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The importance of microscopic morphological control to metal electro- and electroless deposition in
several emerging technologies is discussed. The use of in situ optical probes of the morphological
development of deposits is described. A number of these are reviewed to describe both the potential of
each method and the available literature on studies of electro- and electroless deposition. Included are
optical probes of the mass transfer boundary layer, X-ray di�ractive and spectroscopic methods,
ellipsometry, surface-enhanced Raman spectroscopy, infrared absorption spectroscopy, second
harmonic generation and electrore¯ectance.
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1. Introduction

A number of optical techniques can be employed to
investigate processes occurring on or near electrode
surfaces. Authoritative reviews have been published
for a variety of optical methods, including surface-
enhanced Raman spectroscopy (SERS) [1±3] and
infrared spectroscopy [4±6], which probe the vibra-
tional energy levels and bonding geometries of ad-
sorbed species, X-ray absorption and di�raction
methods [7] and ellipsometry [8, 9], which probe the
bond lengths and morphologies of adsorbed species,
and second harmonic generation [10, 11] and photo-
and electrore¯ectance [12±14], which probe the sur-
face electronic properties. Optical methods such as
interferometry, probe beam de¯ection, photothermal
de¯ection spectroscopy and absorption spectroscopy,
which probe concentration gradients in the mass
transfer boundary layer, have been less thoroughly
reviewed [15±17]. Such discussions have detailed the
wealth of information obtained on both the chemical
interactions of small molecules with metal surfaces
and the electronic properties of the surface. However,
no review to date has focussed on studies of metal
deposition by optical methods.

Several of the optical methods listed above are
capable of probing the microstructural evolution at
the metal-electrolyte interface. This has traditionally
been a specialized ®eld within electrochemical en-
gineering which is becoming increasingly important
due to currently emerging applications requiring
greater control of morphology. Examples include
electro- and electroless deposition of noble metals
for interconnects in the microelectronics industry,
electrodeposition of compositionally modulated al-
loys (CMAs), and electro- and electroless deposi-
tion of exotic materials for microelectronics
applications.

Electro- and electroless deposition of noble metals
in the microelectronics industry often puts strong

demands on the deposit morphology. For example,
the resistivity of sub-0:25 lm noble metal intercon-
nects will depend strongly on grain size [18] and other
morphological parameters. The control of the deposit
morphology cannot easily be optimized without an
understanding of the physical and chemical phenom-
ena involved. One such process which is poorly un-
derstood is surface transport. Surface di�usion on
terraces during electro- and electroless deposition of
noble metals probably a�ects both the deposition rate
and the deposit morphology. Gold electrodeposition
has been used in the electronics industry for a variety
of applications [19±22], with soft Au usually being
electrodeposited at current densities ranging from
1±8mA cmÿ2 from a bath containing approximately
0:06 M KAu(CN)2, phosphate, citrate and other
additives [19, 20]. This current density is 1±3 orders of
magnitude lower than that employed in most indus-
trial plating baths, which are operated in a regime
where charge transfer is rate-limiting. At such a low
current density, noble metal electrodeposition is
probably rate-limited by surface di�usion, as has been
demonstrated by galvanostatic transients observed
during Ag and Cu electrodeposition [23±28]. Electro-
and electroless deposition of Cu have important
potential applications for interconnect fabrication in
the next generation of sub-0.25 micron microelec-
tronics devices [29]. Electroless deposition rates are
typically 1±4 lmhÿ1, equivalent to current densities of
0.8±3.1 mA cmÿ2. The rate-limiting step in electroless
Cu deposition is the subject of some controversy [30,
31], but the low plating rate suggests that even if
surface di�usion is not rate-limiting, atomic processes
such as surface di�usion and nucleation will have a
strong e�ect on deposit morphology [32]. Numerous
investigators have studied the process-structure-
function relationships between deposition parameters
and deposit morphology [33±36].

Another developing ®eld where morphological
control can be important is electrodeposition of
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compositionally modulated alloys (CMAs), which are
heterostructures composed of alternating thin ®lms of
two di�erent alloys. Such heterostructures have many
potential applications, including wear resistance and
electronic switching, and are currently commercially
fabricated predominantly by vacuum methods such
as evaporation and sputtering. Extensive research has
focussed on the giant magnetoresistive e�ect, the
large resistivity change with an applied magnetic
®eld, exhibited by CMAs composed of alternating
magnetic and nonmagnetic layers. Current re-
search on the production of CMAs by electrodepo-
sition [37±39] o�ers the potential of greatly improved
economics. Such e�orts are presently limited pri-
marily by current nonuniformity, although grain
boundaries and interfacial sharpness have been
shown to a�ect electrical properties [40]. As layer
thicknesses shrink below 1 nm [38], control of micro-
scopic processes will become increasingly important.
Nonintrusive optical methods for monitoring mor-
phology development and possibly surface electronic
and magnetic properties could play a vital role in
pilot plant studies of this technology.

Metal electro- and electroless deposition are pro-
cesses fundamental to electrochemical engineering.
Although some optical methods probe electrodeposi-
tion processes directly, many of the methods discussed
below were developed to investigate small molecules
at the electrochemical interface. However, even these
methods can often be employed to probe electro-
deposition processes by a variety of ingenious indirect
approaches. This paper will address the contributions
of optical methods to the understanding of metal
electro- and electroless deposition, focussing mainly
on the information that can be obtained. Each
method will be described only in enough experimental
detail to describe its capabilities and limitations. A
few methods have been omitted which appear to o�er
little promise of signi®cant insight into metal deposi-
tion processes. Optical probes often yield comple-
mentary information to that provided by nonoptical
probes such as scanning tunneling microscopy (STM)
and atomic force microscopy (AFM). Although STM
and AFM can more readily provide atomic-scale
information on electrodeposition, they are applicable
only to relatively ¯at surfaces, they are less compatible
with realistic pilot studies, and they often cannot give
interpretable information on superatomic length
scales. In addition, optical probes are generally less
obtrusive, as evidenced by AFM and STM studies
showing that these techniques can enhance or retard
electrodeposition rates [41].

2. Optical probes of the mass transfer boundary layer

A number of closely related optical techniques, in-
cluding interferometry, probe beam de¯ection, pho-
tothermal de¯ection spectroscopy and absorption
spectroscopy, have been developed to measure con-
centration gradients and investigate mass transfer in
the boundary layer during metal deposition. The ®rst

three of these techniques is based on the refractive
index gradients which arise near an electrode during
electro- and electroless deposition from relatively
dilute baths. The last, absorption spectroscopy, has
the advantage of speci®c detection of one particular
species in the boundary layer. All of these probes are
capable of measuring di�usivities by monitoring the
temporal evolution of the boundary layer, and several
have also been employed in elegant studies of natural
convection during electro- and electroless deposition.
In addition, these methods are, in principle, capable
of studying mass transfer in the presence of forced
convection [42, 43].

Interferometry was the ®rst technique to be widely
applied to studies of concentration gradients in the
mass transfer boundary layer. During electro- and
electroless deposition, concentration gradients in the
boundary layer produce gradients in the refractive
index, which in turn cause local phase shifts. If an
optical source is divided into a probe and a reference
beam so that the probe beam passes through the
boundary layer and the reference beam through the
bulk solution, then recombination of the two beams
creates an interference pattern which can be uniquely
inverted to obtain the refractive index ®eld [17]. In
cases where there is a gradient of only a single com-
ponent, the refractive index ®eld can be uniquely
inverted to obtain the concentration ®eld. Interfero-
metry becomes di�cult at high current densities
where the spatially dependent de¯ection of the probe
beam complicates the interference phenomenon [44].

This phenomenon can be exploited by the method
of probe beam de¯ection, where the de¯ection of a
well-collimated laser which is propagating parallel to
an electrode surface is measured [16]. For an
n-component solution, the de¯ection h is simply

h � L
n

Xm

i�1

@n
@Ci

@Ci

@x
�1�

where L is the path length, x is the direction perpen-
dicular to the electrode, n is the refractive index, and
Ci the species concentration. Since the resolution of
commonly employed United Detector Technologies
position sensitive detectors is approximately 2:5 lm,
the gradient resolution limit is about 2:1� 10ÿ4

M cmÿ1, assuming a typical refractive index gradient
of 10ÿ2 Mÿ1. This corresponds to a detection limit of
approximately 7� 10ÿ6 M for a boundary layer
350 lm thick. A related technique, photothermal
de¯ection spectroscopy, employs a modulated pump
laser to create an a.c. temperature gradient along with
the d.c. concentration gradient [15]. Thus the total
beam de¯ection is a generalization of Equation 1,

h � L
n
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where the ®rst team is created by the modulated
pump laser and the second term by the electrochem-
ical reaction. Thus, the d.c. beam de¯ection takes the
same form as for probe beam de¯ection. Interfero-
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metry, probe beam de¯ection and photothermal
de¯ection spectroscopy all become problematic in the
presence of multiple concentration gradients, which
may commonly arise due, for example, to anionic
migration or to cathodic accumulation of the com-
plexing agent during deposition from highly
complexing electrolytes.

If multiple concentration gradients exist in the
boundary layer, then spectroscopic probes must be
employed. The simplest of these direct light onto the
electrode surface at an oblique angle and sample the
boundary layer only over a short propagation dis-
tance. Such studies can be done in an external or
internal re¯ectance geometry [45] or in a transmission
geometry using optically transparent electrodes
(OTE) [46]. In part due to the short interaction length,
these methods have been used primarily to study the
optical or electronic properties of the interface rather
than transport phenomena. Study of the boundary
layer requires optical propagation at grazing inci-
dence [47, 48] or parallel to the electrode surface [49].
Such methods measure optical absorption either
during a potential scan (voltabsorptometry) or after
application of a potential step (chronoabsorptome-
try). The sensitivity is usually limited by mechanical
stability or by ¯uctuations in the optical source in-
tensity or temperature. The most sophisticated optical
probe of the boundary layer involves propagation of a
well-collimated laser parallel to an electrode surface in
order to perform spatially resolved absorption spec-
troscopy. The sensitivity of this method is in many
cases limited by scattered light from the monochro-
mator or by source instability. However, in some cases
source instability and thermal drift can be calibrated
and monochromatic sources employed, in which case
the minimum detectable absorbance may be deter-
mined by the number of photons �Nsat� contained in
the detector well as [50]

Amin � ÿ log 1ÿ 8

Nsat

� �1=2
" #

�3�

A quick calculation can be made for the case of Cu2�

deposition from aqueous solution based on published
molar absorptivities [51, 52]. If one takes a typical
photodiode array (PDA) with 2:5 mm� 25 lm pixels
which hold approximately 8:5� 107 photons, em-
ploys a 300 lm He±Ne laser, and expands the beam
by 8:3� to utilize the full width of the PDA pixels,
the minimum detectable aqueous �Cu2�� is approxi-
mately 236 ppb for one scan.

Optical probes based on either refractive index
gradients or direct absorption measurements can be
employed in principle to monitor the evolution of the
mass transfer boundary layer and thus measure the
di�usivity of depositing species. This is accomplished
by holding the electrode potential anodic of deposi-
tion and applying a cathodic potential step to initiate
deposition. Di�usivities have been reported in several
studies of the boundary layer evolution by both in-
terferometry [53±55] and probe beam de¯ection [56].

A simple approximation is that the boundary layer
thickness d evolves as

d �
��������
pDt
p

�4�
where D is the di�usivity and t the time. However,
this expression does not apply when the of convection
limits the boundary layer thickness. In this case a
more exact solution of Fick's second law yields an
in®nite series [54, 57, 58]:

DC�x; t� � ivd
nFD
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d
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Where m is summation index, i is current density and
v is stoichiometric coe�cient. Interferometry has
also been employed to qualitatively study the evolu-
tion of the boundary layer as a function of cell depth,
electrode orientation, electrolyte concentration and
temperature [59]. Boundary layer growth during
electroless deposition is more di�cult to study due to
solution±phase reactions which can cause bulk con-
centration gradients, making choice of a reference
frame di�cult during interferometric investigations
[60]. However, one such study of electroless deposi-
tion of CuInSe2 has been performed [60], reporting
that development of the boundary layer is completed
in approximately 300 seconds, longer than is typically
observed during electrodeposition [54]. In principle,
all of the optical techniques described in this section
could similarly be employed to monitor the boundary
layer evolution but have instead been applied pri-
marily to coupled reaction-di�usion redox systems.
Although photothermal de¯ection spectroscopy
(PDS) has not been employed to study mass transfer
in electrochemical systems, its submonolayer sensi-
tivity as a sensor to detect underpotential deposition
(UPD) has been demonstrated [61±63].

More detailed studies of mass transfer during
electro- and electroless deposition can also be per-
formed. Mass transfer in the microscopic pores of
porous electrodes is di�cult to study due to the
rapidity with which equilibrium is established. An
ingenious study by Cairns and co-workers employed
probe beam de¯ection in a model Zn pore to study
concentration gradients of zincate ion during disso-
lution. Numerical solution of the transport equa-
tions produced a quantitative ®t allowing prediction
of the local current density within a model rectan-
gular 500 lm� 200 lm pore [64, 65]. In principle,
this approach can similarly be employed for depo-
sition processes. Natural convection has been inves-
tigated by several groups using both interferometry
[66±72] and spatially resolved absorption spectros-
copy [73]. O'Brien and co-workers reported an
interferometric study of Zn deposition from ZnSO4

onto a C electrode chosen in order to minimize the
e�ects of the substrate's original morphology. They
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reported that for some electrode geometries, the
growth rate of the mass transfer boundary layer
appeared to vary with deposit morphology(homo-
geneous, dendritic or fractal) as a result of natural
convective e�ects [72].

Kondo and coworkers have performed the most
detailed study of natural convection by optical
methods, examining the e�ect of migration on natu-
ral convection by measurement of the concentration
pro®les of Cu2� in CuSO4 and CuSO4=H2SO4

aqueous solutions near a vertical cathode [73]. Con-
centration pro®les as a function of current density for
Cu2� are shown in Fig. 1 at a bulk concentration of
0:05 M. These investigators quanti®ed the dependence
of Cu2� pro®le on H� migration towards the cathode
and the subsequent damping of natural convection
with a quantity, f ,

f � Ra
Ra0

� �
�6�

where Ra is the Rayleigh number. The primed
quantity refers to CuSO4 electrolytes and the un-
primed quantity to mixed CuSO4=H2SO4 electrolytes.
Since the Rayleigh number expresses the ratio of the
convective mass transfer rate due to natural convec-
tion to the di�usive mass transfer rate, f represents
the contribution of migration to the convective mass
transfer rate due to the change in buoyancy intro-
duced by the presence of the background electrolyte
�H2SO4�. Concentration pro®le measurements were
®t to numerical solution of the transport equations to
determine an f value of approximately 1.19 [73].

3. Optical probes of deposit morphology

3.1. X-ray spectroscopic and di�raction techniques

X-ray studies of metal deposition can be performed
by spectroscopic and di�ractive methods to obtain
information about the bond lengths and the two-di-
mensional geometric structure and charge state of the
deposit. X-ray absorption near-edge spectroscopy
(XANES) employs radiation near the valence edge to
promote a core electron to an unoccupied excited
state or to a low-lying continuum state. This can be
used to probe the valence state of underpotentially
deposited species by comparison of the XANES un-
derpotential spectrum and those of related model
compounds. An example is provided by studies of
UPD Cu on Au(1 0 0), where the XANES spectrum
of a UPD monolayer was compared to the XANES
spectra of aqueous CuCl2;Cu2O and Cu foil [74].
This comparison demonstrated that the adsorbed Cu
species was close to the +1 oxidation state, revealing
considerable charge transfer to the Au substrate [74].

The most commonly employed spectroscopic
method is extended X-ray absorption ®ne structure
(EXAFS), which employs X-ray absorption spec-
troscopy tens to hundreds of electron volts above the
absorption edge, where the absorption coe�cient
oscillates due to interactions with the ®elds of
neighbouring atoms. EXAFS can be made interface
sensitive by employing incidence angles of approxi-
mately 0:5�, thus reducing the X-ray penetration
depth to about 2 nm [75]. The glancing angle geom-
etry also serves to increase the electric ®eld at the
surface. Additional surface sensitivity can be
achieved by use of a photocathode ionization detec-
tor, since the high ionization potential of He sup-
presses the signal arising from bulk processes, which
su�er greater attenuation [7]. EXAFS can be em-
ployed either as a probe of electronic energy levels,
or, by Fourier transformation of the signal to Car-
tesian space, as a probe of the local radial structure
function. From the latter analysis, the interatomic
spacings of near neighbours can be extracted.

Although local order can be probed e�ectively by
EXAFS, such experiments are di�cult to perform
due to the need for synchrotron or other costly X-ray
sources. Information about long-range order can be
extracted much more easily from conventional
transmission (Laue) and re¯ection (Bragg) X-ray
di�raction experiments [76]. As with EXAFS, the
experiments are not inherently surface sensitive but
can be made so by employing a glancing angle
geometry. For maximum sensitivity at the metal±
electrolyte interface, one should operate at an
incidence angle greater than the critical angle for the
air±electrolyte interface (0:2� at 0:1534 nm) but near
the critical angle for the metal±electrolyte interface
�0:6�� [77].

X-ray di�raction has provided extensive structural
information about interfacial ordering during the
initial stages of electrodeposition of a foreign metal.

Fig. 1. Cu2� concentration pro®les in the boundary layer at a
CuSO4 concentration of 0.05M for current densities i �
0:946mA cmÿ2 (d), i � 1:84mA cmÿ2(s), i � 3:65 mA cmÿ2 (j),
and i � 4:60 mA cmÿ2(h). Reproduced with kind permission from
[73].
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Studies of Pb on Ag(1 1 1) by Melroy's group have
shown that Pb deposits in an underpotential mono-
layer which is compressed by approximately 1.4%
relative to bulk Pb when deposited at a potential near
the underpotential peak [77, 78]. Figure 2 shows a
typically narrow di�raction peak obtained in this
study. This compression increases to 2.8% as the
potential is moved to that appropriate for bulk Pb
deposition. Figure 3 illustrates the variation of this
compression with electrode potential. These studies
have also revealed aspects of morphological devel-
opment during the initial stages of bulk deposition.
Due to the large lattice strain in the epitaxial under-
potential layer, multilayer growth occurred as is-
lands, demonstrating the Stranski±Krastonov growth
mode for Pb electrodeposition onto Ag(1 1 1). After
deposition of what would be ®ve monolayers were the
deposit epitaxial, the ®rst monolayer was seen to

reconstruct to relieve stress arising from lattice mis-
match. The width of the ®rst-order di�raction peak
�0:0037 nmÿ1� indicates that the size of the ordered
domains must be larger than 15 nm [77]. The line-
width can be related to the average domain size D by
the approximation [79]:

FWHM � 0:9 k
D cos h

�7�

where h is the incidence angle and FWHM is the true
full-width at half-maximum. The observed linewidth
is a convolution of the true linewidth and the in-
strument response function. In addition, more com-
plex methods for relating the linewidth to the domain
size have been developed [80].

To address the origins of interfacial ordering,
detailed comparative X-ray di�raction studies were
performed of Pb and Tl on Au(1 1 1) and Ag(1 1 1) in

Fig. 2. Radial X-ray di�raction scan of the (1 0) re¯ection from Pb/Ag(1 1 1) with / � 4:5� and a � d � 0:8� at )425mV. Reproduced with
kind permission from [78].

Fig. 3. The variation of Pb±Pb nearest-neighbour distance with potential on Ag(1 1 1). Reproduced with kind permission from [78].
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acetate and perchlorate electrolytes. These revealed
compressed, incommensurate monolayers whose
structure is determined by adatom±adatom interac-
tions rather than adatom-substrate interactions or
anion coadsorption e�ects [81]. Thus interfacial or-
dering of underpotential Pb may be largely indepen-
dent of the substrate and the electrolyte.

Copper on Au(1 1 1) is another interesting and
complex underpotential system to whose under-
standing both X-ray di�raction and EXAFS have
made signi®cant contributions [82±87]. EXAFS
studies of a full monolayer of Cu/Au(1 1 1) indicated
that the adlayer was commensurate with the substrate
in a 1� 1 arrangement [82]. Early studies suggested
that the structure of the underpotential layer was
dependent on the coverage, on time, and on the di-
rection of the potential scan [83], passing through a
stable � ���3p � ���

3
p � R30� structure prior to develop-

ment of a full monolayer. This � ���3p � ���
3
p �R30�

structure has been observed by a number of groups
and thoroughly studied by a wide variety of methods,
including cyclic voltammetry, chronocoulometry,
scanning tunnelling microscopy, atomic force mi-
croscopy, Fourier transform infrared spectroscopy,
quartz crystal microbalance, X-ray di�raction, and
EXAFS and XANES [88]. These studies yield evi-
dence for coadsorption of sulfate species but initially
yielded no consensus on the structure and composi-
tion of the adlayer. This puzzle was ®nally solved
largely due to X-ray di�raction [86] and XANES [87]
data demonstrating that the � ���3p � ���

3
p � R30� pattern

actually arises from an oxygen atom protruding from
an adsorbed sulfate anion, with the Cu atoms form-
ing a honeycomb structure adsorbed onto threefold
hollow sites and the sulfate anions occupying the
honeycomb centres. The radial structure function for
� ���3p � ���

3
p � R30� Cu/Au(1 1 1) obtained from inver-

sion of an EXAFS spectrum is shown in Fig. 4.

3.2. Ellipsometry

The rather complex principles of ellipsometry have
been reviewed and will be discussed only brie¯y here
[8, 9]. In ellipsometry, polarized and typically
monochromatic light is re¯ected from a surface and
the change in polarization state measured. Elliptically
polarized light is usually employed, lending the
technique its name. Ellipsometry is sensitive to the
presence of extremely thin ®lms and to surface mor-
phology, and it is una�ected by the presence of an
electrolyte, allowing experimentally straightforward
investigation of the thickness and morphology of
electrodeposited thin ®lms.

Ellipsometry generally yields a pair of physical
parameters W and D, which can be related to the
amplitude and phase of the incident and re¯ected
radiation as [8, 9]

tanW � jEpj
jEsj 0� � W � 90� �8�

D � ep ÿ es 0� � D � 360� �9�
These parameters are derived from measured values
of the polarization ratio q, which is the ratio of the
re¯ection coe�cients for the parallel �rp� and per-
pendicular �rs� polarizations according to the fol-
lowing de®nitions:

rp �
Er
p

Ei
p

� jE
r
pj
jEi

pj
ei�e

r
pÿeip� �10�

rs � Er
s

Ei
s

� jE
r
sj
jEi

sj
ei�e

r
sÿeis� �11�

q � rp
rs
� jE

r
pkEi

sjei�e
r
pÿers�

jEi
pkEr

sjei�e
i
pÿeis�

�12�

where the s and p electric ®eld components of a tra-
velling light wave are represented by an amplitude
and a phase as

Fig. 4. A Submonolayer radial structure function inverted from the EXAFS spectrum for Cu/Au(1 1 1). Reproduced with kind permission
from [85].
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Ep � jEpjeiep �13�
Es � jEsjeies �14�

By combining Equations 8, 9 and 12 one obtains the
basic equation of ellipsometry,

q � �tanW�eiD �15�
During in situ ellipsometric investigation of an

electrodeposited thin ®lm, two interfaces must be
considered, that between the substrate and ®lm and
that between the ®lm and electrolyte. The optical
signal detected arises from multiple internal re¯ec-
tions, and the overall re¯ection coe�cients �rs; rp�
depend on the re¯ections coe�cient of each interface
separately �r1s; r1p; r2s; r2p� as well as the phase delay
D during the propagation through the ®lm [8, 9]

rp �
Er
p

Ei
p

� r1p � r2peÿiD

1� r1pr2peÿiD
�16�

rs � Er
s

Ei
s

� r1s � r2seÿiD

1� r1sr2seÿiD
�17�

where

D � 4p
k0

Lnf cos/f �18�

Here L is the ®lm thickness, nf the ®lm refractive in-
dex, /f the ®lm angle of refraction, and k0 the wa-
velength of light. By substituting Equations 16 and 17
into Equation 15, one obtains the basic ellipsometry
equation for thin ®lm growth,

q � �r1p � r2peÿiD��1� r1sr2seÿiD�
�r1s � r2seÿiD��1� r1pr2peÿiD� � �tanW�eiD �19�

If the optical constants of the ®lm, substrate and
electrolyte and the ®lm thickness, are known Equa-
tion 19 allows calculation of the ellipsometry para-
meters W and D. The application of electromagnetic
theory to the re¯ection of light and to the relation-
ship between ellipsometry parameters and thin ®lm
optical properties and morphology has been dis-
cussed in detail previously [89±92]. With some as-
sumptions and signi®cant analysis, such parameters
as the ®lm thickness, ®lm index of refraction, extent
of islanding and surface roughness can be in-
dividually extracted from ellipsometry data. This will
be explored further by discussion of a few published
ellipsometry studies.

Yeager and coworkers have employed ellipsometry
in an elegant determination of the charge state of Pb
underpotentially deposited on Au thin ®lm electrodes
[93]. An open question existed at the time regarding
the nature of Pb underpotential deposition. Two
underpotential peaks were observed, and a con-
troversial explanation of the more cathodic peak
suggested that it arose from a charge transfer tran-
sition unaccompanied by further Pb deposition. Ex-
perimental observables in the form of the polarizer
o�set from null and the analyser setting, which can be
related to the ellipsometry parameters D and W, were
recorded [94]. These two parameters plus the

re¯ectivity were recorded as a function of electrode
potential and excitation wavelength both anodic and
cathodic of the voltammetry peak in question.

The complex refractive index and the ®lm thick-
ness were then ®tted to the experimental observables
with a three-layer model of the system using a non-
linear regression to minimize the di�erence between
the experimental and theoretical values of the ellip-
sometry observables. The model assumes that the ®lm
forms sharp interfaces with both the substrate and
electrolyte, both of which are modelled by their bulk
properties [93]. This clearly assumes that the optical
properties of the substrate surface layer and the
electrical double layer and di�use layer do not di�er
from those of the bulk phase [95]. This assumption
plus the e�ects of surface roughness provide theore-
tical limitations to their analysis. The application of a
model involving more than three phases is formidable
due to the number of optical constants involved. In
theory, this problem can be circumvented by mea-
surements at multiple angles of incidence. However,
the new equations added to the solution are expected
to be nearly linearly dependent. Thus a more exact
solution would require determination of the experi-
mental observables more precisely than is currently
feasible [95].

The most important result obtained by Yeager and
coworkers was that the e�ective thickness of the un-
derpotential layer was approximately 0:15 nm both at
potentials just cathodic and those just anodic of the
voltammetry peak in question. This con®rms the
hypothesis that this peak arises from charge transfer
without further deposition. This can be interpreted as
evidence for initial incomplete charge transfer during
the more anodic peak resulting in an ionic adlayer,
followed by full charge transfer during the more
cathodic peak. This hypothesis is supported by the
strong wavelength dependence of the ®lm's complex
index of refraction as well as the large value of the
complex component of the index of refraction.

Another example of the use of ellipsometry to
study electrodeposition is provided by Farmer and
Muller's investigations of Pb deposition on Cu with
and without the addition of the model inhibitor
Rhodamine-B [96]. This study found that the ellip-
sometry parameters obtained for a multilayer Pb
deposit did not match theoretical predictions of a
single ®lm model for either a uniform deposit, a
porous deposit, or a deposit consisting of islands with
bare substrate patches. Therefore, a model consisting
of a uniform underpotential Pb layer underneath a
porous bulk deposit was postulated. The porous de-
posit was treated as one optical component consisting
of a mixture of Pb and H2O with properties calcu-
lated from the Bruggeman theory for a binary mix-
ture [96]. Minimization of the di�erence between the
experimental ellipsometry parameters and those
obtained from this model yielded a vastly improved
data ®t (see Fig. 5) and provided estimates for the
thickness and porosity of the bulk deposit. Without
the presence of the model inhibitor, the bulk deposit
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showed porosities of 41%, 22% and 3% for ®lm
thicknesses of 30, 60 and 110 nm [96]. The addition of
the inhibitor decreased the porosity of a 30 nm ®lm
to about 10%, almost completely masking the Cu
substrate.

No universally accepted theoretical interpretation
exists for ellipsometry data. Bulk optical constants
are often assumed for monolayer thick ®lms, clearly a
questionable assumption. In addition, real interfaces
are never sharp, as evidenced by the electrical double
layer and di�use layer in solution and the e�ects of
crystalline anisotropy on the metal side. The e�ects of
interfacial roughness are also di�cult to include in a
physically meaningful way. In practice di�erent
models can be tested until agreement with experiment
is obtained, so ellipsometry should be regarded as a
useful but not rigorous method. For electrodeposited
®lms much thicker than a monolayer, ellipsometry
should provide consistent and reliable thickness
measurements.

4. Optical probes of surface vibrational structure

To the author's knowledge, no vibrational spectra of
metal species at an electrode surface have been re-
corded. Thus metal deposition can be studied only
indirectly by vibrational spectroscopy.

4.1. Surface-enhanced Raman spectroscopy

Raman spectroscopy is a probe of vibrational struc-
ture where light of frequency xinc is scattered by the
sample and light of frequency xinc � xvib is detected,
where xvib matches a vibrational frequency of the
system. Surface enhancement occurs when noble
metal surfaces are electrochemically roughened by
oxidation±reduction cycles, producing active sites
which are believed to be small clusters of atoms.
These active sites increase the transition intensity by a
combination of two e�ects, the electromagnetic en-
hancement mechanism, whereby the roughened sur-
face increases the strength of the local electric ®eld,
and a chemical mechanism associated with quantum
electronic e�ects involving the adsorbate and surface
electronic energy states [1±3]. Although practical
surface-enhanced Raman spectroscopy (SERS) is
limited mainly to Ag, Au and Cu electrodes, in theory
any small molecule which will adsorb on those sur-
faces can be studied. The generality of SERS can be
expanded somewhat by obtaining SERS spectra on
gold electrodes onto which other metals have been
underpotentially deposited [97].

A practical di�culty of SERS studies is the
separation of the Raman frequency of interest from
the enormous Rayleigh background at the incident

Fig. 5. Experimental ®t of the ellipsometry parameter delta to model calculations for an (a) uniform deposit, (b) porous deposit, (c) island
deposit, and (d) porous deposit atop a uniform underpotential deposit. Curves are labelled with the deposit thickness (nm) or the fractional
submonolayer coverage. Reproduced with kind permission from [96].
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frequency. Since this background signal is many or-
ders of magnitude more intense than the Raman
signal, the high vibrational frequencies observed in
small adsorbed species are easier to separate from the
background signal, since xvib / mÿ1=2. Primarily for
this reason the Raman spectra of metal species have
not to the author's knowledge been recorded. Other
di�culties include the transition intensity and the
uncertain microstructural e�ects of the roughening
process.

A straightforward method for studying metal
deposition is to omit the roughening process and in-
stead study the surface after natural roughening
occurs during electrodeposition [98±100]. The mor-
phological development can be followed indirectly by
monitoring a vibrational transition of an adsorbed
species such as the CNÿ stretch which should be
sensitive to the local chemical environment. The
evolution of the CNÿ stretch intensity at approxi-
mately 2110 cmÿ1 during deposition of Ag onto Pt as
observed by Plieth is shown in Fig. 6. The temporal
spectral evolution could be related qualitatively to
nucleation phenomena during Ag growth. In another
study the CNÿ stretch was seen to be split into several
peaks after a double pulse roughening procedure [98].
This arises from heterogeneity in the local environ-
ment, suggesting that di�erent cluster sizes are
responsible for di�erent peaks. These investigators
argued that a vibrational normal mode analysis could
not explain the data and proposed that the e�ect
arises from variation of the cluster charge density
with size. Although such studies do not yet allow

quantitative analysis, they demonstrate the potential
usefulness of SERS for monitoring morphology
evolution during electrodeposition. Since plating
baths often contain small molecular species such as
CNÿ real plating systems might be studied in situ.

SERS can also be employed to investigate metal
deposition through studies of the e�ects of plating
bath additives, such as nicotinic acid, thiourea and
polyethylene glycol [101±103]. Although plating bath
additives are widely employed as levelling and
brightening agents, their modes of action are complex
and not fully understood [104, 105]. Since many
theoretical interpretations of the action of additives
involve adsorption onto the electrode surface, SERS
can be an ideal method to study the mechanistic
behaviour of additives. SERS studies have yielded
evidence that as the electrolyte is made more basic,
nicotinic acid changes its surface orientation from
primarily parallel to nearly perpendicular to a Ag
surface [103]. The opposite change in orientation has
been suggested for thiourea as the electrode potential
becomes increasingly negative [102]. Evidence for this
shift in orientation can be seen graphically in Fig. 7,
where the SCCN out-of-plane bending vibration at
610 cmÿ1 becomes more intense at negative poten-
tials. This change has been related to catalytic e�ects
of thiourea on hydrogen evolution [102]. SERS alone
is incapable of addressing the di�cult question of the
mode of action of plating additives, but may play an
important role in conjunction with other analytical
techniques.

4.2. Infrared absorption spectroscopy(IRAS)

When the photon energy matches a vibrational fre-
quency on the surface and when symmetry require-
ments are satis®ed, an infrared absorption peak may
be observed. An additional condition which must be
met is that a change in this vibrational quantum state
must be accompanied by a signi®cant change in the
dipole moment in the same direction as the exciting
electric ®eld vector. IRAS has only recently become
widely applicable to electrochemical interfaces due to
numerous experimental di�culties, including the
strong absorption of infrared light by H2O, necessi-
tating the use of thin layer cells. However, the main
di�culty is the extremely low intensity of most surface
infrared transitions due to both the intrinsically small
transition dipole moment and the low density of sites
on the surface relative to the bulk electrolyte. Early
attempts to increase the sensitivity by electrode po-
tential modulation have been greatly facilitated by the
use of modern Fourier transform spectrometers [4±6].

IRAS studies of small molecules adsorbed onto
underpotential deposition systems can yield informa-
tion about charge distribution on the surface, as can be
illustrated by studies of sulfate and bisulfate adsorp-
tion on underpotentially depositedmetals. The spectra
of sulfate and bisulfate on bare Au and Cu/Au have
been obtained as a function of electrode potential and
pH inbothCuSO4- andH2SO4-containing electrolytes

Fig. 6. Development of the CNÿ stretch vibration during Ag
growth on Pt with a potential cycle 0 V! ÿ1:0 V! 0 V, showing
(a) a three-dimensional representation and (b) a slice at 2111 cmÿ1.
Reproduced with kind permission from [99].
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[106]. In H2SO4 electrolytes at potentials where UPD
Cu is deposited, the amount of adsorbed sulfate in-
creases. This has been attributed to a partial positive
charge on the UPD adlayer, which favours adsorption
of the more negatively charged adsorbate [106]. When
the applied voltage becomes su�ciently negative to
induce full discharge of theUPDCu layer, the negative
applied potential causes an increase in �H�� near the
interface. This results in a decrease in adsorbed sulfate
and an increase in adsorbed bisulfate.

Similar studies have helped elucidate the inter-
facial structure during Cu underpotential deposition
onto Pt(1 1 1). Cu underpotential deposition proceeds
through two voltammetric peaks, and it is generally
accepted that UPD is initiated during the ®rst peak
and completed after the second peak. However, the
Cu deposit always shows a � ���3p � ���

3
p � R30� structure

in ex situ LEED experiments. IRAS studies showed
that at a potential above the ®rst voltammetry peak
the predominant adsorption peak occurred near
1300±1317 cmÿ1 and between the two voltammetry
peaks the predominant IRAS peak occurred near
1252 cmÿ1 [107]. The former IRAS peak was assigned
to bisulfate adsorbed directly onto Pt(1 1 1) and the
latter peak to bisulfate adsorbed onto the UPD Cu.
This and other evidence were best explained by the
hypothesis that the sites of the � ���3p � ���

3
p � R30� re-

construction unoccupied by Cu are occupied instead
by adsorbed sulfate and bisulfate [107].

5. Optical probes of surface electronic structure

With the advent of major strides in the understanding
of surface physics, optical probes of the surface
electronic structure such as second harmonic gen-

eration (SHG) and electrore¯ectance could provide
useful information about surface morphology and
magnetic and other surface properties. At present
these methods may be used empirically to monitor
®lm thickness or to monitor the optical properties of
deposited ®lms.

5.1. Second harmonic generation

Surface second harmonic generation (SHG) is a
nonlinear optical process whereby a laser at fre-
quency x impinges on a surface and light at fre-
quency 2x is produced and detected. Bulk SHG is
forbidden in centrosymmetric media such as metals
and electrolyte solutions. Thus in electrochemical
systems inversion symmetry is broken and second
harmonic generation dipole-allowed only within a
thin layer �� 1 nm� at the metal±electrolyte and air±
electrolyte interfaces. Since the latter signal can
usually be neglected, SHG can be a sensitive probe of
surface chemistry. For many adsorbed atoms, ions
and small molecules, surface SHG has been shown to
be highly sensitive to adsorption due to adsorbate-
induced variations in the substrate nonlinearity. SHG
is often sensitive both to speci®c adsorption and to
species deposited by faradaic processes.

The utility of SHG is limited somewhat by its
molecular nonspeci®city, making application of SHG
to multicomponent systems di�cult. This limitation
can be circumvented by wavelength-dependent stu-
dies which exploit the presence of surface electronic
resonances [108]. SHG has seen signi®cant applica-
tion to studies of adsorption and underpotential de-
position processes [10, 11]. For example, Richmond
has demonstrated that SHG is strongly sensitive to

Fig. 7. Raman spectra from a roughened silver electrode in a bath containing 0.01M AgNO3, 0.01M thiourea and 0.5M HClO4 at (a) open
circuit, (b) 0.20V vs SCE, (c) )0.60V and (d) )0.80V. Reproduced with kind permission from [100].
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underpotential deposition of Tl but only weakly
sensitive to underpotential deposition of Cu and Ag
on Au(1 1 1) [109]. Tl/Ag(1 1 1) is another interesting
system, where the relationship between SHG and
surface coverage is discontinuous at about 0.75
monolayer, suggesting the presence of a phase tran-
sition [110].

5.2. Photo- and electrore¯ectance

Photo- and electrore¯ectance are both concerned
with the change in the surface optical re¯ectivity �R�
with photon energy. Since for d.c. experiments this
change is subtle, the surface electric ®eld �E� is
usually modulated and the nth-derivative spectrum
�dnR=dEn� obtained [12]. This provides a much
sharper variation of the spectrum with photon en-
ergy, yielding distinct spectral features when the
photon energy resonates with surface electronic en-
ergy levels. Modulation arises from variation of the
electric ®eld in the case of electrore¯ectance and from
illumination with a laser in the case of photore-
¯ectance. In electrore¯ectance, ®rst derivative spectra
are usually taken, and the observed change in the
re¯ectance is normalized to the re¯ectance and re-
ported as dR=R at constant DE.

Kolb has studied electrore¯ectance spectra of sin-
gle crystal metal electrodes, with and without un-
derpotential deposition. Spectra on Ag(1 1 1) include
a sharp resonance at approximately 3.9 eV, whose
dependence on incidence angle demonstrates that it
arises from an electronic transition involving bound
electrons [111]. Electrore¯ectance can also be em-
ployed to study surface plasmons. For a perfectly
smooth surface, the surface plasmon resonance at
approximately 3.5 eV is not evident in the electrore-
¯ectance spectrum. However, its energetic position
can be observed as a function of electrode potential if
the surface is electrochemically roughened. The re-
sults of this investigation show that anodic of the
potential of zero charge (PZC), the surface plasmon
energy shifts linearly with potential, as can be pre-
dicted on the basis of changes in the surface electron
density [112].

Kolb has also studied underpotential deposition
by monitoring the di�erential re¯ectance spectra
(DRS), where the re¯ectance change

DR
R
� R�d� ÿ R�0�

R�0� �20�

is measured. Here R�0� is the re¯ectance of the bare
surface and R�d� that of the adsorbate-covered
surface. For a simple three-phase model with sharp
boundaries, DR=R can be related to the dielectric
constants of the electrolyte, ®lm and substrate, al-
though the same problems arise as in ellipsometry.
For Cu underpotentially deposited on Pt, DRS
spectra show resonances associated with the depos-
ited layer at approximately 2.1, 2.8 and 4.1 eV [113].
The optical constants of the underpotential layer
were found to di�er substantially from bulk Cu,

and previous work showed that for Ag on Pt the
optical constants did not equal those for the bulk
material until approximately 4±5 monolayers were
deposited [114]. When the re¯ectance change per
unit coverage �DR=Rh� is plotted against coverage, a
clear discontinuity is seen at h � 2=3, indicating a
structural transition at this coverage. Discontinuities
can also be seen in the curve of re¯ectance against
coulombic charge transferred for the case of Tl
underpotential deposition of Ag(1 1 1), as shown in
Fig. 8 [115].

6. Concluding remarks

At present, optical studies of metal electro- and
electroless deposition are con®ned mainly to acade-
mic laboratories. However, numerous technological
developments suggest that this situation may change
in the near future. As microelectronics interconnects
are continually reduced in size, and as other indus-
tries adapt the micro- and nanotechnologies origi-
nally developed for use in the microelectronics
industry, the need to inexpensively deposit metals
with microscopic precision will increase. Electro- and
electroless deposition of metals have tremendous
promise as low-cost alternatives to the vacuum
deposition methods more commonly employed to-
day. Nonintrusive in situ optical methods which
probe the boundary layer composition, deposit
morphology, and possibly even surface electronic
structure may have an important role in establishing

Fig. 8. Variation of the re¯ectance with coulombic charge passed
during UPD of Tl/Ag(1 1 1). Reproduced with kind permission
from [115].
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the process±structure±function relationships deter-
mined in pilot studies of metal deposition with con-
trolled morphology.
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