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ABSTRACT

The effect of mass—transport boundary 1ayets,:that areboften aesoéiated
with surface reactions proceeding at high rates, onyeliipsometer
measurenents of the underlying surface has been inyestigated for
typical tranépott conditions in liquids. The'effectICan be of
significant extent and depends pr1mar11y on concentratlon d1fference
across the boundary layer, angle of incidence and opt1cal constants of
the surface. A simplified method for predicting boundary—layer effects

based on light refraction is introduced. Computatlons are in good

agreement with experiments.
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. INTRODUCTION
Heterogeneous reactiéns on solid surfaces are generally accompanied
. by the formation of a mass-transport boundary layer, i.e., abregion
near the intéffade where the concentration of the reacting species in the
fluid phase is‘different from that in the bulk fluid. ’In contrast to the
conventional:ellipsométry of static or slowly-chapgiﬁg.SurfaCes, it can
be expectedvthaclthe observation of fast-changing sgrfacés with automatic
ellipsometers in?olves mass-transport (or diffusion)'LaYers that have
a significant.bptical effect. This work was undertékénlto develop
fechniques to acéount for the effect of maés-transporfvboundary layers
on the ellipsometric observation of surfaces, to espapiish this effect
for typical elecfrochemical reactions and to explore the use of

ellipsometry for the measurement of boundary layers;bpérticularly those

that are too thin for observation by interferometry.
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THEORY AND COMPUTATIONS

Mass—tranéport éoundary layers are optically inhémdgeneous,»with
thevrefractiVe index varYiﬁg continuously from the (homogenéous) bulk
fluid to the inﬁerface. The refractive‘index'mai ihéréése or decrease
toward the inte;face accordiﬁg towdiffereﬁt functional relationships.

Experimentaily, bouhdary 1ayérs have been geneféted by the
electrochemicgl'(énodic) dissolution Or'(cathodic),dépOSition of copper
under different convection conditions, A linear f@ndéion has beén”'
used to relafe refractive index, n, with cbnéentratidn_c M CuSOa)

at 546.1 nm wavelength’
n = 1.3345 + 0.029C .

Although aqueous copper sulfate solutions are colofed,the optical
COmbutations afé no; perceptively affected by the_véry'weak light
absorption. 'Tﬁé imaginary part of the refractive iﬁdexv(k = 1.8><10-6
Ref 2,3) has; thérefore, been neglected. |
Computatiohs have been conducted for linear and parabolic functions
_6f thé refracfivé.index with distance y from tbg interféce. Such |
concentratidn'pfofilés are approgimaﬁions to convective boundary layeréa_

with interfacial index‘ni and bulk fluid nb.
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_Ihenmltiple-film_method of computation with up to 400 layers has been

e}
|

used. Figure.l'shbws the dependence of the relativejphase A on the film

thickness 8§, for cathodic deposition with the interfacial concentfation
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ci held constant (potentiostatic mode). The figure illustrates two

surprising results, (1) for transport regions greater -than about 10u

A is indebendent of thickness but depends only on Ehe'ooncentfation
difference between bulk and interface, (2) A is not'gfeatly affected

by the natureﬂof the concentration profile. The figore.aléo illustrates
that mass—transport bodﬁdary layers can change the éllipsométer parameter
A by several degrees, on:amount often not negligioie io ellipSomete£
measurements. The change in the ellipsométer paramefér w_is'usually found
to be smaller than that in 4, butoit follows asimiiar ohickness depéhdence.

For an anodiofdissolution boundary layer, the changes in A and ¥ are of

opposite sigﬁ but the same magnitude as those for the cathodic deposition.

The independence of ellipsometric parameters upoﬁ film thicknéss
in the thick-film limit is most unusual, since theivalues of A and ¥ for
a homogeneous fransparenf film‘show an unabated pe;iodic behavior with
increasing'film thickness. Computed reflection coefficients from the
interiof of tﬁevinhomogeneous film show that ﬁhe prinoipal reason for
this behavior‘is.phe light deflection (ref;action) io the film: At large
boundary layer ﬁhicknesses,‘the refractive-index gfadiopt is small enough
to allow light to be deflected without attenuation oy réflection,‘while
at small thicknééses(Large'gradients), reflection oocufs ‘siﬁultaneously
with refraction; In the thick-film limit, the effect of the boundary
layer is'soléiy.to change the angle of incidence of'theolight upon the
substrate. ‘This ohange depends only on the refractibooindices (con-
centrationé) 15 the bulk’fluid and at thevinterfaée,.énd can easily
be'determined:byvuse of Snell's law of refracoion.r'The validity of
this approach §o computingvthe opticél effect of bounoary layers is

illustrated in Table I. For a 5y thick layer the light—deflection

i
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model approximates the much more involved inhomogeneous film-computation

quite ‘well, while ag;eement up to the third decimaliplace is faund for
a 500u thick layer. {

Itvwodld seem very desirable to repreéent the inhomogeneous bdundary
layer By anvoptically.eﬁgiQalent homogeneous fiim. Thié.ié; however,
not pdssib1e>6vef any signifiéant rénge of thickness, because fhe
thickness dependence iliustrated in Fig. 1 differs:ffdm that for
hémogeneous films. ﬁhen the refractive index deéréaées'toward the
iﬁterfécé, total'refiection_in'the boundary layér is pbssible. The
ellipsometer measuremenfs are tﬁen independent of tﬁéA§pbstrate.‘ Some
iimiting concentration-differences necessary for tdtal reflection under
différenf angiesvof inci&éncé are listed in Table iI. _ |

The‘chaﬂgévéw and 84 in ellipsometer‘pafameters ] énd A ; defined
positive for an increase due'tb ;ass—tranéport boundér& layers,vdepends on
the angle of.incidence,_¢. Computations for the thick;film limiﬁ, with
differént substrate opfical cbnstants n ., are showﬁ iﬁ»Fig. 2. The data
relate to the slope of the dependence of w‘andiA on‘ghé angle of inci-
dence. As illustrated‘in-Fig. 3, the effect of bounaafy la&érS,uﬁder most
conditions,is proéortional to the cgnceptra;ion difference 6ni‘= nb—ni
across the layer.

.Figures 4 aﬁd 5 allow an‘experimenter_tb estiméte errors inb
ellipsometer measurements‘caused by maésftransfér béundary léyers witﬁ
substrates of afbitrary optical constants. Thevgrrofs‘afg largest for
substrates witﬁ large real pérts and rather sﬁall imaginary parts of the
refraéﬁive index:~ .

Neglecting the effect of mass-transfer boundary layers can léad

to errors in the quantities derived from ellipsometer measurements,
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such as film thicknesses or optical constants of films or substrates.

The magnitude of éuéh'errors has to be determined for each individual
cése. An example from our work on the formation éficupfous oxide during
the anodic dissolutibn of copper is illustrated in.Fig; 6: Y and A values
computed forvoxide layers up to 2004 thigkness areiﬁa?allel—displaced by
the presencevéf a boundary layer. For a'0.4M concentrafion difference
and no oxide,fresent, erroneous substrate optical éoﬁsﬁants of 1.03-2.601
(compared'to the:feal 0.94-2.241i) would be derived'frém thé-ﬁeasurement.
The shift in A is of similar magnitude as that due to -a change in oxide
thickness by 100A. With the same boundary layer, aviOOK thick oxide
layer appears to pbssesé_a refractive index of 2.10f1;77i compared to

the true value of 2.06-1.55i. With the true optical céﬁstants for

film and substrétg, a film thickness could not be derived from the

measurement.
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EXPERIMENTS
Expérimental.obsérvations of the effect of boﬁqdary layers on

ellipsometer méagurements have beén made for cdmparisonbto theoretical
'predigtions. Boﬁndary layers have been géheratéd by thé'electrochemical
depdsition or diséolﬁtion bf‘éoppér;under different convecﬁive
conditions,withrﬁhe.measurements being conducted with éur-automaéic
ellipsometer.6_ Electrodés of 1x3 cm active surface havé been used

in an electréiytié cell or flow chénnel of trapezoidal'éross section;
the angle of inéi&ence was 756. |

An experiméntal difficulty arises due to:cﬂangés in the optical

propg;;ies of the metal during the experiments. wélﬁavé been able to
significantly feduce roughening éf the electrode surfabe, the principal
bcause ofbsurfage changes dﬁring dissolu;ion and dgpdsigion, by use of
densely—packed>fécés (111 and 100) of copper single—crYstals as electrode
| surfaces. Oxide formation, another cause of»su:facé:ghanges, has been
cbntrolled by removing diésolved oxygen from the électrolyte. In
addition, we'héyé been able to separate surface and boundary-layer
effects in the presenCe of convection, on the basis.qf ﬁhe larger time
constant for‘roqghening, by use of ihterruptién technidpés. This
procedure is’iliustrated in Fig. 7;  A steady staté in ﬁﬁe effect of
ﬁhe'boundary.layér is reached‘in about 5s; the noise in the ellipsometer
signal isvgreatly-reduced with the single crystal."ﬁithout an oxide
film, changés in the surface of the_polycrystalline;épecimen would result

in a persistant slope in the base line.
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- Table III shows a comparison of experimentaily observed and theoretically
bredicted:ellipsometef measurements for deposition’éndidissolution boundary-
layers of different thickness and interfacial concéntpation (determined
from flow velotity and current density). It can.be éeen that under most
circumstanceé; theoreticél predictions have been cohfifﬁed by experiment,
‘despite the éxpéfimental difficulties describedandi;hé ﬁse of a relatively
small electrode fhat did not cover an entire cell wél1 to assure uniform
current distribﬁtion. The méjof éxperimental uncef;éinty was caused by
poor pontrol'df«flow velocity. The experiments confirmlthe bppésite
effects of deposition and dissolution boundafy—layeréifthe dépendence
of the effecéévon concentration difference and the laék of dependence

on boundary-layer thickness.
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CONCLUSiONS
&For most tféns;ort cqnditions in liquids the effeCt of mass-transport
. boundary 1ayérs:is sensitive to the refractive index (concentratioh,
temperature) at the interface butvnot to the thickngss 6f the layer. The
magnitude of.fhe éffect_greatly éepénds.on the aﬁgle'of'incideﬁce and
the optical coﬁéﬁaﬁts of ﬁhe sblid phase; The effe¢f_cén reach émounts
that can éignifiééntly al;er the interpretation ofimeaéurements.
Ellipsometry'cdmpléments the observation of boundafy 1ayers by inter-
ferémetry,wheré,fhe interfacial refractive index may Béidifficult'to‘
derive precisély from the obéervations.7
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Table I. Validity of light-deflection model. for computing the effect of cathodic mass-transport

boundary layers with parabolic concentration profiles. Bulk fluid 0.1 M CuSO

n = 1.3374; substrate Cu, n = 0.94-2.331i.

4°

Angle of Incidence

Computation Based On

Interfacial Boundary Layer »
Concentration Thickness Macroscopic At Interface Inhomogeneous Film  Light Deflection
" Cuso, . . deg | deg v e
0.4 0 60 ';60.00 36.253 | 107.484 36.253 107.484
0.2 5 60 60.43 36.205 106.496 -36.209 .106;478
- 0.0 5 60 60.87 36.158 105.472 36.166 105.434
0.0 500 60 . 60.87 36.166 lb5.431 - 36.166 105.434
- 0.4 0 - 75 75.00 . 37.492 58.058 37.492  58.058
0.2 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- 38.104 750'941

_'["['..

00
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Table II. - Total reflection on cathodic boundaryulayers
with parabolic concentration profile. Bulk
fluid 1.0 M CuSO4, n = 1.3635. '

Boundary Layer

Angle of Incidence Minimum Interfacial Conc.

(Macrgscopic) M CuSO, .
g TG
75 | o

99 . 0.14

81 0.42

53 . 0.65

85 - 0:82




Table III.

Experimental test of computed changes in ellipéometer parameters A and Y 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 4 .Changes in ¢
. Thicknesé Conc. Difference Calculated Ekperimental FCalcuiatéd Experimental
Nature - U M CuSO4 deg - deg deg ~deg
Deposition 50 ~0.016 -0.23 -0.30 - +0.04 R +0.16
| 50 -0.096 ~1.39 -1.40 +0.18 +0.18
, 87 1-0.083 -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 0.108 +1.54 +1.67 -0.23 . =0.30
80 0.206 +2.93 +3.02 -0.30  -0.52
80 0.714 +8.92 +8.50 ~0.99 142
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FIGURE CAPTIONS
Effect of mass—transpoff boundafy layers bf thickness §,
resulting from the deposition of Cu from O;l ﬁ CuSOa,_on the
ellipsometer parameter A. Concentration difference between
bulk gnd interface indicated along cqrves;’ - —— parabolic
codgéﬁtxaﬁion profile, ~---=, A linear co;céﬁgfatioh profile.
Refréétive index of substrate 0.94-2.33i.
Dependénce of the change in A and w.due fd anodic boundary
layer on‘the angle of incidence ¢ for diffefeﬁt substrate
optical constants n - Thick=film 1imit,?bpikv fluid refractive

indéx ﬁb = 1.3345, refractive-index differéﬁce Gni = 0.03.
Dependence of the change in A and Y due to aﬁogic boundary
layérléﬁ the refractive-index difference 6ni'for different
substraﬁé optical constaﬁtévncs. ‘Thick—film limit, Dbulk fluid
refrac;ive index ng = 1.3345, angle of incideﬁce ¢ = 70°.
Dépéndénée'of the change in A due to anodic‘boun&ary layer on
the éubétrate'refractive index n - ki. .fhiék;film limit, bulk

fluid refractive index n, = 1.3345.

Dependence of the change in { due to anodic boundary layer on

the substrate refractive index n - ki. Thick-film limit, bulk

fluid refractive index n_ = 1.3345.

Effect of mass-transport boundary layer on observation of growing .
oxide film. Thick-film limit, AC is changein»CuSO4 from bulk
value of 0.1M. Porous Cu,0 of indicated thickness

(n =2.06-1.551), on Cu (n = 0.94-2.24i).
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Experimental observation of cathodic convective diffusion

' boundary layer (Re = 500) by interruption technique. Cu

depoéi;ion from 0.1M CuSO, . Single crystai_(ill) face.

Polycrystalline Cu with oxide film. Electrode 3.3 gmz.
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*Ci“‘hao?n?g'e, in psi, $7, deg.
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