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EFFECT OF MASS TRANSPORT goutmARY LAYERS ON THE 
ELLIPSOMETRY OF SURFACES 

Craig Gordon Smith 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Chemical Engineering, 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 liquids. The effect can be of 

significant extent and depends p;imarily 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 experiments. 



~.. 

0 0 ' 9 8 

-1-

I. INTRODUCTION 

Heterogeneous reactions on solid surfaces are- generally acc'ompanied 

by the· formation of a mass-transport boundary layer, i.e., a region 

near the interface where the concentration of the reacting species 

in the fluid phase is different from that 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 techniques to account for the ~ffect 

of mass-transport boundary 1 ayers on the ell i psometri c observati.on .. ' .. · ., 

of surfaces, to establish this effect for typic~l electrochemical 

reactions and to explore the use of ellipsometry for the measurement 

of boundarylayers, particularly those t~at are too t~in for observation 

by interferometry. 
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II. MASS TRANSPORT 

The transp6rt of material under the combined actions of convection 

and diffusion is described by the convective diffusion equation1 

ac · at+ ~·VC = V•(DVC) ( 1 ) 

The velocity field v satisfies the Navier-Stokes equation2 

av 
P -- + pvV•v = -Vp + vv2_v + pr. at - - .oz.. 

(2) 

A. Transient Diffusion 

~lhen the fluid is stagnant, for one-directional diffusion, Eq. (1·) 

reduces to 

ac _ a (o ac) at- ay ay (3) 

Under galvanostatic conditions, the boundary conditions are 

ac _ i ( 1 - t+) 
at y = 0 ' t > 0 ·. ( 4) ay - zFD 

c = c b at t = 0 , all y (5) 

c :c cb as y-+-oo (6) 

For constant D and transference number t+' the solution to Eqs. (3) 

through. (6) is the Sand equation. 3 At the interface, 

2i {[; = 1 .129i {& (7) c - c (t) = --b o zF OF zF 

Under potentiostatic conditions, the bo~ndary conditions are 

•· 

.. 
# 
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c = c. ' a constant at y = 0 ' t > 0 (8) 
1 ' 

c = c b at t = 0 , a 11 y (9) 

c = c b as y-+oo ( l 0) 

Again for-constant D and t+' the solution to Eqs. (3), (8) through (10) 

is the Cottrell Equation. The·current density at the interface iS 

given by 

B. Forced Convection ·. 

Under laminar flow,·-.Eq. (2} may be solved for.y_,_which i-s used 

in Eq. (1) to obtain the steady-state solution f:o'r the rate o·f mass 

transfer to a surface1 

1 .· d~)l/3 -
Nu(x) = 1.2325 \ReSc :X , Re < 3000 

where Re = dhv/v, Sc = v/0, x is the distance along the planar 

electrode, and th~ Nusselt number 

o is the boundary layer thickness. 

( ll ) 

( 12) 

( 13) 

For turbulent flow, an analytic solution does not exist. Various 

semi-empirical correlations can be used. 
4 

By assuming v varies as. 

y117, use of the integral method
5 

yields a~ expression for the 

friction factor 

f = 0.079 Re-l/ 4 ( 14) 
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6 
which, when used with the Chilton-Colburn analogy 

Nu = f/2 Resc113 

yields 

( 15) 

Nu = 0.0395 Re314sc113 , Re > 5000 (16) 

7 
Observations by Hickman, using the 1 imiti ng -current technique, have 

shown Nu to be proportional to Re0·8. 

C. Natural Convection on Horizontal Electrodes 

A heterogeneous reaction at a solid-liquid 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 liquid remains stratified until a critical gradient is reached, 

at which point the fluid begins to circulate in cells. The cellular 

nature of flow complicates the mathematical description, and the use 
8 

of empirical results is necessary: 

Nu = 0.545 Gr116sc116 

= 0.265 Gr114sc1/ 4 

= 0.065 Gr113sc113 

where the Grashof number 

The coefficient B is defined as 

B = (~) 

'. ·. ,. 

Gr < 10
4 

4 10 < Gr < 10
8 

( 17) 

Gr > 10 8 

( 18) 
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3 From the dependence on p with c given in Appendix A, B = 0.155 gm/cm 

-1 (MCuS04) for 0 < C < 0.1 M. The variable 8 is a characteristic . c 

distance over which the change in density ~P occurs. 

, .. 

. ; 
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III. THE OPTICAL DESCRIPTION 

Mass-transport boundary layers are optically inhomogeneous, \'lith 

the refractive index varying continuously from the (homogeneous) bulk 

fluid to the interface. The concentration dependence on the distance 

y normal to the interface has been investigated by techniques such 

as interferometry. 9 Although more accurate descriptions of the 

·concentration field are available, the inhomogeneity has been 

approximated by linear and parabolic functions, aswell as various 

equivalent homogeneous films. 

Experimentally, boundary layers have been generated by electro

chemical (anodic) dissolution or (cathodic) deposition of copper under 

different convective conditions. The d~pendence of the refractive 

index of Cuso4 upon concentration at 546.1 nm wavelength 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 for .the concentration 

0 < C < 0. 2 ~1 CuS04 

n = 1.3345 + 0.029C ( 19) 

Although aqueous Cuso4 solutions are colored, the optical computations 

are not perceptively affected by the very weak light absorption. The 

imaginary part of the refractive index (k = l.Sxlo-6 Appendix A) has, 

therefore, been neglected. Using the linear refractive index 

relationship for concentration, the linear and parabolic functions 

approximating mass-transport boundary layers, with interfacial index 

ni and bulk fluid nb' are 

' . . 
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nb - n. 
+ 1 n = ni 0 y 

n = n. + 
1 

2 (nb- ni)[l- (1- y/6)] 

The profiles are plotted in fig. 1 for on; = nb - n; corresponding 

to a concentration difference cb - c; = 0.1 M Cuso4 and o ~ 10~. 

Two linear profiles are shown. One uses o as in Eq. (20). The 

second is the Nernst profile with 6n = l/2 o, which is associated 

with interfacial mass transfer rates equivalent to the parabola. 

Calculations involving the linear profile used o rather thari on. 

Besides the homogeneous film with n = ni and thickness equal 

(20) ' 

( 21 ) 

to on illustrated in Fig. 1, homogeneous films with n = ni't _a(nb- ni)' 

a = l/3, T/2,or 2/3, were also investigated. Various scaled values 

of o were used in addition to the Nernst thickness. 

A. The Inhomogeneous Film Model 

The multiple-film method10 was used to treat the i~homogeneity 

described by Eq. (20) and Eq·.· (21 ). Figure 2 shows a schematic 

diagram of the method. Equally spaced planes parallel to the 

substrate separate the layer into a pile of homogeneous films. An 

average refractive index for each film is obtained by an integrated 

average of the profile between the values of y which limit the film. 

The number of films is increased until the calculated ellipsometer 

parameters 6 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 l0u thick mass-transport 
boundary layer. Change in refractive index corresponds to 
!';C:...: 0.1 M Cuso4. ~Jarubolic,--- r1ernst linear, 

· · · homogeneous film. 
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XBL 759-7342 

Fig. _2., Hultiple-film model representing the_inhomoqeneous boundary layer. 
Planes are drawn parallel to the solid phase (hatched) and form 
interfaces for reflectiori and light-deflection. ~b i~ the angle 
of incidence upon the boundary layer. q;. is the angle of incidence 
upon the substrate (solid phase). 

1 
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Fig. 3. Iterative procedure for multiple-film calculations. 
(a) Optical system consists of 2 homogeneous films 
above the substrate S. {b) Film l replaces the incident 
medium to calculate the optical effect of film 2 and substrate. 
(c) An effective substrate S' having the same optical effect 
as the combination of film 2 - S replaces the substrate 
for the incident medium--film l - S' interaction. Figure 
taken from Ref. 34. .. 
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sin(¢ .f - ¢ ) = c cs 
- sin(¢ f + ¢ ) c . cs 

* * 

(22) 

(23) 

The squaresofthe coefficients, r. r. and r. r. , represent the 
. . . 1S 1S 1p 1P 

. . 

ratios of reflected to ~~cident electric~field energy fluxes for 

orthogonal states of polarization perpendicular and parallel to the 

plane of incidence. The coefficients r1s and r1P for the reflection 

at the boundary between the bottom two films are al_so determined. 

The Drude equations 11 are then 'used to c-alculate the amplitude ratios rs 
·~ 

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

(24) 

where 

21T 
T = r- Ln fcos¢ f 

0 c c 

,, 
and vis either s or p. The definition of symbols is presen_ted with 

the derivation of the Drude equations in Appendix B. 

The upper interface then becdmes an effective substrate, r ~ r2 s s 

and rp ~ r2P. The procedure is repeated for each successively upper 

film, until the overall coefficients rs ~nd rp for the inhomogeneous 

boundary layer have been ·obtained .. The ellipsometer parameters 6 and 

~ are defined (Appendix B) by 
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(25) 

Tan w and Ll represent the relative attenuation and a relative shift 

in phase between the sand p components of the ellipse describing the 

electric field propagation. 

B. The Light-Deflection Model 

Successive application of Snell •s law to each reflecting interface 

in the pile of films allows the determination of the angle of incidence 

for light upon the substrate 

or 

(26) 

where the subscript fi refers to the ith film from the top of the pile. 

Equation (26) indicates that the angle of light incident upon the 

substrate is known,given nb' ni = nfn' and ¢b = ¢, the angle of 

incidence upon the boundary layer. 

Computations for the linear and parabolic profiles, which are 

presented in the following section, indicate that the reflections 

occurring at the boundaries of the pile of films become negligible for 

the limit of a thick inhomogeneous film: The angle of incidence upon 

the substrate, as visualized in Fig. 2, does remain changed by the 

light-deflection. A second method which utilizes this information 

calculates Ll and l)J by using the reflection coefficients rp 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 ~.on the film 

thickness o, for cathodic deposition with ·the interfacial concentration 

c i he 1 d constant (potenti os_ta tic' mode). The figure i l} us_tr9t~s- t\'JO 

surprising result~: (1) for transport regions greater than about lOu, ~ 

is i~dependent of thickness but depends only on the concentration 

difference between bulk and interface; (2) ~ iS not greatly affected 

by the nature of the concentration profile. The figure also illustrates 

that mass-transport boundary 1 ayers can change the e 11 i psometer 

parameter~ by several degrees, an amount often not. negligible in 

. ellipsometer measurements. The ~hange in 0 is usually found to be 

--smaller than that in ~. but it follO\'IS a similar thickness dependence. 

Figure 5 treats the anodic-dissolution mass transfer boundary layer 

and indicates that changes in ~ and ~ are of the opposite sign but 

the same ma~nitude as-those for the cathodic deposition. 

The independence of ellipsometric parameters upon film thickness 

in the thick-film limit is most unusual, since the values of 6 and~ 

for a homogeneous transparent film show an unabated periodic behavior 
., 

with increasing film thickness due to the sinusoidal d~pend~nce_ 

indicated by the complex expohential term in Eq. (24r Computed 

reflection coefficients from the interior of the inhomogen~dus film 

show that the principal reason for this behaviOr is light deflectiOn 

(refraction) in the film: At large boundary layer thicknesses, the 

refractive-index gradient is small ~nough 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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Boundary Ioyer thickness, 8 (fL) 
0.01 0.1 I 10 100 

---.----
' ' \ 

\ 
\ 

58.0 \ 
0' \ 0.033 M Q) 

\ "'0 
\ 
\ 

<J \ 
\ 

Q) 57.5 \ 
(/) \ 
0 \ ..c. 
~ \ 

\ 0.0637 M 
Q) \ 
> - ' 0 57.0 \ 
Q) \ 

0:: 
\ 
\ 0.10 M 

56.5 

XBL755- 2962 

Fig. 4. Effect of mass-transport boundary layers of thickness o, 
resulting from the deposition of Cu from 0.1 r~ CuS04, on the 
ellipsometer parameter~. Concentration difference between 
bulk and interface indicated along curves. parabolic 
concentration profile, - - - ~linear concentration profile. 
Refractive index of substrate 0.94-2.93i. 
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·0.067 M. 

0.034 M 

'1, 

O.l I 
Boundary Ioyer thickness, 0 (f-L) 

XBL755-2961 

Effect of mass-transport boundary layers. of thickness:o, 
resulting from the dissolusion of Cu from 0.1 M CuSOt1, on 
the ellipsometer parameter 6 .. Concentration difference 
between bulk and ihterf~ce 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 i~ expected to 

apply. 

The validity of this approach to computing the optical effect of 

boundary layers is illustrated in Table I. Up to 400 layers in the 

multiple-film model are necessary to give convergence with r.espect 

to the number of layers for the largest concentration difference 

between bulk and interface. For a 5~ thick layer, the light-deflection 

model approximates the much more involved inhomogeneous-film com

putation quite well; agreement to the third decimal place is found 

for a 500~ thick layer. 

The region where it is necessary to use the inhomogeneous film 

computation may be characte·rized in terms of the refractive index 

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

For the curve·6C = 0.1 M c~so4 in Fig. 4, the gradient for a 10~-
. -1 thick boundary layer is dn/dy = 580 em . An alternate approach is 

to specify the electrode-current density from 

(27) 

. mFO del 1 = (1 - t+) dy y=O = (28) 

Using the average transport properties 0 = 5xlo-6 cm2;s and 

t+ = 0.385, Eq. (28) gives i = 0.31 amps/cm2. A third characterization 

is to specify the flow conditions necessary to give o = 10~. For 

v = 1.065xl0~2 cm2;s and dh = 1.36 em, Eqs. (13) and (16) give a 

Reynolds number Re = 35,000. 

,.. 
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Table I. Validity of light-deflection model for computing the effect of cathodic mass-transport 
boundary lay~rs with parabo~ic concentration profiles. Bulk fluid 0.1 M Cuso4 , n = 1 .3374; 
substrate Cu, n = 0.94-2.331. 

Angle of Incidence Computation Based On 
Interfacial Boundary Layer ,Macroscopic At Interface Inhomogeneous Film·· Light Defl~ction Concentration ·Thickness 

M CuS04 -~ deg deg ljJ !:, ljJ !:, 

0.4 • 0 60 60.00 36.253 107.484 36.253 107.484 

0.2 5 60 60.43 36.205 . 186.496 36.209 106.478 

..... . :. 0.0 5 ~ 
- 60 60.87 ,. 36 .158 105.472 36.166 "'' 105 :4J4 _,_ 

0.0 500 ·. 60 60.87 36.166 105.431 36; 166 105.434 
' 

0.4 ·a . 75 75.0_0 37.492 58.058 37.492 58.058 

0.2 '5 •'75 75.96 . 37.747 54.727 37.769 54.671 
" 

0.0 -·· 5 75 <" 76.99 38.'053' 51.067 38.104 50.941 
'• 

·' 0.0 500 75 76.99 38.101. 50.937 38.104 50.941 

•O 
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., 

" 
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It would be desirable to represent the inhomogeneous boundary 

layer by an optically equivalent homogeneous film. This is possib1e 

only over:the small range of thi~knesses in Fig. 4 for which the 

paramete~ 6 changes rapidly. Figure 6 shows the variation of 6 with 

thickness o for the homogeneous film \<lith n = ni, as well as the 

linear and parabolic profiles. The homogeneous film approximates the 

linear profile for about 1/4 of a cycle of oscillation. Equation (24) 

indicates one cycle corresponds toT = n. For l/4 cycles, this gives 

which, with .the ~se of Eq. (26) and cos2¢ = l - sin2¢, results in 

(29) 

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 limiting 

concentration differences necessary for total reflection under 
/ 

different angles of incidence are listed in Table II. 

The changes o6 and o"ljl in ellipsometer paramete·rs 6 and lji, defined 

positive for an increase due to mass-transport boundary layers, depends 

on the angle of incidence, ¢. Computations for the thick-film limit, 

with different substrate optical constants ncs' are shown in Fig. 7. 

The data relate to the slope of the dependence of 6 and w on the angle 

of incidence as indicated in Fig. 8. Discrete cha~ges o6 and oi)J result 

. from discrete changes in the angle of incidence on the substrate. As 

.. 
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0 1 2 
Boundary Layer Thickness, & (~) 

XBL 7510-7437 

Fig. 6. Homogeneous film approximation to cathodic deposition mass
boundary layer. Dotted profile in Fiq. l. For n = ni 
corresponding to 0.0 M CuS04, 6 oscillates with increasing 
thickness 8, in comparison with the linear profile - , 
and parabolic profile Substrate refractive index 
n ~ 0.94-2.33i, ¢ = 75°. cs 
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Table II. Total reflection in cathodic boundary 
layers with parabolic concentration 
profile. Bulk fluid 1.0 M Cuso4 , 
n = 1. 3635. 

Angle of Incidence 
(Macroscopic) 

deg 

75 

79 

81 

83 

85 

Boundary Layer 

Minimum Interfacial Cone. 
M Cuso4 

0 

0.14 

0.42 

0.65 

0.82 
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Fig. 8. Dependence of ~ and won the angle of incidence ¢. 
o~ and ow correspond to discrete changes in ¢ due to 
light deflection in the boundary layer. Substrate 
refractive index n = 0.8-2.3i. Incident medium 
refractive index nc~ 1.3374. 
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illustra·ted in Fig. 9, the effect of boundary layers, under most· 

conditions, is proportional to the concentration difference 

ani = nb - ni across the layer. 

Figures 10 through 25 allo~ an experimenter to estimate errors 

in e 11 i psometer meas.urements caused by mass-transport boundary 1 ayers 

with substrates of arbitrary opti ca 1 constants. The errors are 

largest for substrates with large real parts and rather small 

imaginary parts of the refractive index. 

Neglecting the effects of mass-transport boundary layers can 

lead to errors in the quantities derived from ellipsometer measurements, 

such as film thicknesses or optical constants of films or substrates. 

The magnitude of such errors has to be determined for each individual 

case. An example on the formation of cuprous oxide during the 

anodic dissolution of copper is illustrated in Fig. 26: 6 and·~ values 

computed for oxide layers up to 200~ thickness are parallel-displaced 
? 

by the presence of a boundary layer. ·For a 0.4 t·1 concentration 

difference and no oxide present,'erroneous substrate optical constants 

of l.d3-2.60i (compared to the real 0.94-2.24i) would be derived 
.. 

from the measurement. The shift in 6 is of similar magnitude as that 

due to a change in oxide thickness by 100~. Table III give~ th~ 

apparent substrate values for other concentration differences. An 

apparent value of the oxide refractive index was determined by using 

the correct thickness and the erroneous substrate values. From 

Table III, with the boundary layer corresponding to 6C = 0.4 M, a 

100~ thick oxide layer appears to possess a refractive index of 
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2.10-l.77i compared to the true value of 2.06-1.55i. vlith the true 

optical constants for film and substrate, a film thickness could 

net be derived from t he measure1~1ent. 
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V. EXPERIMENTS 

Experimental observations of the effect of boundary layers 

on ellipsometer measurements have been made for comparison to theoretical 
't.· 

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 ellipsometer12 was used to conduct the measurements. 

The instrument is of the self-compensating type,and employs Faraday 

cells to rotate the plane of polarization of light at 5d6.l nm wavelength. 

From the degree of rotation, the change in relative phase and arnplitude 

are derived. Figure 27 shows the arrangement of the ellipsometer 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 



0 0 ,j 
0 3 

-45-

CBB 7510-7285 

Fig. 27. Arrangement of ellipsometer components for the observation 
of convection-free Cu deposition from Cuso

4
. 
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CBB 7510-7287 

Fig. 28. Close-up of cell for convection-free diffusion experiments, 
showing reference electrode and liquid~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 ~edium 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 expetiments 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 e~irance length to obtain fully-developed flow, as 

shovm in Fig. 31. Alignment used the sar.1e autocoll.imation technique. 

Gravity feed supplied the electrolyte flow, which was measured with 

a rotameter. 

B. Specimen Preparation 

The electrodes are Cu specimens with approximately l x3 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. 11 Kynar 11 has been used 

to electrically insulate the sides of the electrodes. 

Single-crystal electrodes were also used for study. The electrodes 

were cut by electrochemical machining from tvm sources .of copper 

single crystals; (l) cryst(lls v1ere grovm by the author in a carbon 

mold from high-purity copper using the 13ridgeman technique; (2) a 

crystal (notebook nur.1ber 5935-34220) gro\'m by T. Kosel using the 

same technique. The crystals were cast in epoxy due to their irregular 
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Fig. 29. Cross-section of stagnant solution cell. 
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0-ring seal for holder 
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sealing nut for window (acrylic) 
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for diaphram 

P counter electrode, copper 

Q 0-ring for cell window 

R cell window 
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Fig. 29. Cont. 

capillary outlet for reference electrode 

2 outlet for sparging N2 

3 pump outlet 

4 pump inlet 

1-4 in fourthside 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), l .2x3 em area 

C body for observed electrode (cast epoxy, exc hangeable) 

D electrical connection for observed electrode (brass , 

silver-soldered to electrode) 

E sealing nut for electrode body (polypropy l ene) 

F washer (Teflon) 

G 0-ring for electroce body (silicone rubber) 

H holder for electrode body (pol ypro pylene) 

I screws to attach observed electrode with holder to 

fiow channel 

J Q~rin g S2al for electrode holder 

K counter electrode (cathode), 0.9 x2.5 em area (314 sta inles s) 

L seal .ing material for rectanguler counte r el ectrode in 

round cavity (epo xy resin) 

M stem for counter-electrode (stainl ess, si lver - so l dered) 

N 0-ring seal for counter electrode 

0 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. di am .) 

R D-ring for ce ll window 

S pressure sleeve for cell window (PVC) 

T sealing nut for cell window (br2 ss ) 
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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 da1:1age 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 descend s vertically 

to expose a planar surface of the desired orientation. 

The electrodes were polished mechanically using various grades 

of abrasive, down to a l \1 diamond paste. For the single crystals, 

controlled electrochemical dissolution removes layers damaged by the 

roughest abrasives. Re-polishing at the lw level gives a good optical 

finish. A cleah wheel for the final polishing is important to reduce 

lattice distortion of the surface layers. 

Prior to use, the electrodes are cleaned by cathodic evo lution 

of hydrogen in l 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 

l. Convection-Free Diffusion 

Observations were made of ga lvanostatic deposition of Cu from 

0.2 M CuS04 . The influence of the mass-transport boundary l ayer 

vJilS dete rmined by mixing the so lutio n inside the cell at the end of 

the depos ition period. This method 1'/as necessary to overcon1e the 

effects of surface changes during deposition. Figure 33 shows a 

typ ical experiment. The baseline in the figure for measuring 86 

was verified by observing 6 and ~ remaining constant after current 



( 

0 0
. 

''·' u 

-55-

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 Cu 
electrode . 
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i n t e r r u p t i on when t h e so l u t i o n \tJ a s no t Ill i xed . 

2. Forced Convection 

Convective-diffusion mass-transport boundary layers ~ere g~nerated 

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 overco~e using a current-interuption 

techni~ue. Single crystals were used to control surface roughness. 

They are most effective for dissolution experiments, _vthen their 

cubic-close packed structure can be retained. Hov1ever, in the early 

stages of deposition when the deposit is thin, the single crystals 

were found to reduce the noi se in the ellipsometer measureme nts. 

Figure 3~ shows the measurement of 66 and 6~ for an electrolyte flow 

corresponding to Re = 600. 

3. Natural Convection 

Natural convection experiments were conducted by potentiostatic 

dissolution of Cu in 0.2 r~ Cuso4. Single crystals \'Jere used, and 

sufficient time was allowed for steady state to be reached. Figure 35 

shov/S the measurement of 66 . The pump v1as not neces sa ry to remove 

the boundary layer. One observation is that the magnitude of the 

oscillations in 6 during dissolution agrees with the value of 66 

meas ured after current interruption. 

4. ~r.owth of Cu 2Q_films 

Observations were made on the anodic dissolution of Cu in 

0.1 ~~ Cuso4 , accompanied by growth of cuprous oxide films. The convective 

diffusion case was observed. As shown in Fi g. 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 equations describing mass transfer presented in Section II 

indicate that for the experimental conditions investigated, the 

thick-film limit for the mass-transport boundary layer applies. 

The· calculation~ presented in Section IV have shown that 86 and 8~ 

depend upon the optical constants of the substrate. Calculations 

which model surf~ce roughness and oxide films as homogeneous layers 

show that, in general, the values of 86 and 6~ are different frbm 

values calculated using an effective substrate formed by determining 

optical constants from the values of L1 and tiJ given by .the film/actual

substrate system. 86 decreases and 8~ increases for Cu 2o film~ and 

roughening Cu, with 8~ being more sensitive than M. These trends 

for 86 and 8~ were observed for forced convection. The effective 

substrate app~oach is appli~able for small roughness conditions. 

Comparison of the interfacial concentrations determin~d from 86 and 6~ 

give an indication of whether or not effective substrates may be used. 

When 86 and 6~ give interfacial concentrations in agree~ent, optical 

constants for an effective substrate are determined from the 

experimental values of 6 and ~ in the absence of the boundary layer. 

Figure 37 relates 6 and tiJ to the effective substrate optical constants 

n - ik. 

Calculations have shown 86 to vary approximately linearly with 

8ni for 6C(= Cb - c1) < 0.3 M CuS04, as indicated in Fig. 38. 

Figures 39 and 40 give values of 86 and 6~ for various effective 

substrate values and 6C = ±0. 1 M Cuso4. The method for determining 

interfacial concentrations used here is to first determine the effective 
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Fig. 39. Dependence of change in polarizer and ~nalyzer azimuths 
with effective Cu substrate optical constants ncs = n - ik. 
Cathodic deposition (AC = 0.1 M) from 0.1 M Cuso4,. 
¢ = 75°. ~ = A-90, A = 90-2P. 
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Fig. 40. Dependence of change in polarizer and analyzer azimuth 
with· e f f e c t i v e C u s u b s t r a t e o p t i c a l co n sta n t s n _ n - i k . 

( ) . '. cs 750 Anodic dissolution AC = 0.1 M 1n 0.1 M Cuso4, ~ = . 
4J = A~90, ,\ = 90-2P for zone /\3. 
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substrate refractive index from measurements and the use of Fig. 37. 

Linear interpolation (or extrapolation for 6C > 0.1 M CuS04) of the 

eJ;<perimental values of of'.. and o~1 from the values given in Fig. 39 

and 40 gives the interfacial concentration. 

Complications 

For large concentration 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 description of the concentration profile. The 

actual implementation of these refinements into the multiple-film 

calculations are quite easy, however. For the program INFILM in 

Appendix C, this is accomplished by adding the corresponding algebraic 

equation into the subroutine PROFYL (with the appropriate routing 

logic statements). 



-f>7-

VI. RESULTS AND DISCUSSION 

A. Convection-Free Diffusion 

Figure 41 pre~ents interfacial content~ations ~s a function of t 112 

2 for electrode curren~' densities of ·s, 10 and 20 mA/cm . There is a 

systematic deviation from the Sand Eq. (7). The direction is consistent 

with an analysis by Mclarnon 10 which solves Eqs. (3) through (6) with 

allowance fbr variable D and t+. Other sources of deviation, which 

would result in the same trend, are convection due to the fact the 

electrode does not cover the whole cell, and t~e use of an effective 

substrate in t~e analysis scheme. It is believed that these three sources 

of deviation h~ve been presented ~n the order corres~onding to their 

relative importance. 

B.· Forced Convection 

Table IV presents forced-convection results which verify the 

independence of ellipsometer parameters up6n film thickness and their 

sensitivity to interfacial concentration. The largest deviation is 

observed for the dissolution results. The deposition experiments 

were performed on surfaces with small roughness, \'lhile the dissolution 

experiments were done with surfaces having oxide films. Most of the 

deviation for the condition ~C ~ 0.714 is probably due to the use of 

an effective substrate. Another possibility is the decrease in current 

efficiency due to the oxide' film formation. 

Figure 42 presents the change in concentration across the boundary 

layer as functions of Re and current density for potentiostatic deposition 

from 0.1 M Cuso4. The major source of experimental error is the 

electrolyte flow rate. The dashed line in the laminar regime is from 

Eqs. (12) and (13) .. The deviation at lmv Re is probably due to natural 
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Table IV. Experiir:ental test of computed changes in ellipsometer parameters 6 and l)J due to the. 
presence of mass-transport boundary layers with different thickness and concentration 
difference. Electrochemical deposition and dissolution of copper in aqueous copper sulfate, 
¢ = 75°, A= 546.1 nm, convective diffusion. 

Boundary Layer Changes in 6 Changes in l)J 

., 

Thickn'ess Cone. Difference Calculated Experimental Calculated Experimental 
Nature w M CuS04 deg deg deg deg 

Deposition 50 -0.016 -0.23 -0.30 +0.04 +0.16 

50 -0.096 -1 . 39 -·1 . 40 +0 .18 +0.18 

87 -0.083 -1.25 . -1 . 38 +0.11 +0 .14 

26 -0.080 -1 . 16 -1 . 16 +0 .13 +0.20 

76 -0.094 -1 . 36 -1.36 +0 .17 +0 .25 .• 

Dissolution 80 0 .l 08 +1. 54 +1.677 -0.23 -0.30 
-

80 0.206 +2.93 +3.02 -0.30 -0.52 

80 0.714 +8.92 +8.50 -0.99 '-1.42 
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convection being superimposed on forced convection. The effect would 

be to provide a more uniform current density in relatio~ to the x113 
,.. 

dependence given in Eq. (12). Increased transport in the center of the 

electrode, where the measurements are made, would increase 6C. 

The solid curves in the turbulent regime are a least-squares 

correlation 6f the data found here to be 

Nu = 0.042 Re0· 743 sc113 

-6 The correlation used a constant value of D = SxlO cm/s. By considering 

only values of 6C ~ 0.070, 

Nu = 0.035 Re0· 763 Sc113 

I 

Insufficient data were obtained to determine the Re dependence close 

to limiting current. However, the results d6 not seem to be in

consistent with Hickman 1 s7 results if the dependence of D with c is 

taken into account. 

C. Natural Convection 

These results are meant to be qualitative. The value of 8c in 

Eq. (18) was first assumed to be in the regime of the thick-film limit. 

As no information may be obtai ned by e 11 i psometry for 8c. the con

centration driving force was correlated by using the length of the 

electrode (2.7 em) as the characteristic length in the Grashaf number. 

Table V presents this result. The average value of the coefficient 

was K = 5.42. The approximate value of 8c was determined by using 

Eqs. (17) and (18). The value of 8 = 2.7 em was decreased such that 

K decreases from 5.42 to the value 0.265 given in Eq. (17). This gives 

8c = 50 w. which is in the thick-film limit. Effective substrate values 



\ 

Table V. Experimental correlation of the concentration driving 
force occurring in natural convection. Cu dissolution 
in CuS04. 

Current Density t:.C 
rna/em 2 M CuS04 

(GrSc) l/4* Nu K = NuGr-114sc-114 

5 0.016 177 989 5.59 

10 0.028 204 1130 5.54 

15 0.041 223 1160 5.22 

20 0.050 236 1270 5.36 I 
""-1 
N 

30 0.069 255 1380 5.39 I 

40 0.087 270 1460 5.39 

* The Grashof Number has used the length of the electrode for a 
characteristic length instead of 8 , the boundary layer thickness. 

. c 
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were used in the analysis, although an oxide laye~ was present. This 

procedure would result in 6c values smaller than the actual values, 

and ~c would subs~quently be slightly greater then 50~ (within a factor 

of 2). 

D. Growth of Cu 2o Film 

Figure 43 is a plat of tjJ vs 6 fqr: the growth .of a Cu 2o layer 
. . . 

accompanying the anodic diss6lusion process given in Fig. 35. The 

reffactive iridex of the corre~ substrate following deposition is 

l .l4-l.88i. In the initial portion of the dissolution process, 

the substrate is roughened considerably, giving a substrate refractive 
.... 

. . 
index of l.9-2.0i. A homogeneous oxide film of refractive index 

2.45-0.60i fits the experimental ~urve up to point Pl. The thicknes~ 

of the oxide layer has been indicated along the curve .. The distontinuity 

in the curve at Pl corresponds closely to the point where transport 

theory (Eq. (12)) indicates the interfacial concentration reaches the 

solubility limit of Cuso4 in water. Point P2 is a second discontinuity. 

The experimental data have not been interpreted beyond Pl because 

experimental·observations in addition to the 2-parameter ellipsometer 
< ,•', 

measurements are necessary to uniquely classify the surface. 
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Fig. 43. Variation of 6 and~ for Cu dissolution in 0.1 M CuS04 
accompanied by oxide film growth. Convective diffusion v1ith 
Re = 600 corresponding to an average linear flow velocity 
u = 8.7 cm/s. Film thickness indicated along curves. 
Electrode area 3.2 cm2. Current density varies fro111 140 
to 17~ nta/cm2. 
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VII. COtJCLUSIONS 

For most transport conditions in tiquids, the effect of mass-

transport boundary layers is sensitive to the refractive index 

(concentration, temperature) at the interface but not to the thickness 

of the layer. The magnitude of the effect greatly depends on the 

angle of incidence and th~ optical constants of the solid phase. 

The effect can reach amounts that can significantly alter the inter-

pretation of measurements. The ellipsometric determination of 

interfacial concentration complements the observation of boundary 

layers by interferometry, where this quantity r1ay be difficult to 

derive precisely from the observations. 32 •33 
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APPENDIX A. PHYSICAL PROPERTIES OF CuS04 

Refractive Index, n' 
. -.r, 

The physical refractive index n' (Appendix B, p. 90) of Cuso4 at 

546.1 nm wavele~gth was determined with a Bausch and Lomb refractometer. 

The measurement' 1s made by rotating a prism (#749) of known refractive 

index n = 1.5256 until total reflection at the solution-prism 

interface is obtained.· A sample of 1.0 M Cuso4 was prepared from 

CuS04·5H20 and diluted to 0.1, 0.2, 0.5, 0.65 and 0.8 M sampl~~~ 

The least squares fit for 0 ~:c ~ 0.2 Mas a function of temperature is 
,. _,.· 

n = nH 0(T) + (0.029.? .± 0.0002) c (1) 
2 .. , '. · . 

. . , 1 0 
The slope agrees with results presente·d·by·t~cLarnori. At 20°C, 

nH 0 = 1.33447, compared with a literature value of 1.33445. 13 The 
2 

data are presented in Fig. Al. 

Absorption Coefficient, k' 

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

absorption of light by (Appendix B) 

( 2) 

a is determined from intensity measurements by · ... 

( 3) 

From Refs. 14 to 20, ~lO = 0.177C. Convertjng to the natural logarithm, 

a = 0. 408C cm-l ( 4) 
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Use of Eq. (2) gives 

k I'= l , 77xl o- 6c 

Diffusion Coefficient, 0 

The dependence 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 fro~ Ref. 24. 

Viscosity JJ and -Density p 

The :dependence of viscosity JJ and density p upon concentration is 

presented in Fig. A4. The data were taken from Refs. 25Jand 26. 

,·: ~ 
. ' . ~ . 
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Fig. A2. Dependence of diffusion coefficient Don Cuso4 
concentration. D<il::l taken fro111 Refs. 22 unci n. 
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f1dta taken from Ref. 24. 
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APPENDIX B. FRESNEL AND DRUDE EQUATIONS-AND THE 
ELLIPSOMETER PARAMETERS ~ AND 6 

This section presents the derivation of the reflection coefficients 

for both reflectio~ at a bare surface and reflection from a film-

covered surface. The ellipsometer parameters~ and 6 are also 

introduced. 

The Electromagnetic Theory of Reflection 

The classical description of the reflection of light from a boundary 

between two media is based upon the macros~opic Maxwell Equations. 

The assumptions involved are that the surface is planar, both media 

are continuous, linear,· and isotropic, and each field is represented 

as a monochromatic, sinusoidal qisturbance. 
. 

Thi~ derivation gives the Fresriel equations, which represent the 

ratiqs of.reflected to incident electric field intensities for two 

orthogonal states of polarization. With the exception of Section 2, 

which is original, this work is a modification of the notation used 

in a derivation presented by Muller and Mowat. 27 •28 

l. The Maxwell Equations 

Light is assumed to obey the macroscopic Maxwell Equations (l) 

through ( 4): 

-'>-

div 0 = 4Tip free 

-+ 
-+ a 13 

curl E = - c dt 

-+ 
div B = 0 

-+ 

curl H = l ~ + 411 J c at c free 

( l ) 

( 2) 

(3) 

( 4) 
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in addition, 
-)- -+ -+ 
D :: E + 4nP (5) 

-)- -;.. -)-

8 = H + 4nM (6) 

-+ -+ 
E is the electri~ field intensity, P is the electric polarization, 
-r -+ -+ 
B is the magnetic induction, M is the ma~netization, Jfree is the 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 

-+ _,.. 
X E e s X H m s (la-c) 

and the magnetic and electric susceptibilities Xe and Xmas well as 

the conductivity a are constant throughout space. The subscript s 

refers to the spatially dependent parts of their corresponding vectors. 

(2) The equation of continuity holds: 

Clpfree -+ 
at = - div Jfree (8) 

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

disturbance. For example, 

-+ -az -+ -+ 
E = e IE I cos (,,lt - k • r) ( 9) 

-az The term e .represents the amplitude attenuation in the direction 

normal to the reflecting surface, lEI is the "undampened" t;~mplitude, 

-+ 
w is the frequency, k is a vector in the direction of propagation, 

-+. 
and r 1s the position vector. 
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2. Wave Propagation 

As shown in Ref. 29, the proper application of the Fourier cosine 

representation of a function demands that 

-+ 
where E

0 
is a constant, complex vector. 

-o.z 
e 

However, as wfll be shown for Eq ... (l), the fact that the Maxwell 

Equations are self-adjoint, will allow a simpler representation: 

Substitute the first term on the right in Eq. (:10) into Eq. (l) 

to yield 

( l 0) 

( l a) 
-+ -+ -+ -+ 

[cos(wt - k·r) + isin(wt k·r)] E
0 

= 4npfree 

-+ 
where k is the magnitude of k referred fo Fig. lb. 

Substituting the second term on the right in Eq. (io) into 

Eq. (l) gives: 

( l b) 

-+ -+ -)< -+ ·* 
[ cos(wt - k·r) - isin(wt - k·r)] E 4 o = npfree 

The complex conjugate of Eq. (lb) is idenfical to Eq. (la·). As 
-+* -)< 

E
0 

obeys the same relationship as does E
0

, we need only solve for 
-)< 

E
0

• This is also true for Eqs. (2) through (4). 

Therefore, 

-+ -+ 
-+ -+ -az i(wt-k·r) E = E

0
e e = ( 11 a) 
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Proceeding with similar assumptions gives: 

-~ -+ iwt -+ -+ iwt p = P e Jfree = Jse s 

-+ '"* iwt -+ 
Mse i1ut B = Bse M = (llb-g) 

-+ -+ iwt -+ -+ iwt D = Dse H = Hse 

The fact that the Maxwell relationships are self-adjoint is 

implicit in Eqs. (lla-g). 
-+ 

Substituting for Jfree into Eq. (8) and integrating with respect 

to time gives 

p = l div{crE ) eiwt (12) free w s 

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

Eqs. (7a-c) into Eqs. (lla-g), then into Eqs. (5) and (6), divide 
·. iwt out the common term e to leave 

-+ -+ 

Bs = (1 + 4rrX ) H m s 

Equivalently, 

-+ -~ -* -* 

( 5a) 

(6a) 

OS = cE
5 Bs = pHs (5b,6b) 

Substitute Eqs. (5b) and ( 12) into Eq. ( 1 ) to give 

( 1 a) 

·. 
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. -+H iwt 
1ww e s 

Equation (3), using Eq. (6b), becomes 

Using Eqs. (5b), (llf), and (7c), Eq. ( 4) 

-+ 
= iw/c (s . 4no) curl H 1-s w 

' Taking the curl of Eq. (2a) and substitute 

-+ 2 ·2 ( curl curl Es = W JJ/C E - i 

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

curl E -+ 
curl = grad div Es s 

As s and o are isotropic, 

3. The Com~1ex Refractive Index 

By def_i ni ng 

2 
Jl (s - 41ro) n -c w . 

( 1 3) 

(2a) 

(3a) 

becomes 

-+ 
E s ( 4a) 

Eq. ( 4a), 

4:o) 
-+ 

Es ( 14) 
( 

v2E s 

( 15) 

( 16) 
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The quantity nc is the complex index of refraction and is further 

defined by 

( 1 5a) 

n c - n - i K ( 16a) 

K replaces the conventional use of k for the purpose of clarity. As 

shown in Refs. 29, 30 and 31, Eq. (15a) is satisfied by Eq. (lla) 
-+ 

i.f the magnitude of k, 

k = w/v ( 17) 

where vis the velocity of the propagation of light in the medium. 

The ratio bf the vacuum phase velocity c to the phase velocity 

v is the physical index of refraction n'. 

c/v = n' 

Thus 

k = w/v = ~ n' = k n' 
c 0 

where k refers to the vacuum propagation vector. 
0 

-+ -+ 

( 1,8) 

(l7a) 

Expanding k•r (vis Fig. Bl) and inserting into Eq. (lla) gives 

( 19) 

Define 

n'a ac - -;;;, 0 -k-- w (20) 

·. 



' . -

Fig. Bl. 
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v.Jhen liyht propa~jates in an absorbing rrrediurn, the 
propagation vector ·k forrrrs Jn an'.J I e ~:r v1i th the· tionrral 
to the -~urface of the nredium V1hil.c the Jttenui:ltion 
vee tot· a lies ~1 onq the nonna l. Planes of equal phase 
are norrnal_~to k v1hile planes of equal arnplitude are 
normal to a. The angle ':r is the real an~Jle of refraction 
in the rrredium, while the plane z o: U is its sut·face. TIH! 
fiyure is taken from Ref. 27. 
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From Eq. ( 20) , 

n':n'- n'- iK' c c 
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Equation (19) now becomes 

-+ -+ [ iwn' Es = E0 exp - c 

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

K, and n', K1
• The proper expressions are found to be27 •30 

and 

,2 ,2 
= n - K 

nK = n'K'cos¢ r 

Equations (21) and (22) connect n' and K1
, physically measurable 

quantities which ~reused in the descriptive Eq. (20b), with 

nc = n - iK, which will be found to occur in the equatibns which 

describe reflection from an interphase. 

4. The Boundary Conditions for Reflection 

With the definition Eq. (16) for n~, Eqs. (la) and (4a) become 

2->-
div n E = 0 c s 

( 16c) 

(20a) 

(20b) 

( 21 ) 

(22) 

( 16) 

( 4b) 
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The boundary conditions, which are a conservation of energy across 

the reflecting surface, are now derived. Let two homogeneous media 

be separated by a plane boundary, with n the unit normal vector in 

either direction. Construct a surfa~e a as sh6wn, ~hd let the thickhess 

of the volume t enclosed by a be small compared with the width, and 
·,. 

also small enough to assum~ small changes in the various fields. 

Medium 
2 

The application of Gauss's Theorem 

J div Fdt = J n·Fda 
t a 

to Eqs. (lb) .and (3a) gives, as t-+ 0; 

Stokes theorem, 

when applied to Eq. (4b) and Eq. (2a), gives the result that 

This occurs because as t strinks to zero, the ~ight-hand sides 

of Eqs. (4b) and (2a) approach zero. 

( 35a) 

(35b) 

(35c) 

(35d) 
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2-+ The boundary conditions require the normal components of n E and .. c 
-+ -+ -+ 
H and the tangential components of E and H to be continuous across the 

surface. 

Consider a plane wave suffering reflection and refraction. Figure B2 

shows the coordinate system and the sign convention to be used. The 
-+ 

subscript p refers to the polarization of E parallel to the plane of 

incidence, while s refers to the polarization normal to the plane of 
-+ -+ -+ 

incidence. E, E", and E' refer to the incident, reflected, and 

refracted waves. The xz plane is the plane of incidence while z = 0 

corresponds to the boundary between the two absorbing media. The 
-+" -+-+ 

corresponding H vectors are directed such that the vector ExH in a 
-+ 

right-handed coordinate system lies along k. 
-+ -+ 

For the incident vector E, when E
0 

is expressed a~ 

values for El and E 3 which provide unique solutions to Eqs. (1) 

27 through (4) are 

E = -sin¢ 3 

-+ 27 
When Hs is represented as 

-+ -+ [ iwn' H = H exp -s 0 c 

-+ 
H n' tE (cos¢ c iK'/n') 

0 0 s 0 0 

(xsinq> + z(cos<l> - iK'/n'))J 
0 0 

+ Ep( -
,2 

2i ~: cos'Y + E5sin¢Z] 
K 

A 0 
X --;2-

n 
0 

(23) 

(24) 

(25) 

(26) 

(27) 

.. 
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z 

r p 

.\BL, 7 U0-7 1120 

Fig. 82. Coordinate system and sign convections for thP electric:, 
field (positive direction of Ep and Es in incident, 
reflected and refracted waves is indicated by arrows). 
The propagation vectors are presented by k, k' and k''. 
Subscript p stands for' polariz,,tion !Jarall~l t8 'the p

1

Lnr: 
of incidence and subscript s stands for polarization 
norma 1 to the p 1 ane of incidence. The colll)' 1 e'< index of 
refraction of the adsorbing medium is des,ignated n - ii:. 
Figure taken from Ref. 28. 
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-+ -+ 

The expressions for·E 1 and E11 are found by priming Eqs. (23) through 
A -+ 

(27), with x -+ -x and z -+ -z for E11
• 

To present the final representations of the electric \vaves, Snell 1 s 

Law 

is used. 

[
2ni ( 1 ( • exp ~ ct - n

0 
xs1n¢ 

Kl) ) i x + E1 y"' - E1 sin~ z n 1 s p '~'r 
1 

r2ni ( 
expl\ \ct 

The relation w/c = ~n has been used. 
0 

~i)))] 

-+ .-)- -)-
Expressing only the pre-exponential terms for H, H1 and H": 

-)-

H = 
K

1

) ~ -i-<2.. x+E 1-nl P 
0 

(28) 

(29) 

(30) 

( 31 ) 

(32) 

\ 
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n~ r~ ~OS~ -
K~)' E~(-

12 
-+ K 

Hll i 0 = - X+ 7-nl 
0 n 

0 

-+ ' • 1 A 

[ 
( 

K

1

) ( H1 
= nl -Es cos¢r - 1 n.j x + E~ 1 

2iK 
0 ~ • 0 A II 

-~- COS1, Y - E 
n s 

0 ·. 
s in$Z] 

E I s i n(p z] s · r 

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

(33) 

(34) 

30 -+ 2-+ charges or currents exist, are that the components of 8 and neE normal 
+ + . 

to the surface and that the components of E and H parallel to the 

surface be continuous: 

2 -+ -+ 2 -).- A 

n (E + E11 )·z = n E1 ·Z co cl (35) 

-+-?- -7-A 

(H + W)·z = W·z ( 36) 

--*-+-A -+A 
(E + E11

) xz = E1
XZ ( 37) 

-+ -+ 
( H + W ) xz - H' xz (38) 

Expressions are now derived relating E E1 E11 E E1 and E11 

p~ p' p'. s' s' s' 

using Eqs. (35) through (38). Substitute Eqs. (29), (30), and (31) 

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

n2 (-E - E11
) sin¢ = n2 (-E 1 sin¢r) co . p p . . c l p 

or 

(E + E11
) p p 

n2 
= ~E~ 

n I p 
l ' 

(39) 

Substitute Eqs. (29) through (31) into Eq. {37) and evaluate at z = 0. 
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To simplify notation, let 

K'/n' = k' 
0 0 0 

d '/ ' - k' an Kl n1 = 1 

Equating coefficients of y and x in Eq. (40) gives 

and 

(E + E")(cos¢- ik') = E'(cos¢ - ik') p p o p r 1 

E'' + E = E' s s s 

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

at z = 0, and equating coefficients, 

(40) 

( 41 ) 

( 42) 

(43) 

n'(E - E")(cos¢- ik') = n'E'(cos¢ - ik') (44) o s s o 1 s r 1 

and 

It can be shown that Eq. (45) reduces to Eq. (39). To summarize, 

the boundary conditions (Eqs. (35) through (38)) give the following 

four relations: 

n2 /n'(E + E") = n2 /n'E' 
co 0 p p c 1 1 p 

(39) 

(42) 
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E" + E = E1 

s s s 

5. Reflection Coefficients 

The reflection coefficients are defined as 

Evreflected 
r 
v - Evincident 

where v is either s or p. 

For the pres~nt notation, 

r = E"/E v v v 

I 

(43) 

(44) 

( 46) 

(47) 

By the use of Eqs. (43) and (44), straightforward'manipulations yield 

n~(coscp- ik~)- nl(cosc/Jr- ik1) 

rs = n~(cos¢ ik~) + nl(coscpr tkl) 

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

n2
1n 1 (cos¢- ik 1

) 

r = c o o 
P n~ 1 n~(cos¢ - ik~) 

6. The Complex Angle of Refraction 

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

(49) 

(50) 

may be simplified if Snell 1 S Law is modified to include complex angles: 

n sin¢ = n 1 sin¢ = n1
1 sin¢ = n 1sincp 1 co co o r c c (51 ) 

This equation is consistent with the further definition 27 

(52) 
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7. The Fresnel Equations 

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

Alternate expressions are now derived. For rs' substitute for 

n c 1 from Eq. (51 ) . 

n cos¢ 
0 

- n sin¢ cos¢ 1 1sin~ 1 co c co co c c 
nc 0 cos¢co + n sin¢ cos¢ 11sin¢ 1 co co c c 

sin¢c1cos¢co - sin¢c0 cos¢cl 
sin¢ 1cos¢ + sin¢ cos¢ 1 c co co c 

sin(,h - ,.!, ) 

'~'co "'cl 
s i n (¢co + rp c l ) 

For rp' again use Eq. (51) 

r p 

3 ( . 2 ,f, I . 2 ,h . ,h ,h I . A ) n cosrp s 1 n "~' s 1 n "~' 1 - s 1 n'~' cos,v 1 s 1 n,,) 1 co co co c co c c 
= -7~--~~--=------=~----------------------

3( .2 1.2 . I") n cos¢ s1n cjJ s1n ¢ 1 + s1ncjl cos¢ 1 s1n¢ 1 co co co c co c c 

= 
2' 

( C 0 S rp S i n cj> -co co sin¢ cos¢ 1sin¢ 1) co c c 

(cos¢ sin 2¢ . co co + sinrp cos¢ 
1
sin¢ 

1
) 

co c c 

... 

(53) 

(55) 

(56a) 
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-· #!\. 
·~ ;; 
'«"' 

Equation (56a) is trigonometrically equivalent
27 

to 

th· To summarize, let the subscript m r~fer to them medium involved, 

n - ..J lJ (Em - i4no /w) - nm - h:m em m 

n' - n' iK' 
em Ill m 

n' - c/vm m 

K' - n 'a/k = ac/w 

where 

a is the absorption coefficient 

= n'K'cos¢ m m m 

The reflection coefficients are 

rs = 

r = 
p 

n cos¢ - n 1cos¢ 1 co co . c c = E"/E s s ncocos¢co + nclcos¢cl 

nclcos¢co - ncocos¢cl 

nclcos¢co + ncocos¢cl 
= E"/E p p 

(56) 

( 16) 

( 16c) 

( 18) 

(20) 

( 21 ) 

(22) 

(28) 

(53) 

(54) 
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where 

n1 sin¢ - n sin¢ m m em em 

and 

n cos¢ - n 1 (cos¢ - ik 1
) em em m m m 

where 

k1 = K 1 /n 1 

m m m 

The Fresnel coefficients rp and rs may also be written as 

and 

sin(,j, -,!, ) 
'I' co '~' cl 

sin(¢ +¢ 1) co . c 

The Reflection Coefficients for a Film-Covered Surface. 
The Drude Equations 

Figure 83 shows the notations used to represent the electric 

field vectors for a film-covered surface. The boundary conditions 

(Eqs. (35) through (38)) become 

n2 (E + Ell) A n2 (E~ ->-
z = + E II I ) • z 

co c 

->- ->- ->- ->-
(H + w) ·z = (W + H II I ) • z 

·+ -).- A + +E 1 ")xz (E + E")xz = (EI 

·>- ·>- + -).- ) A (H + H")xz = (W + H" I xz 

(51 ) 

(52) 

(53) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 
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Fig. 83. kefl('Ction from idealized film-covered surfacP. 
(a) Representation by multip.le-beulll reflectionso 
(b) Representation in tenns of equivalent waves. 
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At the first interface, Z = -L. Substituting Eqs. (29) through (31) into 

Eq. (57), and noting E' 11 is analogous to E1
, and using Eq. (51), 

where 

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

coefficients of x and y, gives 

iT -iT 
E e 0 + E"e 0 
s s 

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

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

th~ough (64) are 

n2 /n 1 (E 1 + E" 1
) cl l p p 

nc 1 cos¢c 1 !n1(E~-

E' + E" I 
s s = E 

sm 

= n2 /n 1 E em m pm 

E"l) 
p = ncmcos¢cm/n~Epm 

n 
1 

cos¢ 
1 

( E 1 
- E"l) = n cos¢ E c c s s em em sm 

( 61 ) 

(63) 

(65) 

(66) 

( 67) 

(68) 

~' 

' 

_. . 
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Divide Eq. (66) by Eq. (65) to give, after simplifications, 
'-

Define 

E I "/E I = 
p p 

E1 "/E 1 = r s s 2s 

Equation (69) now becomes 

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

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

For the first interface, similar to Eq. (69), Eq. (71), 

n 
1

coscp 
c co 

n COSq> l co c 

+ r 1s n coscp 
----'- = co co 

- rls "clcos¢cl 

(69) 

(70) 

( 71) 

( 72) 

(75) 

(76) 
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We wish to obtain for the final result 

r = E 11 / E v = s or p v v v ' (77) 

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

give 

-2iT 

~ 
-2iT E + E11 e 0 

+ rl~ El + Ellie 
~ . ~ 

= ~ p 
-2iT rlp E I - Ell 1e -2iT 

E - E11 e 0 
p p p p 

(78) 

A similar expression with p ~ s is obtained for the s compbnent by 

using Eqs. (63), (64) and (76). Letting v = s or p, Eq. (78) is 

-2iT 

~ 
+ Ellle-2iT E + E11 e 0 

+ rlv] El 
v v = -2iT rlv El E11 1 e -2iT 

E - E11 e 0 -
(79) 

\) \) 

From Eq. (79), 

2iT 

~ 
-2iT e 0 + E11 /E + rlv] + E Ill /E e 

v v = v v 
2iT

0 rlv l Ell I /E e -2iT 
- E11 /E 

-
e v v v \) 

(BO) 

Using Eqs. ( 77) and (70), 

e2iTo + r 

= [: 
+ rlv] + r2ve 

-2iT 
v 

2iT
0 rlv -2iT 

- r e e - r 2v 

.. 
( 81 ) 

\) 

For convenience, let 

2iT 
e 0 + r 

E, = v 
2iT 

e 0 - r 
\) 
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then r v, 

2iT o·t;:- l r = e (82) 
\) s + 1 

As s is the left-hand side of Eq. ( 8l ) ' 

As only the ratio of r Irs is involved in ellipsometric measurements, . p 

the term exp(2h
0

) in Eq. (82) is dropped. Equation (83) is the 

Drude equations. 

where v = s or p. 

-2iT 
+ r 2ve 

The Ellipsometer Parameters~ and 6 

(84) 

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 attenuation, and 

a phase difference 6 occurs between them. Let 

and 

tan~ - I E 11 I I I E 11 I . r p s (86 )· 
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The amplitude ratio is changed by the factor 

tantjJ (87) 

The ratios E"/E and E"/E are related to the angles of incidence and s s p p 

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

coefficients may be represented as an amplitude ratio and a phase 

change: 

iE II 
E" IE" I 

\) 
IE" I i(E 11 -E) e 

\) \) \) e \) \) r = r- iE = TET \) 
\) 

IE I 
\) \) 

e 
\) 

where \J = s or p, and the epsilons are the phases of the various 

components with respect to an arbitrary time change. Define the 

absolute phase change by 

The ratio of the reflection coefficients is 

Define also 

Then 

p = r /r = p s 

it. 
p = tam)Je 

tantjJ 
r 

tantjJ; 

(88) 

(89) 

(90) 

( 91 ) 

(92) 
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APPENDIX C. COMPUTER PROGRAMS 

INFILM 

The program INFILM calculates 6 and ~ for a system of up to 3 

films, with each film either being homogeneous, or having an 

inhomogeneity in the direction normal to the interface described by 

a linear, parabolic, or exponenti~l profile. For each film, the 

number of homogeneous layers in the multiple-film model is increased, 

within specified .limits, by increments of 10 until convergence of 

6 and ~ within 0.003° is obtained. The maximum number Df layers per 

film is 999. 

The computational procedur~ begins with the 

substrate and works upward, as indicated in Fig. 

The prcigram allows the conversion from the 

and kl to the unprimed complex refractive index 

The appropriate relationships are 

n2 k2 = n•2 - k.2 

nk = n•k•cos¢ 
r 

film next to the 

3. 

primed quantities n• 

n = i k (Appendix B). 

( 1 ) 

(2) 

In n and k are assumed to be independent of ¢r' then n• and k• depend 

on ¢r· The known quantities are n• (measured at a given angle, say 

at total reflection with a prism of known refractive index) and k 

(if measured at normal incidence and, thereforei equal to k1
). 

The variable KCONV controls the conversion. 

For KCONV = 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. 

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

The thickness of each film is free to vary. The refractive 

index of the substrate and the angle of incidence may be varied if 

desired. The refractive 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. ) 
+ b 1 y n = n. 

1 cS 

KFORM (I) = 2, exponential profile 

n = n;ex4n ~~] Yl~ 
KFORM( I) = 3, increasing parabola 

n = n. + ( nb - n.) [1 
1 1 

KFORM( I) = 4, decreasing parabola 

+ (nb- ni)(l n = n. 
1 

- ( 1 - y/cS)2] 

- y/cS) 2 

KFORM( I) = 5' inverted increasing parabola 

n = n. (nb - ni )[1 - ( 1 - y/cS)2J 
1 

( 3) 

( 4) 

( 5) 

(6) 

(7) 

'· • 
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KFORM(I) = 6, inverted decreasing parabola 

' ' 2 
n = ni- (nb- ni)(l -y/8)] 

nb = refractive index at the top bounda,ry of the film 
' 

n. = refractive index at the bottom boundary of the film 
1 

n is in general complex. The actual value of n(y) is obtained by 

integrating the function between the limits a and b of the layer. 

As an example, for the linear profile, 

Input Variables 

TITLE 

RANGE 

WL 

PHID 

Alphanumeric label 

Alphanumeric label 
0 

Wavelength of light, A 

Angle of incidence, ¢ deg 

(8) 

(9) 

TNO Real part of refractive index (r.i.) of the incident medium 

TNKO 

KCONV( 1 ) 

RPRISM(l) 

NPHI 

DELPHI 

TNS 

TNKS 

NFILMS 

NBASER 

Imaginary part of incident medium· r.i. 

Controls conversion of r.i. of incident medium 

Refractive index of prism measuring r.i. of incident 

medium at total reflection 

Number of increments for ¢ 

Increment for ¢, deg 

Real part of substrate r.i. 

Imaginary part of substrate r.i. 

Number of films, from 1 to 3, integer 

Number of incre~ents,for TNS, integer 



NBASEI 

DBASER 

DBASE I 

TNU (I) 

TNKU (I) 

TNL (I) 

TNKL (I) 

THICK( I) 

NTHICK(I) 

DTHICK(I) 

KCONV( I) 

KLAYU (I) 

KLAYL(I) 

RPRISM( I) 

KFORM( I) 

NTNL (I) 

tHNKL (I) 

DTNL(I) 

!JTNKL (I) 
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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 ~.i. of medium above the 

boundary 

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

Imaginary part of r. i. of film I at lower boundary 
0 

·Thickness of film I ' A 

Number of increments for THICK( I) 

Increment for THICK(I), ~ 

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(l) above 

Chooses function describing the inhomogeneity of film I 

Number of increments for TNL(I) 

Number of increments for TNKL(I) 

Increment for TNL(I) 

Increment for TNKL(I) 



~ 
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Input Format for Data Cards 

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

Title (0-80) 

2 Range (0-80) 

3 WL PHID TNO KCONV(l) RPRISM(l) RPRISM(l) NPHI DELPHI 

4 TNS / TNKS NFILMS NBASER NBASEI DBASER DBASE I 

5 I TNU (I) TNKU (I) TNL (I) TNKL(I) THICK(I) NTHICK(I) DTHICK(I) KCONV(I) 
I= 1, NFILMS 

6 I KLA YU (I) KLA YL (I) RPR ISM (I) KFORM (I) NTNL (I) NTNKL (I) DTNL (I) 

This is one data set. Any number of sets may follow, with 3 blank cards after the last set. 
A fixed-point integer (I - N) is right justified in its appropriate column. 
Film 1 (I= 1) is the top film. 
For a homogeneous film, TNU(I) - iTNKU(I) is the refractive index of the film above film I, or the 
incident medium for I= 1. 

DTNKL(I) I 
--' 

--' 
I 

'0 

c 
i:..: 

c 
.Jt.t' 

(A1 

0 . ,-
v. 

0 

(...j 

0" 



c 
c 
c 

c 
c 
c 

c 
c 
c 

c 
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PRO::i~4H INFILMI INPUT,OUTPUTl 

INFILM CALCULAT(S DELTA ANu PSI FOR A SYSTEM 
OF UP TO 3 FILMS. THE FILMS CAN BE HOMOGENEOUS OR 
~AVE AN INHOHOGENliTY DESCRIOEO 3Y LINEAR, 
PARABOLIC, OR EXPONENTIAL PROF ILC:S. 

COMPLEX XO,XBASE,XUP,XLOW,XLF,R1S,R1P,RZS,R2P,RS,RP~RHO 

COMPLEX Q,A,B,C,R,Ol,X1,CC,XLOW1,XUP1,XBASE1,XLU 
COM" LEX RSH, RPH 
DIMENSION RSHI10l,RPHI10l 
DIMENSION THICKI3l,TNUI3l,TNr<U13l,Ti'IL(3J,TNKLI3.l,NTHICKIJl 
0 I Mt: N S I 0 N 0 THICK I 3 l , iH tl L ( 3 l , NT N'< L ( 31 , 0 T NL ( 3 l , 0 TN K L ( 8 l , T I T LE ( 8 l 
DIMENSION RANGEI8l,KCONV14l ,KFORMI.Jl ,XUPI3l,XL0W(3l ,XL0~1(3) 
DIMENSION KLAYUC3l,KLAYL!3l 
COHMON/RFRACT/RPRISH!ol 
COMMON IXINC/TN,SC,WL,ALPHA 

THE COMPLEX COSINE 

C THE D~UDE EONS FOR THE REFLECTION COEFFICIENT 
c 

R I A, a, C l = (A+ B• CE X P (- C l l/ ( 1. +A • u• C EX P I -C l l 
7 CONTINUE 

READ l,TITLE,RANG[ 
t FO~HATI8A10/8A10l 

IFIT!TLE.£Q.12H l GO TO 5~00 

READ Z,~L,Prlit,TNO ,T"lKO,r<CONV 11l,RPRISMI1),NPHI,DELPHI 
2 FOR'1t.TIF'l.0,3F1Q.O,ItO,F10.0,I1G,F10.0l 

READ 3,TNS,TNKS,NFILM,NBASER,NBASEI,OBASER,DBASEI 
3 F 0 R.'1 AT 0' 'l. 0, F 1 0. 0, 3 I 10 , 2F 1 0. 0 l 

DO S I:l,NFILH 
··J=I+1 
READ 4, T NU I I l , TN KU I I l , TN L I I l , TN.'< L I I l , THICK: I I l , NTH I~ I I l , D THICK I I l 

C ,KCONV(J) 
It F ORH AT IF g. 0, 4F 10.0 ,I 10, F 10. 0, I 10 l 

READ 5,KLAYUIIl,KLAYLIIl ,RPRISMIJJ,KFORM!Il ,NTNLIII,NTNKL!Il, 
C OTNL(l),DTNKLIIl 

5 FORHATII<J,IlO,Ft0.0,3l10,2F10.0l 
19 FORHAT(1Hl,3X,dA10/3X,dA10l 
20 FOR~ATI1H0,2X,•WAVCLENGTH = •,F7.t,•ANGSTROHS ,• • PHI = •,F5.1, 

c•OEGREES , •;zx•REFRACTIVE INDEX OF INC. HEOIUH = • ,F7 .4,3H I , 
CElZ.'+l 

18 FOR'1ATI1H0,2X,•t NBASE NLCWERINFilMl NUPPERI 
CNFILH) TIANGSTP.OMS) KFOI<H 4 l 

17 FORI1ATI1H0,2X•Z•ZOX 4 NLOWERINFILH-ll NUPPERINFILM-11 TIANGS 
CTROMSJ KFO~H 4 l 

1& FOR~ATI1H0,2X•3•20X•NLOWERINFILH-2l NUPPERINFlLM-21 TIANGS 
CTR01Sl KFORH•J 

21 FORMATI1H02X•1•3X,F7.~,zx,F7.4,4XF7.4,2X,F7.4,4X,F7.4,2X,F7.4,4X 

CF'l.1,6X.I3l 
22 FORMAT!lH 2X,•z•,Z3X,F7.~,2X,F7.'+,4X,F7.4,2X,F7.'+,4X,F<J.1,6X,I31 
23 F0~1ATI1H 2X,•3 4 ,23X,F7.'+,2X,F/.~,4X 0 F7.4,2X,F7.4,4X,F'l.1ooX,I31 
15 FORHATI1H0,7X,•PSI DELTA AC PC•J 
24 FORHAT(lH ,5X,41F8.3,3Xll 
o CONTIHUE 

ALPHA=.01745329252 
TN:o I tiO 

. 
• 

... 



.. 
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C V~RIES THE ANGLE OF INCIDENCE 
c 

c 

DO 1100 NPH=l,NPHI 
PHl=PHil•ALPHA 
XBASE:CHPLXITN~,-TNKSJ 

C CALCULATES THE COHPLtX REFRACTIVE INDEX 
c 

c 

CALL RINOEX(l,KCONVIli,TNQ,TNKO,PHI,XOI 
DO 10 I=l,NFIL/1 
J: I •I-
CALL RINOEXII,KCOtN(JJ,TNUIII,TNKUIII,PHI,XUPIIII 
CALL RINOEXIItKCONVIJl,TNUII,TNKLIII,PHI,XLOHIII.I 

10 CONTINUE 
SC:~I NPH 11 
Dl=IO.J1A)•4.•3.1415927/HL 
J:NFILH-1 
K=NFILH-2 
PRINT 19,TITLE,RANGE 
PRINT 20 1 HL 1 PHI1,XO 
PRINT 18 
IFINFILH.GT.ll PRINT 17 
IF INF ILH.GT .21 PRINT 16 
PRINT 15 
XBASEl=X BA.SE 

C VARIES THE REAL PA~T OF THE SU3STRATE REFRACTIVE INDEX 
c 

c 

DO 1000 J1:1,NBASER 
XBASEl:CHPLX I REAL IXElAS£1 l ,AIHAGI XBASEI J 
XL OWl INFIU1l =XLOW INF ILMI 

C VARIES THE IHAGINGARY PA~T OF THE SUBSTRATE REFRACTIVE. INDEX 
c 

c 

DO 990 J2:1,NBASEI 
Nl:NTNLINFILHI 

C VARIES THE REAL PART OF FILM 1 REFRACTIVE INDEX 
c 

c 
c 
c 

c 
c 
c 

DO ~80 J3=1,N1 
XL OW 1 INF I L H l: C HPL X (REAL (hOW 1 ( NF ILHI J , A IHA:> I XLOW I NF fL·M ll l 
N2:NTNKUNF IU1l 

VARIES THE IMAGINARY PART OF FILH 1 REFRACTIVE INDEX 

DO 97G J4=1,N2 
XLF:XLOHliNFILHJ 
CAL_ COEFFIXLF,X8A5El,R2S,R2PJ 
CALL COEFFIXLOHliNFILMl,XLF,RlS,RlPl 
D=.00001•XLF•CCISC,TN,XLFl•Q1 
RS:RIRlS~RZS,lll 
RP=RIR1PtR2P,Ol 
T=THICKINFILHJ 
N3=~THICKINFILHI 

RSHI1l=RS 
RPH(lli::RP 

VARIES THE THICKNESS OF THE TOP FILM 

DO 90u J5=1,N3 
RS=RSHI11 
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RP=~i'H( 1l 
c 
C CALCULATES THE CHANGE IN REFLECTION COEFFICIENTS DUE TO FILM 1 
r 

c 

CALL FILM(KFORMI•<FILMI ,T,XUP(NFILHI, XLOW11NFILMI 1 KLAYUINFILMI, 
C KLAYUNFILMI,RS,RPI ' 

IFINFILM.LT.21 GO TO 30 
RSHI21=~S 
RPHI21=RP 
XLOW1 IJI=XLOWIJI 
N4:NTNLIJI 

C VARIES THE REAL PART OF FILM 2 REFRACTIVE INDEX 
c 

c 

DO 350 J6=1,N4 
XL OWl (J I= CI1P LX (REAL (XL OW 1 ( J I I , AIM AG (XL OW I J I I I 
N5:NT NKL I J I 

C ·VARIES THE I~AGINARY PART OF FILM ~ REFRACTIVE INDEX 
c 

c 

DO 'l40 J7=1,N5 
RS=~SHI21 
RP:RPH(21 
XLF=lXLOWtiJI+XUPINFILMII/2, 
CALL COEFFIXLOW1(JI,XLF,R1S,R1PI 
0:0.001•XLF 4 CCISC,TN,XLFI 4 D1 
RS=RIR1S,RS,DI . 
RP~RIRtP,Rt>,OI 

T1:THICKIJI 
N6=NTHICK1Jl 
RSHI31=~S 
RPHI31=RP 

C VARIES THE THICKNESS OF FILM 2 
c 

c 

DO '130 JB:1,N6 
RS:RSHI31 
RP=RPH!31 

C CALCULATES THE CHANGE IN ~EFLECTION COEFFICIENTS DUE TO FILM 2 
c 

c 

CAll F Il H ( KF ORH ( J I, T 1, XUP ( J I , XLO W 1 ( J I , KLA YU ( J l, KL A Y L I J l, RS, RP I 
IFINFILM.LT.3l GO TO 3G 
RSHI4l=~S 
RPHI41:RP 
XLOW11KI:XLOHIKI 
N7:iHNLIKI 

C VARIES THE REAL PART OF FILM 3 REFR~CTIVE INDEX 
c 

c 

00 920 J9:1,N7 
XL OH 1 ( K I = C MP LX IRE A L1 XL OH 1 ( K I I , A I 11 A G ( XL 01\ ( K l I I 
N8:NT NKL I K) 

C VARIES fHE IMAGINARY PART OF FILH 3 REFRACTIVE INDEX 

DO 910 J10=1,N8 
RS:~SHI41 

RP=.RPHI41 
XL F = ( XL 0 H 1 ( K I • XU P ( J I I I 2. 

CALL COC:FFIXLOWliKI,XLF,RlS,RtPI 
D=O.Ou1 4 XLF 4 CCISC,TN,XLFI 4 Dl 

.. 



• 

•• 

• 

c 
c 
c 

c 
c 
c 

0 0 

RS:RIR1S,RS,Ol 
RP:RCR1P 1 RP,Ql 
Ti?=TH ICK I Kl 
N'l:NTHICKCKI 
RSHI5l=~S 
RPHI5l:RP 

0 
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VARIES THE THICKNESS OF FILM 3 

DO 'lOO J11=1,N'J 
RSdSHC51 
RP=;RPHI51 

CALCULATES THE CHANGE IN REFLECTION COEFFICIENTS QUE TO FILM 3 

CALi.. FI L H I K F 0 R H C K I , T 2 , XU P ( K l , X UHH I K l , K LA YU I 10 , KL A Y L I K I , R S , RP l 
30 CONTINUE 

XLF=CXUPIKl+XOl/2, 
CAL~ COEFFCXO,XLF,R1S,R1Pl 
0=.1•XLF•CCISC,TN,XLFI•01 
RS=RIR1S,RS,Ol 
RP:RIR1P,RP,OI 
O=Dl•xo•cccsc,TN,XOI 
CALL COEFFCXO,XO,R1S,R1Pl 
RS:RCR1~,RS,Ol 

RP:RIR1P,RP,Ol 
RHO=RP/RS 
PSI::AT4NICABSCRH0ll/ALPHA 
OELC:ATAN2CAlr1AGCRHOI,REALCRHOll/Al>'HA 
AC=PSIC•'IO. 
PC:C'lO.-OELCl/2, 
IFCOELC.LT.O.l OELC:DELC+J&O. 
PRINT 21,XBASE1,XLOH11NFILHI,XUPINFILHI ,T,KFORHINFILHI 
IFINFILM.GT.1l PRINT 22,XLOH11JI,XUPIJI,T1,KFORHIJI 
IFINF ILH.GT .21 PRINT 23, XLOHUKI, XUP I,KI, T2,KFORH IKI 
PRINT 2~,PSIC,OELC,AC,PC 

890 CONTI NU~ 
IFCNFILM.LT.31 GO TO '125 
T2:T2+0THICKIKI 

900 CONTINUE 
XLO,j1 IKl =CHPLX CREAL I XLOH1 IKII ,AIHAGC XLOH1 IKI l -DTNKL 110 I 

910 CONTINUE 
XL OW 1 IK I= CHPLX CREAL C XL OW 1 IK I I+ OT N Ll K I , A IHAG I XLOW 1 I KIll 

9211 CONTINUE 
925 CONTINUE 

IF·INFILH.LT.2l GO TO '155 
T1=T1+0THICKIJI 

930 CONTIN:.JE 
XLOW1_ IJI :CHPLX I REAL (XL OWl IJl I ,AI MAGI XL OWl IJ 11-0TNKL IJII 

91t0 COtH INUE 
XL0~11J1:CMPLXCREALIXLOH11Jli•OTNLIJI,AIHAGIXLOW11Jlll 

9511 CONTINUE . 
955 COHT I NUE 

r:TtOTHICKINFILMI 
9&0 CONTI.NUE 

XLOW 1 (Nf ILH I =CHPLX I REAL I XLOW 1 C NF ILHII ,A IHAG I XLOW l.INF ILHI 1-0TN KL C NF 
C I LH II 

'170 CONTINUE _ 
XLOH1iNFILHl:CHPLXIREALCXLOH11NFILHil+OTNLINFIL~I,AIHAGlXLOW11NFIL 

CHI I l 
'160 CONTINUE 

XBASE 1= CHPL XC REAL I XBASE11 , AIHAG C XBA5 Ell -DBASE I I 
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9'l0 COtHINUI:. 
XBA SE 1= C M PL X (REAL (X BASE 1 l •D BASER, AIM A G O.BA SE 1l l 

1000 CONTINUE 
PHI1:PHI1+0ELPHI 

1100 CONTINUE 
GO TO 7 

5000 CONTINUE 
EtW 
SUBROUTINE FILI1(J ,T,XU,XL,KlJ,KL,RS,~Pl 

C FILM CALCULATES THE CHANGE IN REFLECTION COEFFICIENTS OUE TO. A FILM 
C OF VARIABLE REFRACTIVE INOf.X 
c 

c 

COM~LEX XU,XL,RS,~~.X,X1,A,8,C,0,01,R,R1StR1P,RHO 
CO~~LEX AFILM,BFILM 
COMi>LEX Z1,Z2 
DIMENSION X!100~l 
COM~ON/XINCITN,SC,wL,ALPHA 

COMMONI~ENOIAFILM,SFILM,Tl,FIT 

CC ( i: , f , X 1 l = C 50 R T ! 1. -!:. • E • F • FIX 11X 1 I 
R ( A , B , C I = ( A • B • C E X P ( - D:l I I ( 1. +A • 8 • C E X P ( - C l l 
AFILM=~L 

BFILM=XU 
T1=T 
FIT:FLOAT(Jl 
D1:!0.,1.l•4.•3.14159271HL 
IF!J.GT.Ol GO TO 50 
CALL COEFf(XU,XL,R15,R1Pl 

D=T•xL•cccsc,TN,XLl 
RS=R!R1S,RS,Dl 
RP:R(f<1P,RP,Dl 
GO TO 100 

50 CONTINUE 
Z1=RS 
ZZ=~P 
l(zi(L 

60 CONTINUE 
RP:Z2 
RS=Z1 
TT=TIFLOAT!Kl 
U= 1. 
00 70 M=l,K 
z=u•TT 
Y=Z- TT 

C FINDS THE REFRACTIVE INDEX AS A Fu~:TION OF DISTANCE 
c 

XIMl =PROFYL !Y,l) 
U=U+t. 

7Q CONT-INUE 
L=K+ f 
X Ill= XU 
DO !10 M=ltK 
I=M+1 
CALL COEFF!X!Il,X(MI,fUS,R1Pl 
D=Ut•TT•X(Ml•CC!SC,TN,X!Mll 

RS=RIR1S,R3,Dl 
RP=R!R1P,RP,QI 

80 CONTINUE 
RHO=RPIRS 
PSI::ATAN!CAB3!RHOIIIALPHA 
DELC:ATANZ!AIMAG!RHOl,REAL!RHOlliALPHA 

• 

•• 

.. 



• 
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IFIK.EQ.Kll GO TO 9J 
c 
C TESTS FOR CONVEKGENCE WITh RESP~CT TO NUMEER OF FILM LAYERS 
r 

35 IFIABSIH1-PSICl.GT •• 007l GO TO '10 
IFIAdSIH2-DELCl.GT •• 0071 GU TO ~0 
GO T D 10 0 , 

90 H1=PSIC 
H2::1ELC 
IFIKoGE.KUI GO TO ':l5 
K=K+10 
GO ro cO 

95 PRINT l,XU 
1 FOR~ATI1H ,• NO CONV~RGENCE FOR LAYER WITH XU t •,F9.4;2X,F9.4l 
100 RET~RN . 

END 
SUBROUTINE RINDEXCI,NUM,A,b,PHI,RINJl 

c 
C RINJEX GIVES THE COMPLlX REFRACTIVE INDEX 
c 

c 

COI1"L(X RIND 
COHHON/RFRACT/RPRISMiol 
IFINUM.EQ.U GO TO 5 
IFI'lUM.C:0.2l GO TO 1U 
IFINIJH.EQ.31 GO T'J 15 

C STRAiGHT COMB!~ATION OF REAL ANO IMAGINARY PARTS 
c 

5 O:A 
E=B 
GO TO 100 

c 
C USES FILM ANGLE FOR CONVERSION 
c 

c 

10 C=COS I P-i I l 
CALL F31A,o,c,o,£l 
GO T'J luO 

C USES REFRACTOMETER ANGLE FOR CONVERSION 
c 

c 

15 IF C·RPRISM II I .GE .AI S=A/RPRISM C ll 
IFl~PRISMI~l.LT.~l S:RPRISMCII/A 
C=SQRTI1.-S•Sl 
CALL F3tA,o,c,D,El 

100 RINJ:CMPLXtO,-El 
RETURN 
END 

C COEFF CALCULATES THE FRESNEL REFLECTION COEFFICIENlS 
c 

c 
c 

SUB~OUTINE COEFFIA,d,RS,RPl 
COMMON/XINC/TN,SC,WL,ALPHA 
CO~PLE~ ci,cz,~,B,RS,RP 
Cl::SQRTC1.-TN•TN 4 SC•SC/A/Al 
C2=C$QRTI1.-TN•TN•sc•SC/B/BI 
RS=IA•Cl-B•C2l/CA•Cl+B•C21 
RP=-IA•:z-o•C11/(A•C2+R•Cll 
RETURN 
END 
FUNCTION PROFYL!X,Yl 

PROFYL CALCULATES THE REFRACTIVE INUEX 
BETWEEN THE LIMITS YCUPPERl AND XILOWERl r . 
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C .USING THE !INTEGRAL N!Yl OY l/(Y-Xl. 
COMMON/SEND/AFILM,OFILH,TT,FIT 
COMPLEX PROFYL 1 AFILM,OFILH 1 A,B,C 
IF!FIT.EQ~t.l GO TO 10 
IF!FIT.EQ.2.l GO TO 20 
IF!FIT.EQ.3.l GO TO 3C 
IF!FIT.EQ.4.l GO TO 40 
IF!FIT.EQ.5.l GO TO 50 
IF(FIT.EQ.6.l GO TO 60 

C LINEAR PROFILE 
10 8=!3FILH-AFILMl/TT 

PROFYL=AFILH+O•!Y•Y-X 0 Xl/2.1!Y-Xl 
GO TO 100 

C 'EXPONENTIAL i>ROFILC: 
20 IF!AIHAG!kFILHll 21,25,21 
21 IF!AIHAG!OFILHl 127,22 1 27 
27 C1:.01•AIHAG!AFILMI 

C2='<EAL!BFILHI 
8FILH:CMPLX(C2,C1l 

22 B=BFILH/AFILH 
·C=CLOG!Bl/TT 
PROFYL:AFILH/C/!Y-XI•!ClXP(C•YI-CEXPIC•XI 
GO T 0 10 0 , 

25 IF!AIMAG!BFILMl 126,22,26 
26 C1=.0t•AIHAG!BFILHl 

C2=~EAL!AFILMl 
AFILH=CHPLX!C2,C1l 
GO TO 22 

C INCREASING PARABOLA 
30 8=8FILH-AFILH 

C=!Y•Y-X 0 Xl/TT-!Y•Y•v-x•x•X)/3.1TT/TT 
C:C/(Y-Xl 
PROFYL=AFILH+B•c 
GO TO 100 

C DEC~EASING PARABOlA 

c 
r 

40 B=BFILH-AFILH 
C= Y- X- ( Y • Y- X • X l ITT+ ( Y • Y • Y- X • X • X l /3. IT TIT T 
C:C/!Y-XI 
PROFYL=AFILH+B•C 
GG TO 100 

50 B=BFILH-AFILM 
C=tY•Y-X•Xl/TT-tY•v•v-x•x•xl/3./TT/TT 
C:C/!Y-Xl 
PROFYL:AFILH-B•C 
GO TO 100 

60 B=BFILH-AFILH 

10 0 

C=Y-X-(Y•Y-X•Xl/TT+!Y•Y•v-x•x•XI/3./TT/TT 
C=C/!Y-Xl 
PROFYL:AFILH-B•C 
GO TO 100 
RETURN 
END 
SUBROUTINE F3!TN 1 TNK,AN,X 1 Yl 

X AND Y ARE THE REAL AND IMAGINARY 
PARTS OF THE UNPRIHED REFRACTIVE I~DEX 

CORRESPJNO!NG TO THE PRIMED TN AND 
UNPRIHEO TNK AT TH~ ANGLE ARCCOS!ANl 

IF!TNKl1,5.1 
1 II:TII•TN+TNK 0 TNK 

B=TN/TNK 0 AN 
X:SQRT!A/ 11. +1.1B••2l l 
Y=-TNK 

GO TO 7 
5 X= TN 

Y:TNK 
7 CONTINUE 

RETJRN 
END 

• 

-; 
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DE~lSITI~N FROM O.l~ CUSQ4 AT LIMlyiNG CUPPENT 
PUTE~TIOSTATIC GROhTH CF AOUNCARY LAYER, LINEAR PROFILE 

WAVElENGT~ = 546lo0ANGSTR(MS , P~l = 75,0nEGREES , 
REFRACTIVE INDEX OF I"C o ~t:DIUM = 1. 3174 -0. 

1 Nf\ASF. NLOWEPINFILMI NUPPERINFILMI 

PSI DELTA AC PC 

o9400 -2o 3300 1.3345 -o.~ooo 1.3374 -o.onoo 
37.386 58,374 127.186 15o813 

• '14 0 0 - 2 0 3 3 00 1o3345 -o.oooo 1.3374 -oooooo 
11o366 58o092 127.366 15.'154 

,94JO -2.3300 1.3345 -o.oooo 1~1374 ~o.oooo 
37o3~3 57o589 127.393 16.205 

.'l'+uo -2.:noJ 1o3345 -o.oooo 1o,374 -o.oooo 
37.450 57,C4~ 127.450 16.476 

o9400 -2o~300 1.3145 -o.oooo 1o3H4 -Oo:looo 
37.sis 56.&39 127.515 16o6A1 

1 o9400 -2o 330') 1.3345 -o.oooo 1.3374 -o.oo6o 
37o56't . 56o'•51) 127.564 16.775 

o9401) -2o:?300 1o3345 -Oo'looo 1.3374 -o.oooo 
37~595 56.481 127.585 16.760 

o'140C -2.:'-300 1,3345 -o.oooo 1.3374 -o.oooo 
37 •. 581 56.t46 127.581 16.677 

o94UO -2o330) 1.3345 -o.oooo 1.3374 -o.oooo 
37o561 56•827 127.561 16.587 

.'1+00 -2.3300 1.3345 -IJ.oooo 1.3374 -oooooo 
37.541 56.922 127.541 16o539 

,9400 -2.3300 1.1345 -o.oooo 1.1374 -o.oooo 
37~533 56,894 127,533 16.553 

•. 9400 -2.3300 1o3345 -o.oooo 1.3374 -o.oooo 
37.540 56.775 127.54) 16.613 

,9400 -2.3300 1.3345 -oooooo 1.3374 -o.ouoo 
37.558 56.640 127,558 16.680 

o9:.oo -2.33uo 1.3345 -o.oooo 1,3374 -o.oooo 
37o575 5to559 127o575 16o721 

o94JO -2o3100 1o3345 -o.oooo 1.3314 -o.oooo 
37o5e5 56.566 127.585 16o717 

,9400 -2.3l00 1.3345 -o.oooo 1.3314 -o.oooo 
37.583 56.643 127,583 16.679 

1 ,9400 -2.:?30<) 1,1345 ~o.oooo 1.3374 -o.oooo 
37,572 56,73R 127.572 16.631 

,9400 -2o3?01) 1.3345 -OoOf'IOO 1o3374 ,..o.oooo 

TIANGSTRO'IS 

1000.0 

2000.0 

3000. 0 

'tOOO.O 

5000.0 

800'lo0 

9000. 0 

10000o0 

11000.0 

121l00,1) 

13000.0 

14000. 0 

15000.1) 

16000.0 

17000.0 

18000.0 
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DEFLCT 

The p~ogram DEFLCT calculates 6 and ~ for a substrate covered by 

a mass-transport boundary layer at the t,hick film limit. The light

deflection model is used. The angle·of incidence¢ and the substrate 

refractive index may be varied if desired. 

Input Variables 

TITLE 

RANGE 

TNO 

WL 

TNS 

TNKS 

PHil 

DPHI 

NPHI 

TNI 

TNKI 

DTNS 

DTNKS 

NS 

NKS 

Alphanumeric label 

Alphanumeric label 

Refractive index of incident medium (real) 
0 

Wavelength of light, A 

Real part of substrate refractive index 

Imaginary part of substrate refractive index 

Angle of incidence ¢, deg 

Increment in PHil 

Number of increments for PHil 

Real part of interfacial refractive index 

Imaginary part of interfacial refractive index 

Increment in TNS 

Increment in TNKS 

Number of increments for TNS 

Number of increments of TNKS 

• 

• 

.· 



. 
!_': • • -- ~ 

Input Format for Data Cards 

Card No. Co 1 umn :, 0-9 . 10-19 ·20-29 30-39 40-49 50-59 60-69 .Q· 

1 TITLE (0-80) 
0 
,,. 

' ·-2 RANGE (0-80) 
,]:"'"'""" ..... ~-

3 TNO WL TNS TNKS PHil OPHI NPHI .J;:. 

4 TNI TNKr DTNS OTNKS NS NKS tr..' 

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

Fixed-point variables are right-justified in their appropriate column. 
__, 
N ~f": 
__, 

C; 

J:z.. 



c 
c 
c 

c 

c 

17 
0 
g 

13 

37 
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PROGRAM OEFLCT( INPUT,OUTPUTl 

DEFLCT CALCULMTES DEL AND PSI FOR THE LIGHT DEFLECTION 
HOOEL FOR THE B0UNDARY LAYfRl THICK FILM LIMIT 

REAL PHI1,PHI,CP,SP,UJK,LN,L,1N,TNK,T,PSIC,DELC,DT,TM 
COMPLEX TN1,T2,S2,TN3,LN3, LN2 ,S1,T1,SC,CC,D 
COMPLEX TN2,CPHI2,CPHI3,R1S,R1P,R2S,R~P,RS,RP,RHO 
REAL OTNK1,TNKM,T1M,TN1M,TNK1M,WL,AC,PC 
REAL TN~S,TNM~TNO,TNS 

REAL TNK1I,TN1I,Tti,TNI,TNKI,TI,OTNK,UTN,D1T,dTN1 
DIMEI~:>ION OE.LTI2C,200l,PSIT!20,200l,DEL2!200l.,PSI2!200l 
DIHtNSION THICKI10001 .. 
DIH~NSION DELTAV!2001 
DIMENSION OFLHI21 
DIMENSION TITLE 181, RANGE (81 

1 READ 2, TITLE,RANGE 
2 FORMAT (8A10/8A101 

IF!TITLE.EQ.SH 
3 PRINT 4, TITLE,RANGE 

GO TO 3000 

4 FOR~AT 11H1, 8A10//~A101 

READ 17,TNO,WL,TN~,TNKS,PHI1,0Pii,N~HI 

FOR~AT!F9.0,5F10.0,I10l 

READ g,TNI,TNKI,DTNS,DTNKS,NS,NKS 
FOR~AT!F9.0,3F10.0,2I!OI 

PRINT 13,PHI1·,TNO,WL,TNS,TNKS 

... 

FORHAT<1H0///6HPH1 = ,F5.2,10X,4HN = ,F7.4, lOX, 13HWAVELENGTH = , 
C FS.O, 11H ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE = , F7.4, 
C 2 X, 4H- I , F 7 • 4 l 

TNN=TNO 
DO 700 LLL~l,NPHI 
PRINT 37,PHI1 
FORMAT!lHO,• PHI 
PRINT 42 

•, F 9. 4 I 

42 FORHAT(l~O,t/• TNS TNI DEL 
C PSI OOEL OPSI "l 

Z1=TNS 
00 770 MN:1,NS 
Z2=TNKS 
DO 750 NM=l,NKS 
PMI:PHit•.Qt745329252 
SP:SlNIPH II 
CP:COS! PHIl 
00 o&U MM=1,2 

C FOR H~:1, CALCULATES DEL AND PSI FOR NO B.L. 
C FOR MM=2, CALCULATES DEL AND PSI WITH B.L. 
c 

IF!~H.EQ.tl TNO:TNN 
IF (MM .EJ.1) TN2=CMPU: IT NO ,-o. I 
IF (MM .EQ. 21 TN2=CMPU <TN I ,-TNKII 
TN3:CMPLX!Z1,-Z21 
TNO=REAL(TNZI 
CPH12:CSQRT(1.-TNO•TNO•SP 0 SP/TN2/TN2l 
CPH13:CSQRT(1.-TNO•TNO•SP"SP/TN3/TN31 
R2S=ITN2•CPHI2-TN3•CPHI31/!TN2•CPHI2+TN3°CPHI3l 
R2P=-!TN2•CPHI3-TN3•CPHI21/!TN2"CPHI3+TN3•CPHI21 

555 CONTINUE 
RHO=R2P/R2S 
DEL=ATAN2!AIMAG(RHOI,REALIRHOII/.01745329252 

,, 

• 

1/ .. 



. ~ 

• 

• 

0 0 

&E>J 

5?0 
600 

750 

770. 

7 DO 
710 

300 0 

0 J 4! • 0 0 
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PSI:ATt.tiiCABS I RHO I II. 0 174532':1252 
.IFIDEL.LT.O.l DEL=DEL+3uO • 
AC,.PSI+'10 • 
PC:I'H.-DELI/2. 
IF IHH .EQ. 11 HP:O[ L 
l~(M~.[Q.ll HA:PSI 

2 

IF CHM .EJ. 21 DELT ( Mt~,NHI :A tiS (HP-J ELl 
1Fit"~.EQ.21 PSITC ~N,NHl=ABSIHA-PSll 
THICK ltiHI =Z2 
SP:TNO•SP/TNI 
CONTINUt 
IFCOELTIHN,NHI.G£.180.1 OELTCHN,NH):QELTI~K,NHI-180. 

CONTI NUt: 
CONTINUE 
PRINT 4!,TN3,TN2,DELtPSI,OELTIHN,NH),PSITIHN,NHI 
.FOR~ AT I 1 H , 2 X, F 1. 4., 2 X, F 7. 4, 4 X, F 7. 4, 2 X, F 7 • 4 t 3 X, F 8 • 3 t 3X, F 8, 3, 

Cf8.3,f7.31 
Z2=Z2+0TNKS 
CONTINUE 
Z1=Z1+0TNS 
CONTI NU[, 
PHl1:PHI1+iJPHI 
CONTINUE 
CONTINUE 
GO TO 1 
CONTINUE 
END 
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DEPOSITION FROM 0.1 H CU504 

liHIT IN::i CURRENT ' THICK FILH liMIT .. 
• 

-:;-

• 
PHI = 70.00 N = 1.3374 iolAVELE~GTH ; 5 461 ANGST ROHS 

RFRACTIVE INO£X OF SUBSTRATE = • 90 0 0 I 2.0000 

PHI = 7o. o oaa 

TNS PH o::L PSI ODEL OPSI 
• 9 uoo -2.0000 1 • .3345 -O,OOGO 68.561 36.340 1. 0 58 .058 

.• 9 (00 -2.0500 1.3345 -o.oooo 6 g. 58 2 36. 3 94 1. 0 65 .055 
• 90 00 -2.1000 lo .3345 -o.oooo 70 • .592 36.452 1. 0 71 .052 
• 90 00 -2.1500 1 • .3345 -o.oouo 71. 59 2 36.512 1. 0 76 .01+9 
• g c 0 0 -2. 2CO a '1.3345 -o.oooo 72. 58 1 36.575 1. 0 81 .0~+6 
• 9500 -2.0000 1.3345 -o.oaoo 6 8. 6 7 7 J5.85a 1. 0 65 .060 
• 9500 ·. -2.050a 1.3345 -a.oooo 0 9. 7 0 4 35. g a 9 1. 0 71 .057 
• 95 OG -2.100.G 1o3345 -J.OtlUO 70.721 35.971 1. an .054 
• 9500 -2.1500 1.3345 -o.ooco 71. 72 6 36.037 1. 0 83 .a51 
• 95 00 -2.2000 1.3345 -G,OOuO 72. 721 36.105 1. 0 88 .048 

PHI = 75.000u 

TNS TNI DEL PSI ODEL OPSI 
.9ooo -2.0000 1.3345 -0.0000 51.074 37.799 1. 556 .149 
• 90 0 0 -2.0500 1•33~+5 -o.oooo 51.923 37.807 1. 5 74 .146 
• 9(00 -2.1000 1o3345 -0.0000 52. 7'> 9 37.819 1.592 • 142 
• 90 00 -2.1500 1.3345 -o.oooo 53. 611 37.833 1. 0 0 9 .139 
• 90 00 -2.2000 1· 3345 -o.oooo 54.449 37.849 1. 62 5 .136 
• 95 00 -z.oooo 1.3345 -o.oooo 51•090 37.386 1. 5 62 .157 
• 95 00 -2.0500 1· 3345 -o.oooo 51. 94 5 37.3% 1. 5 81 .154 
• 9 500 -2.1000 1.3345 -o.ocoo 52.797 37.409 1. 5 96 • 150 
• 9500 -2.1500 1.3345 -o.oooo 53. 64 5 3 7. 42 5 1. 615 .147 
.9500 -2.2000 1.3345 -o.oooo 54.488 37.444 1 •. 6 32 .• 143 



0 0 u 4 J 0 ~ 0 ~ J 
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