS)

CALCULATES THE COMPLEX REFRACTIVE INODEX

CALL RINDEX(iyKCONV(i)oTNO-TN(UyPHIqXO)

00 10 I=1,NFILHM

J=I+1- B

CALL RINDEX(ISKCONVI(JU)ZTNUCL),INKU(L) ,PHI XUP(I))
CALL RINDEX(I, KCOhV(J)'TNL(I)'TNKL(I)qPHIoXLOH(I))
CONTINUE

SC=SIN(3H D)

D1=(0es1e)*6a*3.1415927/ WL

J=NFILM-1

K=NFILM=-2

© PRINT 19,TITLE,RANGE

PRINT 204HLyPHI1,X0
PRINT 18

IF(NFILM.GT 1) PRINT 17
IFINFILM.GT.2) PRINT 16
PRINT 15

XBASE1=XBASE

VAR[ES'fHE REAL PART OF THE SU3STRATE REFRACTIVE -INDEX
DO 1000 J1=1i,NBASER
XBASE1=CMPLX(REAL (XBASEL) +AIMAG(XBASE))
XLOWL (NFILM)=XLOW(NFILM)
VARIES THE IMAGINGARY PART OF THE SUBSTRATE REFRACTIVE: INDEX

00 990 - y2=1,NBASE]
NL=NTNL{NFILM)

VARIES THE REAL PART OF FILM 1 REFRACTIVE INDEX

00 980 J3=1.N1

XLOHl(NFILH)-CMPLX(REAL(XLOHI(NFILH)).AINAa(XLOH(NFILH)))
N2=NTNKL(NFILM)

VARIES THE IMAGINARY PART OF FILM 1 REFRACTIVE INDEX

DO 970 Ju=1,N2

XLF=XLOWL INFILM)

CAL. COEFF{XLF,XBASE1,R2S,R2P)
CALL COEFF(XLOWL(NFILM) 4XLF4R1SyR1P)
D=.00001*XLF*CC(SC+TNy,XLF)*D1
RS=R(R1S,R2S,0)

RP=R(R1P,R2P,4D) ~
T=THICK(NFILM)

NI=NTHICK{NFILM)

RSH(1)=RS

RPH(1)=RP

VARIES THE THICKNESS OF THE TOP FILM

D0 960 J551,N3

RS=RSH(1)
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RP=RPH(1) ' !
CALCULATES THE CHANGE IN REFLECTION COEFFICIENTS DUE TO FILM 1

CALL FILM(KFORMI(NFILM) 4Ty XUPINFILM)y XLOWL(NFILM) yKLAYUI(NFILM),
C KLAYLINFILM),RS,RP) ’
IF(NFILM.LT.2) GU TO 30

RSH(2)=1S »

RPH{2)=RP

XLOR1 (U)=XLOW(D)

Naz=NTHL (J)

VARIES THE REAL PART OF FILM 2 REFRACTIVE INDEX

DO 350 J6=1,Nb
XLOWL (J)=CHPLX (REAL(XLOWL{J}) ,AIMAG(XLOW(J}))
NS=NTNKL (J}

- VARIES THE IMAGINARY PART OF FILM 2 REFRACTIVE INDEX

DO 340 J7=1,N5

"RS=SH(2)

RP=z=RPH(2)
XLF=(XLOWLLJ)+XUP(NFILM}Y /2,
CALL COEFFU{XLOWL(J)yXLF,R1IS,R1P)
0=0.001*XLF¥CC(SCy TNy XLF)*D1
R3=R{R1S,+RS,0)
RP=R{R1P4RP,0)

T1=THICK(J)

NE=NTHICK {(J)

RSH(3)=RS

RPH({3)1=RP

VARIES THE THICKNESS OF FILM 2

00 330 J8=1,N6
RS=SH(3)
RP=RPH(3)

CALCULATES THE CHANGE IN KgFLECTION COEFFICIENTS DQE TO FILM 2

CALL FIUM(KFORMUJ)»TLyXUP(J) 9 XLOWL(J) 4 KLAYU(J)}, KLAYL (J)92RSHRP)
IF(NFILM.LTL3) GO YO 3G

RSH(4)=RS

RPH(4)=RP

XLOWL (K)=XLOW(K)

N7=NTNL{K) -~

VARIES THE REAL PART OF FILM 3 REFRACTIVE INDEX

00 320 J9=1,N7
XLOWL (K)=CMPLX (REAL{XLOWL(K)) 4AIMAG(XLOK(K)))
N8=NTNKL (K)

VARIES THE IMAGINAKY PART OF FILM 3 REFRACTIVE INDEX

DO 910 J10=1,N8
RS=SH(4)
RP=RPHI(4)
XLF=z (XLOWL(K) ¢XUP(J)D /2,
CALL COZFF{XLOW1(K),XLF4R1S,R1P)
D=0001*XLF*CC(SC,TNXLF)*D1

i &
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RS=R(R1S4R5,D)
RP=R{R1P4RP,D)
T2=THICK(K)
N9=NTHICK (K)
RSH(5)=13
RPH(S)=RP

VARIES THE THICKNESS OF FILM 3
DO 300 J11=1,N9Y .
RS=ISH(S)

RP=RPH(5)

CALCULATES THE CHANGE IN REFLECTION CNDEFFICIENTS DUE TO FILM 3

caLL FILM(KFORH(K).YZ XUP(K) ¢ XLOWIL(K) ¢KLAYU(K),KLAYL (K},RS4RP)

CONTINUE o

XLF=(XUP(K)+X0) /2.

CAL. COEFF(XD,XLFsR1S,R1P)

Dzo1*XLF*CCUSC,TNWXLF)*01

RS:R(RISvQSoD)

RP=zR(R1P,RP,D)

D=D1*X0*CC(SCsTN,yX0)

CALL COEFF(X0sX04R1LS,R1P)

RS=R(R1S4RS,0)

RP=R{R1P,RP,0)

RHO=RP/RS

PSIC=ATAN(CABS(RHO)) /ALPHA

DELC=ATAN2(AIMAG(RHO)},REALIRKO})} ZALVHA

AC=PSIC+90.

PC=z(90.~-0ELC) /2.

IF(DELC.LY.0.) DELC=DELC+360.

PRINT 21 ¢XBASEL,XLOWL (NFILM) ¢ XUP (NFILM) T 4KFORM(NFILM)

IF(NFILMeGTa1) PRINT 224 XLOHL1(J) 4 XUP(J),T1KFORM(J)

IF(NFILM.GT.2) PRINT 23, XLOHl(K).XUP(K).TZ'KFORH(K)

PRINT 24,4,PS5SIC,DELC,AC,PC

CONTINUE ’

IFINFILMeLT.3) GO TO 925

T2=T2+DTHICK(K)

CONT'INUE

XLOdi(K)"CMPLX(REAL(XLOHI(K)).AIHAG(XLOHi(K))-OTNKL(K))

CONT INUE

XLOHI(K)-CHPLX(REAL(XLOHi(K))+DTNL(K).AIHAu(XLOHi(K)))

CONT INUE

CONT INUE

IFINFILM.LT.2) GO TO 955

T1=TL+DTHICK(J)

CONT INUE

XLOWL(J)=CHMPLX(REAL(XLON1(J)}) ,AIMAG(XLOWL(J) )=-DTNKL (J))

CONT INUE T

XLOHI(J)-CHPLX(REAL(XLOHi(J))0DINL(J).AIHAG(XLOHl(J)))

CONT I'NUE

CONTINUE

T=T+DTHICK(NFILM)

CONTINUE

XLOWL (NF ILM) = CHPLX(REAL(XLOHI(NFILH)).AIHAG(XLOHl(NFILH)) DINKL (NF
CILMY)

CONT INUE ) -

XLOHl(NFILM)-CHPLX(REAL(XLOHI(NFILH))*OTNL(NFILH).AIHAG(XLOHI(NFIL
CMY)) .

CONT INUE

XBASE1=CMPL X(REAL (XBASE1) yAIMAG(XBASE1) ~OBASEI)
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CONT I NUE

XBASE1=CMPLX(REAL(XBASEL1) +DBASER,AIMAG (XxBASEL))
CONT ITNUE

PHIL=PHIL+DELPHI

CONT INUE

6o 10 7

CONTINUE

[2]s]

SUBROUTINE FILM(J TeXUsXL+KU,KLyR34RP)

FILM CALCULATES THE CHANGE IN REFLECTION COéFFICIENTS QUE TO & FILM
OF VARIABLE REFRACTIVE INDEX

COMPLEX XU'vaRsv&Pvx'XiQAVEvaDvoivaRISoRievRHo
COMPLEX AFILM,BFILM ' -
COMPLEX Z1,22
DIMENSION x(1000)
COMMON/XINC/TNSCoWL y ALPHA
COMMON/SEND/AFILMyBFILM,T1,FIT
CCle o FyX1)=CSQRT(L.-L*E*F*F/X1/X1)
RIA,B,C)I={(A+B*CEXP(=0)) /(1. +A%B¥CEXP(-C))
AFILM=XL : :
BFILM=XU
T1=T
FIT:FLOAT(J)
D1=(0ss1)%6,*3,1415927/7HL
IF(J.GT.0) GO TO S0
CALL COEFF({XU»XL 4 RLIS,R1IP)

" D=T®*XL*CC(SCsTNyXL)
RS=R(RLS5,4RS,0)
RP=R(K1P,4RP,(D)
G0 TO 100
CONT INUE
21=RS
Z2=RP
KzKL
CONT INUE
RP=72
RS=21
TT=T/FLOATY (K)
U=1.
DO 70 M=1,K
Z=J*TT
¥Y=2-T7

FINDS THE REFRACTIVE INDEX AS A FUNCTION OF DISTANCE

X (M) =PROFYL(Y,2)

UzU¢+ta

CONT-INUE

L=Ket

X(L) =XV

DO 80 M=1,K

I=Me1

CALL COEFF(X(I),X(MI 4R15,R1P)

D=01*TT*X (M) *CC(SCsTNy X (1))
RS=R(R1S,R3,0)

RP=R({RiP,RP,D)

CONT INUE

RHO=RP/RS

PSIC=ATAN(CAB3(RHO)) /ALPHA

DELC=ATAN2(AIMAG(RHO) REAL(RHO)} /ALPHA
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IF(K<EQ.KL) GO TO 9J

TESTS FOR CONVERGENCE WITH RESPECT TO NUMBER OF FILM LAYERS

IF(ABS(HL1I-PSIC)«GTea007) GO TO 4§
IF(ABS(H2-DELC).GT..007) GU TO 30
GO T0 100 :
H1=-pP35IC

H2=0ELC

IF(Ke GE4. KU} GO TO 95

KzK¢+10

GO 10.60

PRINT 1, XU

FORMAT(1MH ,* NO CONVERGENCE FOR LAYER WITH XU ¢# 'oFé.QiZX.F9.Q)

RETURN
END

SUBROUTINE RINDEX(I+NUMyA,64PHI,RIND)

RINJEX GIVES THE COMPLE X REFRACTIVE INDEX

COMPLEX RIND
COMIAON/RFRACT/RPRISM(b)
IF(NUNM.EQ.L) GO TO S
IF(NUM.2Q.2) GO TG 1¢ .
IF(NUM.EQW3) GO TD 15

SIRAiGHY COMBINATION OF REAL AND IMAGINARY PARTS

D=A

E=8

GO Y0 100

USES FILM ANGLE FOR CONVERSION

C=COS (PAT)
CALL F3(A4B,CyD+E)
GO TO 150

USES REFRACTOME TER ANGLE FOR CONVERSION

IF(RPRISMI(I)L.GE «A) S=A/RPRISHM(I)
IF({RPRISM(I)LT.A) S=RPRISM(I}/A
C=SQRT(1.~5*5)

CA'LL F3(AoBvCQDoE)
RIND=CMPLX(D,~E)

RETURN’

END

COEFF CALCULATCS THE FRESNEL REFLECTION COEFFICIENTS

SUBROUTINE COEFF(A,3,R5,RP)
COﬂnON/XINC/TN.SC.HL.ALPHA
COMPLEX C14C24A,8,R5,RP
C1=CSQRT(1.~-TN*TN*SC*SC/A/A)
C2=C5QRT(1.~TN*TN*SC*SC/B/8)
RS=(A*C1-B*C2)/(A*C1+B*C2)
RP=-[A®C2-B*C1)/(A*C2+B*C1)
RETURN

END

FUNCTION PROFYL(X,Y)

PROF YL CALCULATES THE REFRACTIVE INDEX
BETWEEN THE LIvITS Y{UPPER) AND X(LOWER)
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. ! . :
USING THE (INTEGRAL N(Y) OY 1/(Y~-X),
COMMON/SEND/AFILM,BFILM,TT,FIT
COMPLEX PROFYL,AFILM,BFILM,A,B,C
IF(FIT.EQe1.) GO TO 18

IF(FITJEQe24) GO TO 20

IF(FIT.EQ.3.) GO TO 3¢C

IF{FIT.EQets) GO TO 4O

IF(FIT.EQ.5.) GO TO 50

IF(FIT.EQ.6.) GO TO 60

LINEAR PROFILE
B=(3F ILM=-AFILM)/TT
PROFYL=AFILM4B* (Y*¥Y-X*X)} /247 (Y=X)

GO 7O 100

"EXPONENTIAL PROFILC
IF (AIMAG(AFILM)) 21,25,21
IF(AIMAG(BFILM))27,22,27
Cl=.01*AIMAG (AFILM)
C2=REAL(BFILM)
BF ILM=CMPLX(C2,C1)
B=BFILM/AFILM

C=CLOG(B)I/TTY

PROFYL=AFILM/C/(Y=X)*(CLXP (C*Y)=CEXP(C*X) )
GO TO 100 .
IF(AIMAGIBFILM) 126,22426
C1=,01*AIMAG (BF ILM)
C2=REAL(AFILM)
AF ILM=CHPLX(C2,C1)
GO0 TO 22

INCREASING PARABOLA
B=BF ILM-AFILM
C=(YEY=-X*X) /TT= (Y Y*Y=X"X*X)/3./TT/TT
C=C/ {Y-X) .

PROFYL=AFILM+B*C
GC TO 100

DECREASING PARABOLA

B=BFILM-AFILM

G Y X (YRY=XEX) /TTH(YOY Y -X*X*X) /3/TT/TY

C=C/7(Y=-X)

PROFYL=AFILM+B*C

GC TO 100

B=BFILM-AFILM
CY®Y=X®X)}/TT=(Y¥Y Y =X*X*¥X)/3/TT/TT
C=C/(Yy=-x) |

PROFYL=AFILM~-B*C

GO TO 100

B8=BFILM-AFILM

CaY=X=(Y*Y=X¥X}/TT+{Y*YRY-X*X*X) /3/TT/TT

C=C/ (Y=-Xx}

PROFYL=AFILH=-B*C

GO TO 160

RETURN

END

SUBROUTINE FI(TNyTNKyAN,X,Y)
X AND Y ARE THE REAL AND IMAGINARY
PARTS Of THE UNPRIMEO FREFRACTIVE INDEX

CORRESPINDING TO THE PRIMED TN AND
UNPRIMED TNK AT THE ANGLE ARCCOS (AN)
IF(TNK)1y5s1

A=TH* TNe TNK* THNK

B=TN/TNK* AN

X=5QRT(A/(1.+1./8%%2))

Y=TNK

.60 T0 7

X=TN
Y=TNK
CONT INUE
RETJURN

END
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DEPLSITION FROM 0.1V CUSD4 AT LIMITING CURPENT -
POTENTIOSTATIC GROWTH CF BOUNCARY LAYER, LINEAR PROFILE

WAVELENGTH = 5461.0ANGSTRCMS , PHI = 75,0NEGREES .
REFRACTIVE INDEX OF INC. MEDIUM = 1.3374 ' =0,
1 NRASF NLOWER (NFTLM) NUPPER (NFILM) - T(ANGSTROYS
- PSI . DELTA AC ' pC
1 .9400 =-2.3300 1.3345 =0.9000 1.3374  -0.0000 1000.0
37.386 58,374 127.386 15.813 ,
1 + 5400 =-2.3300 1.3345 -0.0000 1.3374 -0.0000 2000.0
17.366 58,092 127,366 15. 954
1 £ 9430 =2,3300 1.3345 =-0.0000 143374 =0,0000 3000, 0
37.393 57.589 127.393 16,205 .
1 9400 -2.3300 1.3345 =-0,0000 1.3374 -0.0000 4000.0
37450 57.C48 127,450 16.476 o )
1 <9400 -2.3300 1.3345 =0,0000 - 1.3374 =-0,3000 500040
37.515 56,638 127.515 16.6R1 C =
1 .9400 -2.3309 1.3245 -0,0000 1.3374 -0.0000 "6000.0
37.564 . 56,450 127.564 16.775 -
1 .9600 =2.2300 . 1.3345 -0.7000 1.3374 -0,0000 7000.0
37,585 56,481 127,585 16.760
1 .540C =2,2300 143345 =0,0000 1.3374. -0.0000 800040
17,581 566£46 127,581 16677
1 £9400 ~2.330) 1.3345 =0.0000 143374  -0.0000 9000, 0
17.561 56.827 127,561 16.587
1 L9400 =2.3300 1.3345 =0,0000 1.3374 =0.0000 10000,0
37.541 564922 127,541 16.539 - : '
1 . .9400 =2.3300 13345 -040000 1.3374 =0.0000 11000.0
37,533 56.89% 127.533 164553
1 . .940G -2.3300  1.3345 =-0.0000 1.3374  -0.0000 . 1200040
37.540 5647175 127.54) 16.613 :
1 - . .9400 =-2.3300 1.3345 =-0,0000 1.3374 =0.0000 13000.0
37.558 564640 127,558 16. 680 C
1 +9400 =2.3300 13345 =0.0000 1.3374 -0,0000 14000. 0
37,575 5¢.559 127.575 16.721 o :
1 i9490 -2.3300 1.3345 =0,0090 1.3374 =0.0000 15000.0
37.585 56.566 127.585 16,717 -
1 49400 -2.3300 1.3345 -0.0000 1.3374 =-0.0000 - 16000.0
B 37.583 564643 127,583 164679 , 4 ,
1 29400 -2.2300 1.3345 =0.0000 1.3374  -0.0000 - 17000.0

37.572 56.738 127.572 . 164631

1 .9400 =-2.3200 1.3345 -0.9000 1.3374 -0.0000 18000.0
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DEFLCT

The program DEFLCT calculates A and ¢ for a subgtrate cévered by
a mass—transporf boundary layer at the thick film limit. The light-
deflection model .is used. The angle of incidence ¢ and thé substrate
refractivé index may be variéd if desired.

Input Variab1és

TITLE Alphanumeric label

RANGE Alphanumeric label

TNO Refractive index of incident medium (real)
WL Wavelength of light, A

TNS Real part of substrate refractive index'_
CTNKS Imaginary part of substrate refractive index
PHIT - Angle of incidence ¢, deg

DPHI Increment in PHI .

NPHI ' Nuhber of increments for PHI]

TNI Real part of interfacial refractive index
TNKI “Imaginary part of interfacial refractive index
DTNS " Increment in TNS | |

DTNKS Increment in TNKS

NS ’ Ndmber of increments for.TNS_

NKS Number of increments of TNKS



~Input Format for Data Cards

Card No.  Column: 0-9 .10-19 -20-29 30-39 40-49  50-59 60-69

1 | TITLE (0-80)
2 . RANGE (0-80)

3 TNO WL TNS  TNKS PHIT  DPHI  NPHI
4 | TN TNKI DTNS  DTNKS NS NKS

This is one data set. Any number of sets may follow, with 3 blank cards after the last set.

Fixed-point variables are right-justified in their appropriate column.

-L2L-
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PROGRAM DEFLCT( INPUT,OUTPUT)

DEFLCT CALCULATES DEL AND PSI FOR THE LIGHT DEFLECTION
MODEL FOR THE BOUNDARY LAYER) THICK FILM LIMIT

REAL PHIL1+PHI4CPy5PoLHKyUNyLyTNyTNKy,TyPSICyDELC,0T,THM

COMPLEX TN1,T2,S2,TN3,LN3, LN2Z 9514T71,SC,CCHD =
COMPLEX TN2,CPHI2,CPHI3,R1S,R1P,R2S,RePyRS,RP,RHO

REAL DTNK1, TNKM, T1Ms TH1My TNKIM4HL 4 AT, PC - .

REAL TNKS,TNM; TNO,THS B
REAL TNKL1I,TNL1I,T1I4TNIZTNKI4TI,0TNK,UTN,DLT4OTNY _
DIMENZION DELT{(2C,200),PSIT(20,200),DEL2(2G0)PS12(200)
DIMENSION THICK(1000)

DIMENSION DELTAV(280)

DIMENSION DFLM{2)

DIMENSION TITLE (8), RANGE (8)

READ 2, TITLE,RANGE

FORMAT (8A10/8A10)

IF(TITLE «EQ.5H ) GO TGO 3000

PRINT 4, TITLE,RANGE

FORMAT (1H1, 8AR10//8410)

READ 17, TNOsWL s TRHS, INKSsPHIL,0P4I4N2HI

FORMAT(F9.0,5F10.0,11G) ’

READ Q9 TNI,TNKISDTINS,ODTNKS4+NS,NKS

FORMAT(F9.,0,3F10.0,2120)

PRINT 134PHILyTNOsKWL,TNS, TNKS i -
FORMAT(AHO///76HPHI = oF5.24 10X, 4HN = ,F7el, 10X, 13HWAVELENGTH = ,

C FS5.0, 11H ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE. = , F7.4,
C 2Xy 4H- I, F7.4)

TNN=TNO

DO 700 LULL=1,NPHI

PRINTY 37,PHI1

FORMAT(1HO,* PHI = *,F3.4)

PRINT 42 : :

FORMAT(1HG,//* TNS TNI OEL
PSI ODEL OPSI®)

Z1=TNS

DO 770 MN=1,NS

22=TNKS

00 750 NM=1,NKS
PHI=PHI1*.01745329252
SP=SIN(PHI)
CP=COSIPHI)

D0 660 MM=1,2

FOR Mv=1, CALCULATES OEL AND PSI FOR NO B.L.
FOR MM=2, CALCULATES DEL AND PSI WITH Ba.l.

IF (MM .EQ.1) TNO=TNN

IF(MMaEQa1) TN2=CMPLXITNO 4y-0.)

IF(MMJEQe2) TNZ2=CMPLX(TNI,=TNKI)
TN3=CMPLX(Z1,-22)}

TNO=REAL(TN2)
CPHIZ2=CSQRT(1.~TNO*TNO®*SP*SP/TN2/TN2)
CPHI3=CSQRT (1.~-TNO®*TNO*SP*SP/TN3/TN3)
R2S=({TN2*CPHIZ2-TN3I®CPHI3)/(TN2*CPHIZ+TN3*CPHIJ)
R2P== (TN2*CPHI3-TN3¥CPHIZ2) /(TN2*CPHI3+TN3I*CPHI2)}
CONTINUE

RHO=R2P/R2S

DEL=ATANZ2 (AIMAG (RHO) ,REAL (RHO))/.01745329252

Y
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PSIz=ATAN(CABS(RHRO)}/ 401745329252
IF(DEL.LT.0.) DELFDEL*360.
AC=RSI+30, ’
PC={30.-DEL)/2.

IF(MM.EQe 1) HP=DEL

© IR (MM .EQ.1) HA=PSI

663
550
600
L3

750

IF(MM.E2.2) DELT (MNgNM) =4S (HP=JEL)

IF(MM.EQe2) PSIT{MN,NM)IZABS(HA=-PST)

THICK (NM)Y=22

SP=TNO®SP/TNI

CONT INUE

IF(DELT(MN,NM).GE.180.) OELT (MN,NM)=DELT(MN,NH) =180,
CONT INUE : :
CONT I NUE

PRINT 42,TN3,TN2,DELsPSIo0ELT (HNyNM) ¢PSTT (NN 4NH)

FORMATOLH 42X oF 7ol g2X oF 70 lg X, F? k.ZX.F?.b.JX.r& 393X, FB.S.

CFBs342F7.3)
22=22+0TNKS
-CONTINUE

" Z31=11+40TNS

770

700
710

3000

CONTINUE.
PHI1=PHI1+OPHI
CONT I NUE
CONT.INUE

G0 10 1

CONT INUE

END
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DEPOSITION FROM 0.1 M CUSO4

LIMITING CURRENT. , THICK FILM LIMIT

PHI = 70.00 N = 1.3374 : WAVELENGTH = 5461 ANGSTROMS
REFRACTIVE INDEX OF SUBSTRATE = .9000 - I 2.0000
PHI = 70,0009

TNS INI osL 7 PSI DDEL OPSI
«9000 -2.0000 143345 -0.00G0 - BB.S6L . - 364340 1.058 .058
.«8¢€00 . -2.0500 1.3345 -0.0000 " 59.582 364394 1.065 .055%
«9000 -2.1000 1+3345 =-0.0000 704592 364452 1.071 . 052
29000 -2.1500  1.3345 -0.0000 71.592 " 36.512  1.076 049
«9C00 -2.26060 - “1.3345 -0.0000 72.581 36.575 1.081 <046
9500 -2.0000 13345 -0.0000 68.677 35.850 1,065 060
«9506° =-2.0500 1. 3345 -0.0000 69,704 35.909 1.071 057
«950C  -2.1300 1.3345 -3.0000 70.721 35.971 1.077 054
«9500 -2.1500 - 1.3345 -0.0060 71.726 36,037 1.083 £ 051
«9500 -2.2000 1.3345 -G.00u0 72.721 36.105 1.088 048

PHI = 75.0000

TNS © TINI ‘DEL PSI DDEL DPSI
9000 =-2.0000 1.3345 =-0.0000 S1.074 37.799 1.556 149
9000 =-2.0500 133645 ~0.0000 51,923 37.807 1.574 146
«3C00 -2.1000 1.3345 -0.0000 52.759 © 37.819 1.592 142
«9000 -2.150¢C 1.3345 -0,0000". $3.611 | 37.833 1.609 .139
<9000 -2.2300 1.3345 =-0.00G0 SLat49 37.849  1.625 136
9500 -2.0000 1.3345 -0.0000 514090 - 37,386 1.562 . 4157
«9500 -2.0500 1.3345 <~0.0000 514945 ©.37.396 1.581 <154
3500 -2.1000 1.3345 -0.0000 52.797 37.409  1.598 . 150
«9500 -2.1500 1.3345 -0.0000 53.645 37.425 1.615 e147

«95606 -2.2000 1.3345 -0.06000 Shel4B88 37444 1.632 | o143
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LEGAL NOTICE

This report was prépared as an account of work sponsored by the
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