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OXIDE FILMS: LIGHT SCATTERING & ELLIPSOMETER MEASUREMENTS
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Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720
ABSTRACT
During the initial phase of the formation of A920 on Ag in KOH, the

onset of 1ight scattering coincides with the rapid change in e111psometer

measurements. Nucleation of the oxide phase, as indicated by a maximum

“in overpotential, precedes the rise of 1ight scattering.

*Permanent'address Institut fur Physikalische Chemie, Freie Un1vers1tat
Ber11n Takustrasse 3, 1000 Berlin 33.



* INTRODUCTION
The formation of anodic oxidé 1ayersvon silver had -been
interbreted'previous]y] as invd]ving several sdccessfve brOcesseshthat
fnc]ude the'nuc]éation and growth'df pafticu]ate fiims. 'Since particle
size was found to be Wé11~below the‘wavelength of 1i§ht, the effect of
paftic]es wa§ Eepresented by optically'equivaTent films for the inter-
pretation70f therellipsometer measurements. ‘Even such small particles.
.can, hdwéyer, resu1t 1n measurable 1light scatfehing andvthjs work was'

undertaken to compare scattering and ellipsometer measurements.
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EXPERIMENTAL

The electrode consisted of a high-purity silver sheet (0.5 x 5 x 0.2
cm 60% immersed in therelectrolyte). It was located in a cylindrical
glass cell of 4 cm diameter and illuminated with the beam from an argon
ion laser (wave]ength 514.5 nm, power of 30 mW) at an angle of incidence
(measured from the surface normal) of 60°'or 75°. A platinum gauze in
the Tower part of the cell served as counter electrode and mercuric oxide
was. used fof the reference e]ectrode. The tip of its LUggin capillary
was located 1 cm from the back side of the electrode (which was also
active). The electrode surface was po]ished.mechanica11y with 0.05 um

2
20 ml HC](24%). The electrolyte (1.0 M KOH) was prepared with distilled

Al O3 paste and chemically with a 1¢ solution containing 24g CrO3 and

water and ana]yt1ca1 grade KOH pe]]ets A]] opt1ca1 measurements were

performed during ga]vanostat1c po]ar1zat1on at 0. 3 "#;. Cyc11c vo]-

tammetry was also used. .
Dynamic vélues of the ellipsometer parameters y and A were measured
by the same automatic ellipsometer used for earlier studies of anodic
oxide films on si]ver.] Hdwever, the instrument had been modified by the
use of an argon ion laser (Lexel Model 75) as a light source and a micro-
computer (LSI-11) fbr data acquisition. 'The laser is essential for scat-
tering experiments with rough surfaces.
Scattered light was collected with a fiber-optics probe of about 1 L
mm diameter which was rotated in the plane of incidence around the elec-

trode at a distance of 6 cm. A photomultiplier (RCA R136, operated at

voltages around 1000V) served as light detector.
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‘a 0.04 Torr argon atmosphere. Magnifications of 5, 10, and 20 x 10
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The microcomputer simultaneously monitored the cell current, cell
potential, ellipsometer parameters,.and.the scattered Tight intensity.
Data were digitally fiTteréd by averaging 30 points per half second for
each channel. |

Scanning electron micrographs were obtained of several electrode

‘surfaces after current interruption at time intervals characteristic of

the different stages of light scattering from the surface. Electrodes

‘were removed from solution, rinsed with distilled water, coated with a

thin layer of gold to improve SEM resolution, and then placed in the SEM
(AMR 1000). The gold was p]asma’deposited for 2-1/2 minutes at 20 mA’in
' 5
were used, w1th a beam energy of 30 keV.

RESULTS AND DISCUSSION

1.) Light Scattering Data

The time-dependence of light-scattering measurements (Fig. 1) is

characterized by an initial period during which no change is detected,

"followed by a linear increase in 1ntens1ty Eventually the measured

scatter1ng 1ntens1ty passes through a maximum.
The dependence of the scattering intensity on scattering angle
(measured from the ‘direction of the specularly reflected beam) is shown

in Fig. ,2 Scattérihg is peaked in the forward direction and increases

‘with- increasing charge passed through the e]ectrode

By use of the two linear parts of the light scatter1ng curve, an
inductiqn'time'can-be defined, as shown in Fig. 1. The slope of the
rising portion of the.scattering curve depends on current density, as

shown in Fig. 3.  Over the small spectral rahge'accessib]e with the argon
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ionblaser (458-514 mm), the induction time, as defined in Fig. 1, did not
vary with wavelength (Fig. 4). Induction time was also independent of
scattering ang]e'(Fig..5).

Scattering from rdugh surfaces and its effect-on ellipsometry have

2-5

been discussed before. Although theories exist regarding,rough sur-

face effects on the state of po]akization of reflected and scattered .

1ight,6']1

they do not account quantitatively for obéervations.

One eXpects that as the number of surface irregularities increases
scattering from the surface also increases, and-that as'the'size of these
‘ irregq]arities:bécome of the same magnitude as the.aneTength of light,
their effectiveness as scattering centers is enhanced.

It has been shoWn6’7

that the scattered light 1nténsity, Is,vjs._
proportional to the square of the ratio of the rms deviation of surface

roughness, &, to the wavelength, A of incident light

S a2 (91) « (Q) | for &<x

‘where w and ¢ are the frequency and vacuum velocity of light.
| ~As the particles continue to grow, the 1light scattering power of
the surface reaches some limit. If the parfic]es are visualized as per-
fectly round spheres gitting on a plane, both the particle diameter_and
the apparent surface coverage are limited as the particles become close
packed. |
As the particles become larger and grow closer together, a fraction
of the incident light is absorbed by multiple scattering and light

trapping.
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" the SEM (<2003). The charge passed was 9.0 X 10'4 cou]ombs/cm .
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2.) Simultaneous E]]ipsométer—Scatteking;Data

The onset of light scattering, éhownvin Fig. 6 at.5 séc; coincides
with the rapid change in the é]]ipsOmeter parameter A, shown for the same
conditidns in Fig. 7, and that of the parameter y, shown in Fig. 8. It
can be seen that changes in surface properties are detected by the
ellipsometry before scattering is measurable. |

~ A peak in the measured electrode potential, shown at 3 sec in Fig.
9, indicates the nucleation of the oxide phase and its growth from a sﬁper-
saturated solution and confirms the previods interpretation.-1 A growth

of the nuclei has to take place before they cause light scatterihg. Even

- -after a short period of growth, the oxide particles afe stable in the

electrolyte under open circuft:conditions, as shown in Fig. 10. The
scatteriné-phenomenonrésu]ts in a discontinuity in the y-A plot shown
in Fig. 11. | | |
3. SEM Data

"Figures 12 through 15 are electron micrographs of electrode surfaces
at different stages of partfc]e growth and light séatterihg. These
photqgraphs correspond to points (a) throdgh (d) on Fig. 1, respectively.
The photographs are quantified in Table I. Figure 12 represents the sur-
face: before the onset of light scattering. The particle shown in the
pictUre'fs dn extraneous dust-partfc]e used to focus the instrument. No
A920 particles were found on this e]ecfrode 1afge enough to be seen'by'

2

Ellipsometry parameters at this stage are close to initial values_(A=45°

and y=36°). Based upon the charge passed, assuming 100%'current effi-

, ‘ : _ v N
‘ciency, and formation of ‘a non-porous film of bulk density, one computes

an oxide film thickness of 15A.



Figure 13 is taken immediately after the onset of light scattering
(Point b, Fig. 1). Unfortunately, this electrode was not as highly
polished as other specimens,'so the roughness factor is greater. The
approximate number density of Ag20 particles on this electrode is 1.7

=]
2 with all of the particles falling below 5000A. The largest

x 10° cm”
particle in this photograph is ZOOOZ, but more typically particles are
about 1000R5 The particie dimensions from SEM photographs (10003) are
consistent with an expected particle size (7863) computed by distribut-
ing the amount of oxide formed, assuming 100% current efficiency, into
nonporous spherical particles with the observed number densityf At this
Stage of development, the scattering intensity iévabout 14% of its max-.
imum (taking the initial intensity as a zero baseline) and the ellip-
someter parameter A changes very fast (about 25°/sec, change of 20°
overall). - |

Figure 14 is taken at the point of maximum scattering intensity
(100%) (Point c, Fig. 1). The smoothness.of the original surface is
comparable to that of Fig. 12, and the number density of particles on
this surface is about 0.7 x 10° em2. v

The largest partic]e in the photograph is 25003, with typical sizes'
being 15003. Based upon number density and charge passed, a particle
size of 15003 is computed. Changeé in A and ¢y are more gradual after the
initial nucleation and growth of particles on the surface. Changes in
nunber density between points (a) through (c)-bf Fig. 1 are not clear,
but it is evident that the particle formation coincides with both increas-

ed light scattering and rapid change in A, and that after particles are

formed, they grow in size. The greater number density at point (b)



| compared to pojnt (c) may be attributable to the different roughness of
the original surface. - |
Scattering intensity-time curves are all characterized by a
maximum which is followed by a gradual decrease. Af point (d) the
scéttering intenSity‘is only 64% of the maximum (c). The number density
of particles on this surfacé (Fig. 15) is about 0.8 x 108 cm'z,'with
only 35% of the particles falling below 50003. The largest particle in
the photograph is 60003, with typica] values being 50003, Based upon -
number density and charge passed;_a particle size of'33003 is computed,
the discrepancy is probab]y‘dué fo the irrégu]ar shape of the particles.
| Agzo diétributed in a uniform; compact film, results in a thickness of ..
4213. Values of A and y continue to change gradually. It is interesting
that in this photograph, the number density of particles is the same as
that for Fig. 14. The substrate roughnes; from electrode preparation
for both of thése'speéimens are comparab1e. Particles are therefore
nucleated at the same time and grow continuods]y afterwards. The de-
crease‘in scattering intensity appears to be related to the:size of the
~ particles with scattefing efficiency decreasing as particle size exceeds

the wavelength of the incident light.

4.) Applicability of Ellipsometry Models

The film thickness values computed from the charge passed and
assuming a tompact layer of A920 were used—to‘ca]éu]ate values of A and
¢y and the results are‘given in Table II. Clearly, this model is inade-
~quate since the errors in A after the onset of scattering are as great
as 23° at the maximum scattering intensity. Errors in y are substantial-

ly less than those in A. The errors in A are correlated with the
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measured scattering intensity; i.e., the greater the scattering, the
~greater the error in A.

Attempts were aleo made to use the coherent. superposition mode]l
and the Bruggeman effective media»approximation2 to explain the ellip-
sometry data. The results are summarized in Tables III and IV. Both of
these models were capable of fitting the data, unlike the eimp1e film
model. This is due to the two available adjustable paraheters, the
apparent fiTm thickness, T, and the apparent surface coverage 6. The
simple homogeneous film model has only one adjustab]e'parameter, T.

The coherent superposjtion model visualizes the sﬁrface as a bare
substrate, covered with islands of silver oxide film. The fraction of
the surface covered by islands is 8, the thickness of eech'is1and being

T. In this case, one takes a.weighted average of the Fresnel reflection

coefficients for the bare and film covered surface.

r, =erg* (1-9)|r'\)e v =As,p | (1)

Here, f and e denote the film and electrode substrate, and s end p are

the respective polarizations. The relative phase and amplitude, A and

y, are then computed using this weighted average. To fit the data mini-
ma are found in the sum-of-squares'surface, S. Values of T and 6 at the

minima are denoted with a subscript "c".

s = [sa°]% + |s¢°|® (2.a)
Sa° = A" - AC° , : (2.b)

SY* =y - (2.c)
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where A°m and y°m are measured elipsometer parameters, gnd AC° and ¢C°
are model predictions. In seéking fits of thé'experimenta] data,_the
coherent superposition mode] yields two solutions for particle-covered
vsurfacesf Both solutions are given in Table III. Both parameters’Tc

- and ec, aré of"the same magnitqde'as the particle diameters, DSEM,.and
the surface coverage, Bgey> @S determined by the scanning electron micro-
scope. Qualitatively, trends are the same as well. In thé'tab1e, 9eM
~was calculated from the parfic]e diameter, D¢py, and the number density

on the surface, NSEM'

2

Dsem )

N

9 = 1
"SEM - "SEM 4

The Bruggeméh model is differeht from the coherent supérpositfon
model in that one now takes a weighted averége of the dielectric constants
(complex) for the silver oxide, 2%, and for the e]ecfro]yté, %P to de-
termine an apparent film dielectric constant, éh' The complex dielectric
constant; éh,is then used.td calculate the complex refracfive fndex of
the fiim. This -refkactive index is theﬁ used to predict A and y at

different film thicknesses.

ef'ghv 2%'eh
e, T ) T, T B

Given o, Qf; énd Qb, this equation is easily solved for éh. Here, the
refractive -index is varied directly by the

apparent surface coverage. Unlike the coherent superposition model, the
Bruggeman approach yields only one actual solution, but has two deep

minima in the S surface. Both minima (one being the solution) are given
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in Table IV. Again, TC and 6 are ef the same magnitudes as DSEM and
By respéctiye]y.- One minimum (not the "best fit") corresponds to a
simple homogeneous film (6=1); however, the composite error 51/2 is
quite large compared to that for the solution; a single adjustable para-
meter . is inadequate to explain the ellipsometry data;

Calculations based on both the coherent superposition model and the
Bruggeman’approximation did not vary the values of the substrate refrac-
tive index or the refractive indices of the silver oxide and electrolyte.
The substrate refractive index was determined from e111psometerfmea50re—
ments at time zero, before aﬁy current was passed. Approximate values
of the silver oxide and electrolyte refractive indices were taken from

reference 1. Computer programs and example output are given in the

appendices and were wvitten'for-the.LSf—11'Fortran'eombiTek.'

CONCLUSIONS

The present study supports the previous multi-dimensional
interpretation of ellipsometer measurements in which an oxidation mecha-
nism involving nucleation and growth of oxide parfitles via a dissolution-
precipitation mechanism had been proposed. The particles discuséed here -
represent the primary layer of the model and are much smaller than the
secondary crystals shown preVious]y, which had formed after much longer
times.

The onset of light scattering from the surface occurs a short time
after particle nucleation,'and is accompanied by a corresponding rapid

change in the relative phase A as determined by the e]]ipéometer.
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After rea;hing a maximum level, the scattering intensity begins to

decrease. At the maximum, the particle size is less than the wavelength

‘of the incident light, whereas after the decrease in scattering intensity,
‘the particles exceed the dimension of the wave]ength of incident 1ight:
“The existence of this maximum could be due to a shift in scattéring'

‘regime or light trapping between the more closely spaced, larger

particles.

Scanning electron micrographs of the electrode surface (after current

Jdnterruption at various stages of particle growth) seem to indicate that

the number densify of paﬁtic]es on the surface does not increase with
time, but remains relatively constant. However, the particles grow ip”
size. Thus, the nucleation of these particles seems to occur at fhe §ame
instant (one-time nucleation) after which particle growth only occurs.
Thus the increase in scatteringiintensity has to be due to particle
growth, and not the formation of additional particles.

A simple, single parameter fiTm model is inadequate to describe the
discontinuity in the ellipsometer data. Howevek, either the Bruggeman
effective media 6r the coherent superposition model can qua]itativelyvi
explain trends in the ellipscmetry data. The model predictioﬁs of the
film thickness(Tc.and'apparent surface coverage 6, agree approximately
with the range of particle diamete}svand surface coverﬁages,'DSEM and

SN as determined from electron. micrographs.

2%
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Tab]e:I.- Evaluation of SEM Photographs.

(% of maximum)

Micrograph Fig. 12 Fig. 13 Fig. 14 Fig. 15
Point on Fig. 1 a b* ¢ : d
TIME (s) 3 8 24 84
CURRENT DENSITY (mA/cm?) 0.3 0.3 0.3 0.3
CHARGE PASSED (coulombs/cn?) 9.0 x 1074 2.4 x 1073 7.1 x 1073 2.5 x 107
NUMBER DENSITY OF (cm™%) 0 1,66 x 10° 0.71 x 10° 0.75 x 10°
PARTICLES ON SURFACE |

% BELOW 5000 A (%) - 100 100 100 35
% ABOVE 5000 A (%) 0 0 0 65
LARGEST PARTICLE SIZE (A) <200 2000 2500 6000
TYPICAL PARTICLE SIZE  (A) - 1000 1500 5000
EXPECTED PARTICLE SIZE**  (A) - 786 1500 3300
EXPECTED COMPACT @) 15 4] 120 421
FILM THICKNESS |
TYPICAL VALUE OF A (deg) 45 25 15 -5
TYPICAL VALUE OF y (deg) 36 36 39 46
SCATTERING INTENSITY -0 14 100 64

* A
Unusually high surface roughness from electrode polishing.

Based on number density and charge balance.

-p1-



Table II. Inability of Simple Film Model to Account

Homogeneous Compact A920 Layer.

for Observed Values of A and y Assuming

ellipsometer. Here t is time; d the computed compact film thickness based on the charge
balance; m and ¢ denote measured and calculated parameters, respectively; s denotes an

error value.

assumed optical properties n, = 1.34
nfv=A2;17 - 0.28 i
ng = 1.01 - 1.58 i
'#(s) d(A) A° 2°, |a§°| Vo Ve 6wl
0 0 45.00 45.00 0 36.75 36.75 0
3 15 45 43.92 1o 36 36.98 1o
8 41 25 4210 17° 36 . 37.42 1°
24 120 15 - 37.49 23° -39 39;23 <1°
84 421 ' -5 - 12.04 7° 46 50.60 5¢
Note: n, and-ﬁf were taken from reference 1 as approximate values énd ns Was measured by the

-g.l_



Table III. Effective Film Thickness and Coverage Pred1cted by Coherent Superposition Model Compared
to SEM Data

assumed optical properties Ny = 1.34
Cne = 2.7 - 0.28 1 (e=1)
n =1.01 - 1.58 i
, 2 |

t(s) A% A°, v v, |SA°| % + |Sy°| TC(A) 6. ”DSEM(A) - Bgpp

0 ~ 45.00 45.00 ° 36.75 36.75 0.00 0 0 0 0

3 45 45.00 36 36.76 0.76 | 0 0 0 0

8 25 24.93 36 35.99 0.07 710 0.32 786-2000 0.09-0.52

: 25.05 - 36.08 0.09 1560 0.72
24 15 14.88 39 39.04 0.13 580 0.47 1500-2500 0.13-0.35

15.13 38.93 0.15 ]750 0.76 '
84 -5 - 4.69 46 46.26 0.40 480 0.80 3300-6000. 0.64-1.00
- 4.16 46.44 0.95 2880 0.62

Note: Through minimization of the sum of squares surface for y and A, two possible values of TC and
6. were found; i.e., multiple solutions. : -

-91-



Table IV. - Effective Film Thickness and Coverage pred1cted by Bruggeman Effect1ve Media Approx1mat1on
Model Compared to SEM Data.

assumed_Optical properties N = 1.34
he = 2.17 - 0.28 1 (0=1)
-ﬁs = 1.01 - 1.58 1‘
t(s) A 8°, oo v, [}SA°I |Sw°| ] TAR) e, pSEM(A): .
0 - 45.00 . 45.00 36.75 36.75 000 _'0' 0 0 0
3 45 45.03 36  36.97 . 0.04 o 0o o0 0
8 25 25.07 36 36.03 o 0.07 . 2310 © 0.52 786~ 0.09-0.52
31.20 . 4428 10.35 240 . 1 o
24 15 15.17 39 39.02 0.17 2370 0.59 1500~ 0.13-0.35
1898 50.36 12.03 330 1 =0
84 -5" -5.10 46 45.86 | 017 350  0.42 2888- 0.64-1.00

-6.69 52,97 7.18 | 20 1

Note: Although there is only one solution per data point, two deep minima exist in the sum of squares
for the 8, 24, and 84 second data points. One minima corresponds to a compact film model.

=Ll-
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FIGURE CAPTIONS
Time-dependance of the intensity of scattered 1light (shown

as photomultiplier curreht) during the anodic formation of

v A920 in 1.0 MKOH, 0.4 mA/cm2 and locus of micrographs

shown in Figs. 12-15. Angle of incidence for incident beam
75°, scattering angle 30° from specular beam.

Dependance of light scattering on scattering angle (measured
from specularly reflected beam) for different amounts.of
charge bassed, 0.2 mA/cmz. |
S1ope-of linear part'of light.scattering curve for differenf
current densities. Scattering angle 20°;

Induction time as defined in Fig. 8 for different wavelengths.

0.20 mA/cm2, 10 sec, scattering angle 12°.

Induction time as defined in Fig. 8 for different scattering

“angles.

.' Intensity of scattered Iight during film formation 1.2 MKOH,

0.2 mA/cmz, angle of incidence 75°, scattering angle 55°.
Measured ellipsometer parameter A under same conditions as in
Fig. 6.

Measured ellipsometer parameter y under same conditions as in‘’
Fig. 6. |

Electrode potential measured under the conditions of Fig. 6.
Particle stability determined from scattering intensity at 0.2v

mA/cm2 and scattering angle 20°.



Fig. 11.

Fig.”12.

Fig. 13.

Fig. 14.
- (adb)

Fig. 15.

- (adb)

point a). HMagnification of 20 x 10

24 sec (Fig. 1, point c). Magnification of 20 x 10

-19-

Méasured ellipsometer parameters A and y and scattered light

4 1nténsities measured at 60° scattering angle. Fi]m‘growth

: pkoceeds from lower right to upper left. Summary of

measurement 0.2 to 0.5 mA/cmz. The numbers given on the:
figure are scattering intensities normalized by the measured
1eye1 at the Beginnjng of the experiment.

Scéhhing e]ectron‘micrograph'of silver electrode surface

before onset of light scattering, 0.2 mA/cmz, 3 sec (Fig. 1,

3y,

Electrode surface at onsetlof 1ight scattering, 0.2 mA/cmz,

3y,

8 sec (Fig. 1, point b). Magnification of 20 x 10
Electrode surface near peak of light scattering, 0.2,mA/cm2,-

3 X,

, and»104 X, respectively.

Electrode surface after decrease of 1ight scattering, 0.2

3

mA/cmZ, 84 sec (Fig. 1, point d). Magnifications of 20 x 10° X,

and 104 X, respectively.



|

-20-

4

50

80

_—

~ sjlun Aipayquo
/ ALISN3LINI ONIRH3ILLIVIS

o

induction
time

TIME /sec

XBL 817-10529

Fig. 1



21-

o°*

'(5()0' 

SCATTERING ANGLE

N .1 '. ] . | ] } 3 [ 4:2

sjun A10144qu0 / ALISNILNI ONIMILLYIS

90°

30°

10°

- XBL 817-10536

b

Fig. 2



-22-

2

0.8 0.9

L 1 ._|_ .IT.LF,L
o ® © ¥ o O
(@) O O (@ o

-~ 4p/%1IP *S3d0T1S AIZIIYWNON

1.0

'CURRENT / mA

XBL 817-10537

Fig. 3 ~



-23-

'8ES0T-/18 18X

- os¢

00S

wu/y

oLb

o2l=JTONV

00

Obb

© ¢ « O
- 98s/ JNIL NOILONANI

.-a‘!,

2



-24-

6€G01-£18 18X

Nord

G *biy

379NV ONINILIVOS

006 009 0O¢ 0
1 LI , L
WU G'pIG =Y -
o o) .O -
o (@)
0

< N

o

98s / 3WIL NOILONANI



©-25-

ALISNILNI ONINILLVOS

30

25

20

5
TIME /sec

10

O

XBL 817-10531

Fig. 6



o
o

e
0

-26-

O O O
T ®» « °

Y ‘3SVHd 3AILVI3Y

o

" TIME /sec

- XBL 817-10533

Fig. 7,



o
<

-27-

20 25 30
TIME /sec |

5

0

- ‘ e ' — ‘:>_
(0] Q@ B 0 0

m M M M M

A “3ANLNdWY 3AILYTI3Y

XBL 817-10532

Fig. 8



current density = 0.33

10

mA _
cm®

5
" TIME /sec

- Fig. 9

20

25 30

XBL 817-10534



- =29-

e
=

- current turned bff )

/

e ' | . / .

SCATTERING INTENSITY / arbitrary units

~—induction —~
- time :

o 2 4 6 8 10

" TIME /sec

XBL 817-10530" .

Fig. 10



-30-

S€S0T-L18 18X

09

Ol




-31-

XBB810-10134



3P




-33~

XBBS10-10138

Fig. 14(a.)






XBB810-10137



-36-

i f o
XBB810-10135

Fig. 15(b.)



-37-

APPENDIX I

PROGRAN CSFIT
COMMON/FLMDAT/TN1,TNF, TNKF,TNS, TNKS, WL ,FHI1,T,DELC,PSIC
‘ COHHON/THETA/THETA

COMMON/ARRAY/X(511),Y(235), INDEX
COMPLEX TN2,TN3, CPHIZ CPH13 R1S,R1P,R25,R2P,Z, RS RP,RHO
COMPLEX RSX,RPX,RSY, RPY '
REAL MTHETA, HTHICK

97 FORMAT(I3)

© 98 FORMAT(A1)

99 FORMAT(F10.4)

TYPE 1

1 FORNAT(/,’$ PHI = *) o
ACCEPT 99,PHI1 2
TYPE 2

2 FORMAT(/,’$ WL = %)

ACCEPT 99,H0L -
TYPE 10 :
10 FORMAT(/,’$ NO = /)
ACCEPT 99,TN1
. TYPE 20
-20 FORMAT(/,”$ NF = *)
ACCEPT 99,TNF -~ -
TYPE 25
25 FORMAT(/,”’$ KF = *)
ACCEPT 99,TNKF ,
TYPE 30 . _ : .
30 FORMAT(/,”$ NS = *)
ACCEPT 99,TNS
TYPE 35
35 FORMAT(/,”’$ KS = *)
ACCEPT 99,TNKS
100- CONTINUE
TYPE 40
40 FORMAT(/,“$ DELN
‘ACCEPT 99,DELM
TYPE 45 , .
. 45 FORNAT(/,’$ PSIN = /)
ACCEPT 99,PSIN
TYPE S0

I)v

30 FORMAT(/,’$ LOUWER THICKNESS LIMIT = )
ACCEPT 99 TL
TYPE S5 :

55 FORMAT(/,”$¢ UPPER THICKNESS LIMIT =

7)
ACCEPT 99,TU '



-38-
APPENDIX I (con't.)

TYPE 60 ,
60 FORMAT(/,”$ INDEX = *)
ACCEPT 97, INDEX
ERRNIN=1.E06
DT=(TU-TL)/INDEX
DO 210 I=1,INDEX
T=TL+(I-1)4DT
ERRFIT=1.0E06
D0 200 J=1,100
THETA=(J=1)%0,01
CALL FILKO2
ERROR=5QRT ( (DELN-DELC)¢#2+(PSIN-PSIC)##2)
IF (ERROR.GT.ERRFIT)GOTO 200
ERRFIT=ERROR
DELFIT=DELC
PSIFIT=PSIC
FTHETA=THETA
200 CONTINUE
X(1)=T
Y(I)=ERRFIT
IF(ERRFIT.BT.ERRNIN)GOTO 210
ERRNIN=ERRFIT
DELNIN=BELFIT
PSININ=PSIFIT
NTHETA=FTHETA
KTHICK=T
210 TYPE 220,ERRFIT,DELFIT,PSIFIT,FTHETA,T
220 FORMAT(S(2X,F10.4))
PRINT 250,PHI1,UL,TN1,TNF,TNKF,TNS,TNKS,DELM,DELKIN,PSIN,PSIMIN
C,ERRMIN, NTHICK,NTHETA _
250 FORNAT(//,’ ANGLE OF INCIDENCE = /,F3.0,5X, WAVELENGTH = *,F5.0,

c //,” AMBIENT  REFRACTIVE INDEX = /,F5.2,

c /y° FILM REFRACTIVE INDEX = “,FS5.2,” - /,F5.2,°17,

c /,’ SUBSTRATE REFRACTIVE INDEX = /,F5.2,’ - /,F5.2,717,

c //,’ MEASURED VALUE OF DELTA = /,F7.2,” CALCULATED....’
c,F7.2, -

c /,* MEASURED VALUE OF PSI = /,F7.2,” CALCULATED....”
C,F7.2, '

c /,” ERROR BY SUM OF SQUARES = “,F7.2,

c ./, CORRESPONDING THICKNESS = *,Fé.0,

c /,* APPARANT SURFACE COVERAGE = *,F8.4)

CALL PLOT

TYPE 300

300 FORMAT(/,”$ MORE CALCULATIONS? 7)
ACCEPT 98,ANSUER .
IF(ANSUER.EQ.THY)GOTOD 100
STOP
END

This program finds the apparent surface coverage, 8¢, giving the minimum
sum-of-squares for incremented values of the film thickness T¢c. The pro-
gram is completely user ‘prompted; i.e., the user is instructed by the CRT
on the program's required input. The theoretical basis for this program
is the coherent superposition model. '
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'APPENDIX II

PROGRAH CSPLOT -
COMMON/FLMDAT/TN1,TNF, TNKF,TNS, TNKS WL,PHI1,T,DELC,PSIC
COHHDN/THETA/THETA _
COMMON/ARRAY/X(511),Y(235), INDEX
COMPLEX TN2,TN3, CPHIZ CPh13 R1S,R1P,R25,R2F,Z,RS,RP,RHO
COMPLEX RSX,RPX,RSY, RPY
%7 FORMAT(II)
98 FORNAT(A1)
99 FORNAT(F10.4)
TYPE 1 ~
)

1 FORMAT(/,”$ PHI =
ACCEPT 99,PHIY
TYPE 2

2 FORKAT(/,”$ WL = %)

~ ACCEPT 99,0
O UTYPE 10
10 FORMAT(/,’$ NO = *)
ACCEPT 99,TN1 : L R .
TYPE 20 - s o ‘ o
20 FORMAT(/,”$ NF = 7y B
ACCEPT 99, TNF o
TYPE 25 ‘ :
25 FORMAT(/,”$ KF = )
ACCEPT 99, TNKF
TYPE 30
30 FORNAT(/,’$ N5 = *)
ACCEPT 99,TNS -
TYPE 35
35 FORMAT(/,”$ KS = *)
ACCEPT 99, TNKS
TYPE 40 ,
40 FORNAT(/,”$ DELN
ACCEPT 99,DELN
TYPE 45
45 FORMAT(/,’$ PSIN = *)
ACCEPT 99,PSIN
100 CONTINUE
TYPE 50 -
S0 FORNAT(/,”$ THICKNESS = /) ‘
" ACCEPT 99,7

‘)
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APPENDIX II (con't.)

TYPE 55 ,
55 FORMAT(/,”$ INDEX = )
ACCEPT 97, INDEX
THETA=0.
DTHETA=1./INDEX
ERRFIT=1.E06
DO 200 I=1,INDEX
THETA=THETA+DTHETA
CALL FILNO2
ERROR=SART( (DELN-DELC)#+2+(PSIN-PSIC)#42)
TYPE 150,T,THETA,DELC,PSIC,ERROR
150 FORMAT(5(2X,F10.4)) '
X(I)=THETA
Y(I)=ERROR
IF (ERROR.GT.ERRFIT)GOTO 200
ERRFIT=ERROR
DELFIT=DELC
PSIFIT=PSIC
. FTHETA=THETA
200 CONTINUE
CALL PLOT .
PRINT 250,PHI1,WL,TN1,TNF, TNKF,TNS,TNKS,DELN,DELFIT,PSIN,PSIFIT
C,ERRFIT,T,FTHETA »
250 FORMAT(//,” ANGLE OF INCIDENCE = /,F3.0,5X, WAVELENGTH = “,F5.0,
//, AMBIENT  REFRACTIVE INDEX = *,F5.2,
/,° FILM REFRACTIVE INDEX = /,F5.2,” - /,F5.2,717,
/,* SUBSTRATE REFRACTIVE INDEX = /,F5.2,7 - /,F5.2,717,
//,” MEASURED VALUE OF DELTA ,F7.2,” CALCULATED....’

OOOOOOOOO0
~u
=
~
.
N
-

/,* MEASURED VALUE OF PSI = *,F7.2,” CALCULATED....”
,F72.2, |
/,7 ERROR BY SUN OF SBUARES = *,F7.2,
/,” CORRESPONDING THICKNESS = *,F6.0,
" /,” APPARANT SURFACE COVERAGE = *,FB.4)

TYPE 300
300 FORMAT(/,”¢ MORE CALCULATIONS? /)
ACCEPT 98,ANSUER
IF (ANSWER.EQ.1HY)GOTOD 100
sTOP
END

This program is identical to CSFIT, except that the sum-of-squares sufface
cross-section for all values of ec giving minima at various film thickness
-are displayed graphically, S vs. Te.
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APPENDIX III

PROGRAM EMAFIT v
COMMON/FLMDAT/TN1,TNF, TNKF,TNS, TNKS, WL ,PHIt,T,DELC,PSIC
COMMON/THETA/THETA
COMMON/ARRAY/X(511),Y(235), INDEX
COMPLEX TN2,TN3, CPHIZ CPH13 rR15,R1P,R25,R2P,Z,RS,RP,RHC
COMPLEX RSX,RPX,RSY, RPY '
REAL MTHETA, HTHICK ‘

97 FORMAT(I3)

- 98 FORMAT(A1)

99 FORMAT(F10.4)

TYPE 1

1 FORMAT(/,”$ PHI = /)
ACCEPT 99,PHI
TYPE 2

2 FORNAT(/,’8 WL = *)

ACCEPT 99, UL
TYPE 10

10 FORMAT(/,”$ NO = %)
ACCEPT 99, TN1
TYPE 20

20 FORMAT(/,’$ NF = /)
ACCEPT 99,TNF
TNFO=TNF
TYPE 25

25 FORKAT(/,’$ KF = *)
ACCEPT 99, TNKF
TNKFO=TNKF
TYPE 30

30 FORMAT(/,”$ NS = )
ACCEPT 99,TNS
TYPE 35 N

35 FORMAT(/,”$ KS = /)
ACCEPT 99, TNKS

100 CONTINUE |

TYPE 40 |

40 FORKAT(/,’$ DELM
ACCEPT 99,DELM
TYPE 45

45 FORMAT(/,’$ PSIN = /)
ACCEPT 99,PSIN.
TYPE 50

)

50 FORMAT(/,’$ LOWER THICKNESS LIMIT = )
ACCEPT 99,TL
TYPE 55

.35 FORMAT(/,’$ UPPER THICKNESS LIHIT =)

ACCEPT %9,TU
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APPENDIX III (con't.)

TYPE 60

60 FORMAT(/,”$ INDEX = )

- ACCEPT 97, INDEX
[ERRMIN=1.E06
DT=(TU~TL)/INDEX
B0 210 I=1,INDEX.
T=TL+(I-1)4DT
ERRFIT=1.0E08
DO 200 J=1,100
THETA=(J-1)%0.,01
TNF=TNFO
TNKF=TNKF 0
CALL EMA
CALL FILM
ERROR=SQRT((DELM-DELC)*+2+(PSIN-PSIC)++2)
IF(ERROR.GT.ERRFIT)60TO 200
ERRFIT=ERROR o
DELFIT=DELC
PSIFIT=PSIC
FTHETA=THETA

200 CONTINUE
X(I)=T7
Y{I)=ERRFIT
IF(ERRFIT.G6T.ERRMIN)GOTO 210
ERRMIN=ERRFIT
DELMIN=DELFIT
PSIMIN=FSIFIT
NTHETA=FTHETA
NTHICK=T
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APPENDIX III (con't.)

210 TYPE 220,ERRFIT,DELFIT,PSIFIT,FTHETA,T

220 FORHAT(S(ZX F10.4))
PRINT 250, PHI1 UL, TH1,TNF,TNKF,TNS, TNKS, DELN, DELHIN PSIN,PSININ
C,ERRMIN, NTHICK HTHETA

250 FORNAT(//,’ ANGLE OF INCIDENCE = /,F3.0,5X, WAVELENGTH = ’,FS.O,

c //,” AMBIENT  REFRACTIVE INDEX = /,F5.2,

C /,7 FILM REFRACTIVE INDEX = /,F5.2,7 - /,F5.2,717,

c ~/,” SUBRSTRATE REFRACTIVE INDEX = *,F5.2,° - /,F5.2,7I",

C //,° MEASURED VALUE OF DELTA = /,F7.2,” CALCULATED....”
C,F7.2, , , ,

c " /,” MEASURED VALUE OF PSI = /,F7.2,” CALCULATED....”
C,F7.2, | " '

c "/, ERROR BY SUM OF SQUARES = *,F7.2,

c /,” CORRESPONDING THICKNESS = /,Fé.0, | -

C /,° APPARANT SURFACE COVERAGE = *,F8.4) S

CALL PLOT o
TYPE 300

300 FORMAT(/,”¢ MORE CALCULATIONS7 )
ACCEPT 98,ANSUER
IF(ANSUER.EG. IHY)GOTO 100
_STOFR..
END

Comparable to CSPLOT, except the theoretical basis of this calculation
is the Bruggeman Effective Media Approximation.
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APPENDIX IV

SUBRDUTINE EMA

COMMON/FLMDAT/TN1, TNF, TNKF, TNS, TNKS, UL ,PHI1,T,DELC,PSIC
COHHDN/THETA/THETA

COMPLEX. TN2,TN3,CPHI3,R1S,R1P,R25,R2P,Z,RS,RF, RHO
COMPLEX E, El E2.h R
EI=CHPLX(TNF,~TNKF).

TNA=TNT

TNAF=0.

E2=CHPLX(TNA,~TNAF)

E1=E1+E1

E2=E2+E2

X1=THETA

X2=1,-THETA

A=0. 5% (E1#(X2-2.#X1)+E2%(X1-2, *X’))
B=-0.5%(E13E2)
E=0.5#(-A+CSORT(A%A-4.%B))
TN2=CSQRT(E)

TNF=REAL (TN2)

TNKF=-AINAG(TN2)

RETURN '

END

This subroutine computes the apparent film complex refractive index
using the EMA mixing rule for EMAFIT. :
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APPENDIX V.

SUBROUTINE FILM
Chegthhbb kb bkt hERREF B R0R TR ERE KRR RRRFRARBRERRRERORRRERRREERBER R bR R
C - THIS SUBROUTINE COMPUTES "PSI™ AND "DELTA"™ FOR A SIMPLE HOMO-
c GENEOUS FILM ON A SUBSTRATE GIVEN (1) THE REFRACTIVE INDICES OF
c THE SUBSTRATE, FILM, AND INCIDENT MEDIUN; (2) THE FILM THICKNESS; -
c (3) THE WAVELENGTH OF THE SOURCE; AND (4) THE ANGLE OF INCIDENCE.
CREFFRRAERERERRERFXFRRXBEIRRRUSELRRBH AR RRERRLRRREREF LRI ERRRBRRREERRENES
COMMON/FLMDAT/TN1,TNF, TNKF,TNS,TNKS, WL, PHI1,T,DELC,PSIC
COMPLEX TN2,TN3, CPHIZ CPH13 R1S R1P,R25,R2F,Z,RS, RP KHO
PHI=0. 01745329252#PH11
CP=DCOS{(PHI)
- SP=DSIN(FHI)
TN3=CKPLX(TNS,-TNKS) -
CPHI3=CSORT(1.0- TNlt*2#SP:#2/(TN3**2))
TN2=CMPLX(TNF,-TNKF) '
CPHI2=CSART(1.0-TN1+#2%5P*+£2/(TN24%2))
R15=(TN1*CP-TN2*CPHI2)/(TN1#CP+TN2+CPHI2)
R1P==(TN14CPHI2-TN24CP)/(TN1sCPHI2+TN2%CP)
R25=(TN2#CPHI2-TN3*CPHI3)/(TN2+CPHI2+TN3+CPHI3)
R2P==(TN2*CPHI3~TN3*CPHI2)/{TN2*CPHI3+TN3*CPHI2)
2=(0.0,1.0)%(4,0+3.1415927#T/UL)*TN2*CPHI2
RS=(R1S+R2S*CEXP(-2))/(1.0+R1S*R2S*CEXP(-21))
RP=(R1P+R2P+CEXP(~2))/(1.0+R1P*R2P+CEXP(-Z))
RHO=RP/RS
PSIC= BATAN(CABS(RHD))/O 01745329252 _
DELC=DATAN2(AIMAG(RHO) ,REAL(RH0))/0.01745329252
RETURN
END

This computes y and A given réfractive'index and .film thickness ihfbrmation.
This subroutine is also used by EMAFIT.
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APPENDIX VI

SUBROUTINE PLOT
COMMON/ARRAY/X(511),Y(235), INDEX
COMMON/LINITS/ILIMX,ILINY,IGRIDX,IGRIDY,IDELX,IDELY
COMMON/STATUS/ISTAT(14)
XLO=X(1)
XHI=X(1)
YLO=Y(1)
YHI=Y(1)
DO 10 I=2,INDEX
IF(XLO.BT. X(I)IXLO=X(I)
IF(XRILLT XCD)IXHI=X(I)
IF(YLO.BT.Y(I))YLO=Y(])
IF(YHILLT.Y(I))YHI=Y(])
10 CONTINUE o

TYPE 1000,XL0,XHI,YLO,YHI

1000 FORMAT(/,5X,”XLD = “,E14.6,5X,"XHI
i /,5X,7YL0 = “,E14.6,5X,YHI

20 TYPE 1001 : .

1001 FORMAT(/,”$ DO YOU WANT TO CHANGE THESE(Y/N)T *)
ACCEPT 1002,1F1

1002 FORNAT(A1)
IF(IF1.NE.1HY.AND.IF1 NE.THN)GOTD 20
IF(IF1.EQ.1HN)GOTO 30
TYPE 1003

1003 FORMAT(/,’$ XLD = *)
ACCEPT 1004,XL0

- 1004 FORMAT(F10.3)

TYPE 1005

‘E14.6,
E14.8)

1005 FORKAT(/,”$ XHI = *)
ACCEPT 1004,XHI
TYPE 1006

1006 FORMAT(/,”$ YLD =

‘)
ACCEPT 1004,YLOD :
TYPE 1007
1007 FORMAT(/,”$ YHI = *)
ACCEPT 1004, YHI
30 CONTINGE
DO A0 I=1,INDEX
X{I)=(X(I)-XLO)/(XHI-XLO)
40 Y(I)=(Y(I)=YLO)/(YHI-YLO)
TYPE 1008
1008 FORMAT(/,”$ HOW MANY SCALE DIVISIONS DO YOU WANT FOR THE
1 X-AXIS? /)
ACCEPT 1009,I6RIDX
1009 FORNAT(I2)
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APPENDIX VI (con't)

APPENDIX VI (con't.)

TYPE 1010
1010 FORMAT(/,’$ HOU MANY SCALE DIVISIONS no YOU WANT FOR THE
1 Y-AXIS? /)
ACCEPT 1009,IGRIDY
CALL WIPE
CALL PLOTSS5(2,2+4+432+444,,ISTAT)
ILINX=511
ILINY=235
IDELX=ILINX/IGRIDX
IDELY=ILINY/IGRIDY
CALL GRID
H=INDEX/2
DO 50 I=1,M
11=(1-1)#2+1
NX=X(I1)#ILINX =~
HY=Y(I1)#ILINY
CALL PLOTS5(1,0,,ISTAT)
CALL PLOTSS(3,MX,NY,ISTAT)
12=142
HX=X(12)+ILINX
HY=Y(12)+ILINY
CALL PLOTSS5(2,0,,ISTAT)
 CALL PLOTSS5(3,HX,MY,ISTAT)
50 CONTINUE
TYPE 1000,XL0,XHI,YLO,YHI
"ACCEPT 1011, IWAIT
1011 FORMAT(A1) o
CALL WIPE
RETURN
END
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APPENDIX VI (con't.)

SUBROUTINE WIPE
COMMON/STATUS/ISTAT(14)
DO 1 I=1,16

1 ISTAT(I)=¢
CALL PLOT55(13,72,,1STAT)
CALL PLOTSS(13,74,,ISTAT)
CALL PLOTSS(2,14512,,ISTAT)
RETURN
END

SUBROUTINE GRID
COMNON/STATUS/ISTAT(14)
COMNON/LINITS/ILINX,ILINY,IGRIDX,I6RIDY,IDELX,IDELY
CALL PLOT55(5,0,1,ISTAT)
CALL PLOTS5(4,1,0,I5TAT)
DO 1 I=IDELX,ILINX,IDELX

1 CALL PLOTS5(5,I,1,ISTAT)
DO 2 I=IDELY,ILINY,IDELY

2 CALL PLOT5S5(4,1,1,ISTAT)
RETURN .
END

This is a plotting routine (general) for the VT-55 graphics terminal
making use of the PLOT55 objective file.

o

"
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COHERENT SUPERPOSITION MODEL: SEM SPECIMEN "c"

- SUM-OF-SQUARES ERROR vs FILM THICKNESS

ANGLE OF INCIDENCE = 75. ~ WAVELENGTH = 5145.:

 AMBIENT REFRACTIVE INDEX = 1.34
FILN. REFRACTIVE INDEX = 2.17 - 0. 281
SUBSTRATE REFRACTIVE INDEX = 1.01 - 1,581

© 15.00 CALCULATED.... -15.13
39.00 CALCULATED.... 38.93
0.15
1750, .
0.7600

MEASURED VALUE OF DELTA
MEASURED VALUE OF PSI
ERROR BY SUM OF SQUARES
CORRESPONDING ‘THICKNESS

. APPARANT SURFACE COVERAGE

| \/_ ! R 1
-0 1000 2000
~_EFFECTIVE . FILM THICKNESS ()
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BRUGGEMAN EFFECTIVE MEDIA APPROXIMATION:
SEM SPECIMEN "C

. SUM-OF-SQUARES ERROR s FILM THICKNESS

ANGLE OF INCIDENCE = 75. ~ WAVELENGTH = 5145,

ANBIENT  REFRACTIVE INDEX = 1,34
FILM REFRACTIVE INDEX = 2,16 - 0.281
SUBSTRATE REFRACTIVE INDEX

1.01 - 1,581

MEASURED VALUE OF DELTA
MEASURED VALUE OF PSI

15.00 CALCULATED.... 14.83
39.00 CALCULATED.... 38.88

ERROR BY SUM OF SQUARES 0.21
CORRESPONDING THICKNESS 2350,
0.6000 .

APPARANT SURFACE COVERAGE

50°

40°

3

ERROR (deg.)
o
3

IOO )

o

6= 0.99

L L 1 L
|(.)00 2000 3000 4000 5000
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