Lawrence Berkeley National Laboratory
Recent Work

Title

MACROSCOPIC OPTICAL MODEL FOR THE ELLIPSOMETRY OF AN UNDERPOTENTIAL DEPOSIT:
LEAD ON COPPER AND SILVER

Permalink

https://escholarship.org/uc/item/6k569801|

Authors

Muller, R.H.
Farmer, J.C.

Publication Date
1983-03-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/6k56g80r
https://escholarship.org
http://www.cdlib.org/

LBL-15833
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA R
ECEIvER

LAWRENCE

1 Materials & Molecular = tasomron
R Research Division MAY 17 1983

LIBRARY AnD
DOCUMENTS secTion

Submitted to Surface Science

Lo}

MACROSCOPIC OPTICAL MODEL FOR THE ELLIPSOMETRY OF AN
UNDERPOTENTIAL DEPOSIT: LEAD ON COPPER AND SILVER

Rolf H. Muller and Joseph C. Farmer

- . .
March 1983 TWO-WEEK LOAN COPY

| fhis"is a Library Circulating Copy
which may be borrowed for two weeks. —
For a personal retention copy, call

i RS Tech. Info. Division, Ext. 6782.

W

e
-

#,
I
[

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

~L >

c. O~

RS —1AT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, €Xpress or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefuiness of any
information, apparatus, product, Or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, Or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ’




LBL-15833
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OF AN UNDERPOTENTIAL DEPOSIT: LEAD ON COPPER AND SILVER
Rolf H. Muller and Joseph C. Farmer
Materials and Molecular Research Division
Lawrence Berkeley Laboratory &
.Department of Chemical Engineering
University of California, Berkeley
ABSTRACT
Sub-monolayers of underpotential deposits of Pb on Ag and Cu
substrates have been investigated in situ by ellipsometry during cyclic
vo]tammetry.‘ Predictions based upon several extrapolated macroscopic
optical film models wére compared to méasurements. An island film model,
in which film growth is assumed to occur by the spreading of monolayer film
patches, provided good agkeement with measurements. In this model the
stéte of pb]arization_of fef]ected 1ight is determined by the coherent
superposition of polarization states resulting from reflection on adjacent
fi]m-covefed and bare surface elements. Fractional surface coverage and
optical consfants of the deposit, the independent variables in the model,
were determfned by multidimensional optimization over the entire range of

coverage and confidence intervals for the parameters were determined by

statistical analysis of the measurements.



Introduction

Formation of the first electrodeposited monolayer on a foreign
substrate as an underpotential deposit presents a special opportunity for
the study of metal monolayers because the deposition process can be
controlled by the deposition potential and independently monitored by the
measurement of electric charge. The nature of the underpotential deposit
may be important for the properties of bulk depésits formed subsequently [1].
Nucleation and growth of underpotential deposits can be investigated in
situ by simultaneous ellipsometry and cyclic voltammetry, however, optical
models for sub-monolayers are needed to interpret the ellipsometer
measurements.

The. general theory of submonolayer ellipsometry has been reviewed by
Bootsmd, et al. [2,3]. These authors have discussed various approaches for
modeling a layer of adatoms on a substrate, which included: (1) the Drude
model; (2) Strachan'S‘model; (3) Sivukin's mode];‘and (4) an effective
media film model based upon the Bruggeman theory. Other authors paid par-
ticular attention to the anisotropic nature of the adsorbate layer [4,5].

In the Drude model, the adsorbed layer is represented as a homogeneous,
isotropic film of constant optical properties and increasing thickness.
Fractional surface coverage is taken to be pfoportional to the increasing
film thickness. This model employs three adjustable parameters, the com-
plex refractive. index and the thickness of the complete monolayer; it
predicts a linear variation of the ellipsometer measurements delta and
psi with surface coverage. The disadvantage of this model is that it is
based on the unrealistic physical concept of representing a fractional

monolayer as a film with a thickness less than one atomic diameter.
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The Strachan model assumes a two-dimensional distribution of Hertzian
oscillators, characterized by scattering indices fdr each of the three
coordinate axes, at the interface.. The oscillator strengths, and henée
the scattering indices, increaée with surface covekage. At low coveragss,
linear variations of delta and.psi afe predicted. This model has the
advantage of being_ab]e to account. for anisotropy normal to the interface
and the disadvantage 6f requiring optical constants which cannot be inter-
preted in terms of established macroscopic properties (atomic dimensions
and po]arizabiiities).

In thé‘Sivukin model, the adsorbate layer is characterized by
ratios of the interfacial polarizability to that of the'substrate. This
model also allows for anisotropy normal to the interface and has the
advantage of using optical éonstants which can be interpreted in terms A
of macroscopic properties. However, calculations assume a nbnabsorbing A
adsorbate layer. Knowledge of intermolecular distances between adjacent
adatoms and between adatoms and substrate atoms is required; one must
also know the adatom cross-section. The equations are very complicated
and predict nonlinear variations in delta and psi with increasing frac-
tional coverage. |

Uniaxial anisotropy of the surface layer can also be accounted for
wifh‘fi]m models which are more macroscopic in nature. The adsorbate
layer is given a thickness and extraokdinary and ordinary complex refrac-
tive indices. This mode] has been used by the authors to exp]ain'resu1ts
of spectroscopic ellipsometry for dyes adsorbed on various metallic
surfaces (6). 'Unfortunately, such a model requires 5 adjustable parameters,

four of which vary with surface coverage (the complex refractive indices);



-4-

adsorbate layer thickness has been assumed constant. Dependence of the
optical constants on surface coverage is difficult to define. Such a
model can be used when the extinction coefficient of the adsorbed layer
shows a peak in the spectrum and exhibits dichroism, such as that caused
by the preferred orientation of the electronic trénsition moment of a dye.
The Pb underpotential deposit on Cu and Ag does not show these properties.

Experimental Procedure

" Experiments were conducted potentiodynamically with measurements of
the e]ecfrode surface being acquired with a fast, self-compensating
instrument at a wavelength of 515 nm. The electrolyte was 5 mM Pb(N03)2,
TM NaClO4 at pH 3. The single-érysta] surfaces were approximately 1.2 cm
- X 2.85 cm and were mounted in epoxy. Electrodes were polished mechanically,
ultimately using a water-base paste_consisting of 0.05 micron alumina
particles. The electrochemical cell was acrylic and held 250 ml of
e]ettro]yte. It had two quartz windows whichvallowed ellipsometry of the
surface at a 75 degree angle-of-incidence. The potentia1 of the working
electrode was swept from 200 to -800 mV (vs. Ag/AgCl reference) at 1.5
V/min. Data acquisition and interpretation was done with a LSI-11 micro-
computer. Details of the procedure and instrumentation are discussed
elsewhere [1,6].

Effective Media Film Model

An effective media film model has been investigated in which the
underpotential layer at submonolayer coverage is treated as a composite
film of constant thickness consisting of randomly distributed Pb adatoms
mixed with electrolyte (Fig. la). The volume fraction of Pb adatoms

represents fractional coverage. The Bruggeman theory was used to compute
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the apparent refractive index of this composite material. Thfs model
assumes that the underpotential layer is homogeneous and isotropic, and
that its optical constants are independent of coverage. It requires only
three adjustable parameters, optical constants of the monolayer and
fractional coverage.

The most general form for mixing the dielectric properties of several"

materials is given in th. 1 [7].

-8 n, H- G, )
-~ A v =il\ A
€+ Zeh i=1 €; + Zeh

- Each term in the summation represents a weighted contribution of the
polarizabilities of individual components of the composite film which are
related to the molecular polarizabilities through the Claussius-Mossotti

equation (Eqn. 2).
47 %N (2)
€5 + 3 i~

For the binary composite of interest here, electrolyte and Pb adatoms, Eqgn.

1 reduces to Eqn. 3.

~ -~ A A

€ € € =€
Opp o +(1-gp) ST =0 (3
€., +2€ + 2¢€

PbTC f €soln f

This simplification is important in that the complex dielectric constant
of the composite fi]m material (considered to be the host medium in Egn.
1) can be determined by solving the resulting complex quadratic equation.
The general multicomponent case requires finding n roots of an n-th degree
complex polynomial, a formidable task. Equations 4 through 7 are used to

compute the complex refractive index of the binary composite film; the
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optical constants calculated from Eqn. 7 are substituted into the Drude

equation and used to predict the ellipsometer parameters delta and psi.

A _ 'l ~ A
A - E [epb(] - 3 epb) + eso‘ln (3 pr - 2)] : (4)
B =-5[ep e q.]
ZLepp Esoln ' ‘ (5)
=T [-Rx (R -45)Y » (6)
e 102 ()

The root with the largest modulus is used to calculate the apparent optical
constants (refractive index andvextinction coeffitient) of the composite
layer (8). These equations are also applicable to binary porous films

of thicknesses exceeding that of a monolayer (1). The experimentally
determined values of delta and psi for different surface coverages of an
underpotentia] deposit of Pb on Ag(l]]) are compared to predictions based
upon the effective media film model in Fig. 2. The predictions are very
nonlinear with increasing coverage, whereas the experimental measurements
increase linearly. The optical constants and thickness of the monolayer
used in this model were based on the measured values of delta and psi at
complete coverage; optimization to minimize error for all levels of cover-
age was not performed. Clearly, this model is inadequate to describe the

Pb underpotential deposit.
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Island Film Model

A film model in which the underpotential deposit is formed as patches
or islands of monolayer thickness has also been investigated. In this
model, it is assumed that: (1) the optical constants of both the substrate

and deposit are independent of potential and coverage; (2) the thickness

-~ of the island is the same as that of the complete monolayer; (3) the is]ands

can be treated as equivalent homogeneous, isotropic layers; and (4) the
islands are smaller than the lateral coherence of the incidence light.
Implicit in these assumptions is that of negligible 1ateral interaction
between neighboring islands as the depoSit approaches a complete monolayer.
Overall reflection coefficients for both s and p polarization states are
calculated from weighted averages of those for the bare and film-covered

areas (Eqn. 8).

= . o+ - . ' 8
ry = 8ry, st (1-0)er ¢ (8)

These average reflection coefficients represent a coherent superposition
of polarization states resulting from reflection on adjacent bare and film-

covered surface elements. They are used to calculate the ratio of s and p

Fresnel reflection coefficients (Egn. 9).

©
]
-3 }c’
w
©

This ratio is then substituted into the ellipsometry equation (Eqn. 10)

for the calculation of the ellipsometer parameters delta and psi.

p = tan (y) exp(-ia) (10)
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This model also has only three adjustable parameters, the thickness and
optical constants of the underpotential deposit. Predictions by the island
film model using the same optical constants and thickness as used for the
effective media model, (Fig. 2) are presented in Fig. 3; also without
optimization over the entire range of coverage. Qualitatively, this model
predicts linear variations of delta and psi with coverage, as observed
experimentally. |

Optimization and Confidence Intervals for the Parameters of the Island
Film Model

The island film model has been optimized for the Pb underpotential
deposit formation on both Ag(111) and Cu(111), by minimizing the sum-of-
squares error between measurements and predictions over the entire range
of coverage (Egn. 11). |

N.

s = NERY: Y. (1)
Saw T E B w8t I (g - o)t

‘Mz
» _

i=1

The optimized values of the model parameters are given in Table I and
model predictions of delta and psi resulting from the use of these para-
meters are compared to experimental measurements for Ag(111) aﬁd Cu(111)
substrates in Figs. 4 and 5. Agreement is very good.

Table I also gives confidence intervals of the model parameters.
These intervals were calculated from parameter variances, as shown in Eqgn.

13.
2

SE(p) = —5—— (12)

3 SA,[

1
2 52

s(p) = t(2N - P, 1 - 20)[SE(p)1/? (13)
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Computatibn of the confidence interval involves the Student-t statistic for
"2N-P" degrees-of-freedom and a specified level of confidence, where "N"

is the number of ellipsometer measurements and "P" is the number of adjust-
able model parameters; in this case there were 17 degrees-of—freedom and a
95% Tevél of confidence level was specified. The parameter variances were
estimated numerically (Egn. 14) and requifed that the model variance also

be estimated numerically (Eqn. 15).

2

0% ~ Sypn/df = Sypy/ (2N - P) (1)
32 s S,  +S, ,-25
1% P80 2(+) " (<) MIN (15
2 .2 ) )
p 2(ap)

The parameter variances are indicative of the curvature in the sum-of-
squares hypersurface due to the respective paramefers, and can be used

to determine the relative sensitivity of the model to errors in parameter
values [9].

The complex refractive index of the substrates used in these
calculations was detekmined experimentally by ellipsometry of the bare
surface before formation of the underpotential deposit. Results agree
with literature values. The refractive index of the incident medium

was obtained from the Titerature.
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Conclusions

1. As the Pb underpotential deposit layer forms on Ag(111) and Cu(111)

the ellipsometer parameters delta and psi vary linearly with coverage.

2. The effective media film model, based upon the gradual filling of a
monolayer by randomly distributed édatoms, with optical constants of an
equivalent film determined by use of the Bruggeman theory, does not agree-
with experimental measurements and predicts very nonlinear variations

of delta and psi with coverage.

3. A new extfapo]ated macroscopic model, based upon the lateral growth

of a patchwise distributed island film, with the polarization of the
reflected light determined by the coherent superposition of polarization
states, explains the experimental data well and'contains the fractional
surface coverage explicitly.

4. Optimization of the three adjustable parametefs,of the island film
model over the entire'range of coverages allows one to calculate confidence
intervals for the parameters determined. |

5. The thicknesses of the Pb underpotential deposits on Cu(111) and Ag(111)
were determined to be about 3.5 and 4.1 Angstroms, respectively. These
va1ues‘are comparable to the atomic diameter of Pb. The comp]ex refractive
indices of the surface layers on Cu(111) and Ag(111) were approximately
1.23 - 3.52i and 1.29 - 4.081, respectively.
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Optical properties of the Pb underpotential deposit (UPD) at
complete coverage (6=1).

Waveiength of light, 5145A; temperature, 25°C; electrolyte 0.5 and 5.0

mM Pb,*+ M NaC104.

pH 3.

Errors given for 95% level of confidence and based upon 37 degrees of
freedom, assuming applicability of the coherent superposition model.
Errors introduced by uncertainty in n, and nes (determined experimentally)

not taken into account.

Substrates

Pb concentration in
electrolyte

Ambient refractive index
UPD refractive index

UPD extinction coeff.
UPD thickness

Substrate refractive

index

Substrate extinction
coeff.

Ag(111)

0.5 mM

1.340

1.285+0.007

4.080+0.040

5.149+0.026

0.174,

3.215

cu(111)

0.5 mM
1.340
1.225+0.066
3.520+0.041
4.030:0.178
0.788

2.408

Cu(111)

5 mM

1.340
0.952+0.417
3.898+0.021
4.777¢1.101
0.853

2.347
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NOMENCLATURE

degrees of freedom, 2N-P
complex refractive index of film
the number of model parameters to be fitted

Fresnel reflection coefficient for
polarization v (s or p)

Fresnel reflection coefficient for film
covered surface

Fresnel reflection coeff1c1ent for
bare surface -

the t-statistic for "2N-P" degrees-of- freedom
at a "1-2a" level of confidence

complex parameters for quadratic equation
the number of pairs of A and ¥ measurements

atomic number density of component i in
the effective medium

the number of model parameters to be fitted

the variance of parameter p

sum-of-squares error between theoretical ellipsometer
parameters and those measured experimentally

the minimum value of Sp y corresponding to a

selection of optimum p values
W

a value of Sp y computed at a parameter value of
p+ Ap

a value of Sp y computed at a parameter value of
P - Ap
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1éve1 of confidence, 1-2a

molecular polarizability of component 1.
in the effective medium

the error in parameter "p" at a "1-2a" level
of confidence

complex dielectric constant of the effective
medium

effective complex dielectric constant of
thin-film deposit _

complex dielectric constant of the host medium
complex dielectric constant of component i
making up the effective medium

complex dielectric constant of Pb

complex dielectric constant of electrolyte |
ratio of complex reflection coefficients

the variance of the model predictions for A and y

fraction of surface covered by film of refractive

A

" index nf

volume fraction of component 1 1in the
effective medium

volume fraction of Pb in composite thin-film
deposit

ellipsometer parameter, phase difference between
p and s electric field components after reflection,
relative to the incident (degrees)

calculated value of A

measured value of A
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ellipsometer parameter, amplitude ratio of
p and s electric field components after reflection

(tan y), relative to the incident (degrees)
calculated value of ¢

measured value of y

v
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Figure Captions

1.

Schematic representation of the macroscopic equivalent film models
tested for the Pb undérpotentia] deposit on Ag and Cu(]]]). (a.)
Increasing refractive index of film with constant (atomic dimension)
thickness (effective media model). (b.) Increasing coverage by
spreading film patches of constant thickness and refractive index
(Island model).

Comparison of the changes in ellipsometer response as a function of
coverage 6 predicted by the effective media model to the experimental
data for underpotential deposit formation on Ag(111). Wavelength 515
nm, angle of incidence 75°. Optical properties of the underpofentia]
déposit derived from ellipsometer measurements. at fu]] coverage.
Surface coverage determined by measuremént of charge passed during
deposit formation.

Cohparison of the changes in ellipsometer response predicted by the
island model before optimization of parameters to the experimental
data for the Ag(111) substrate. Wavelength 515 nm, angle of
incidence 75°.

Optimized island model (1ine) for the Pb underpotential deposit on
Ag(111) and measured points.

Optimized island model (1ine) for the Pb underpotential deposit on

Cu{111) and measured points.
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