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Abstract

This paper reports in situ visible electroreflectance measurements carried out during potentiostatic electrodeposition
of Cu from acidic sulphate solutions in the absence and presence of PEG. Time-dependent electroreflectance
spectroscopy gives information on the evolution of the electronic structure of the growing film, yielding new insight
into the electrocrystallisation mode. Roughness effects and purely optical quantities were separated by operating in
a suitable range of visible wavelengths. Optical transients were followed with a simple model correlating the relative
spectral reflectivity and the degree of dispersion of Cu crystallites. Electroreflectance data were complemented by
Raman surface-enhancement measurements and scanning electron microscopy. Electroreflectance results can be
correlated with the surface morphology and with the formation of Cu clusters giving rise to different degrees of
Raman surface enhancement.

1. Introduction

1.1. Cu electrodeposition

The role of organic additives in Cu electrodeposition
from acidic sulphate solutions is critical for recent
applications in the fabrication of semiconductors.

Notwithstanding intensive investigation, we are still far
from a positive understanding of the relevant electro-
chemical and electrocrystallisation processes. In the first
part of this series [1], we reported an electrochemical,
Surface-enhanced Raman Spectroscopy (SERS) and
Scanning Electron Microscopy (SEM) investigation of
the effects of PEG. This paper focuses on in situ
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A(t) model function describing the time-depen-
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width of the interband-transition region of the
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Journal of Applied Electrochemistry (2006) 36:87–96 � Springer 2005
DOI 10.1007/s10800-005-9026-6



electroreflectance measurements, relating them to the
effects of PEG on electrocrystallisation processes occur-
ring during potentiostatic electrodeposition. Electrore-
flectance Spectroscopy (ERS) data are complemented by
SEM and are correlated with the potential-dependent
surface-enhancement derived from a quantitative anal-
ysis of the SERS spectra reported in Part I of this paper
[1].

1.2. In situ VIS reflectance measurements

The application of in situ VIS electroreflectance in metal
electrodeposition studies is expected to yield important
information on the electronic and morphological condi-
tions of the growing metal film, and can have prospective
applications in on-line process control [2]. Variations of
the electrodic spectral reflectance of a metal film under-
going electrochemical deposition can be due to a series of
physical reasons, which can be grouped into two broad
classes: (i) those unambiguously giving rise to a reflec-
tivity decrease (roughness scattering and surface plas-
mon excitation [3–6]) in a specific spectral range and (ii)
those which can, in principle, give rise to both reflectivity
increase or decrease (interfacial compositional effects,
alteration of the surface band structure of the metal). ER
is typically dominated by the metal surface contribution,
especially close to the interband transition. Contribu-
tions from the electrolyte portion of the double layer,
which have an essentially dielectric character in the
relevant energy range, were estimated to be orders of
magnitude smaller than the metal surface contribution
[7], especially with p-polarisation and low (e.g. 45�)
incidence angles.
The optical properties of Cu are known to be

extremely sensitive to the sample preparation procedure
[8–14]. The spectral reflectivity of Cu is dominated by an
interband transition at ca. 450 nm in which energy is
adsorbed from the incident light wave to raise an
electron into a higher unoccupied state. This transition
takes place in addition to the free-electron or Drude
adsorption.

2. Experimental

The electrodeposition bath was: CuSO4Æ5H2O 20 mM,
H2SO4 0.5 M. To this solution NaCl 500 ppm and PEG
MW1500, 2 g/Lwere added.The solutionswere prepared
from analytic grade chemicals and ultra-pure water with a
resistivity of 18.2 MW cm.The solutionswere degassed by
bubbling with nitrogen and by keeping the electrolyte
under a nitrogen blanket during the measurements.
Electrochemical measurements were performed with

an AMEL 5000 programmable potentiostat. Potential
measurements were carried out with an AMEL Ag/AgCl
(KCl 3 M) reference electrode; voltages are reported vs.
Ag/AgCl. For potentiostatic electrodeposition experi-
ments, wrought brass (90% Cu, 10% Zn, a-phase)
cathodes were used, coated with a thick (over 50 mm)

layer of X-ray amorphous Ni-P (P 9 %) [15]. The
reference electrode probe tip was placed at a distance of
ca. 5 mm from the working electrode. The counter
electrode was a platinised Ti expanded-mesh electrode
exhibiting an area of ca. 10 cm2.
ERS measurements were made in a cell with a vertical

polycrystalline Cu disc working electrode of diameter
5 mm embedded in a Teflon cylindrical holder. A
metallographic polishing procedure, consisting of wet
grinding with 2400 grit SiC paper, proved adequate for
an excellent reproducibility. The counter electrode was a
Pt wire loop (1.25 cm2) concentric and coplanar with the
working electrode disc. The reference electrode was
placed in a separate compartment, the probe tip was
placed 3 mm from the rim of the working electrode disc.
An incidence angle of 45�, p-polarised light and a
potential modulation frequency of 75 Hz were chosen.
The DR/R signal was detected with a lock-in technique.
Solid state light sources were employed: a set of three
LEDs was used to cover the VIS and UV range
(220� 670 nm). The wavelength was selected with a
grating monochromator with a spectral resolution of
7 nm. A photodiode detector was employed.

3. The use of in situ spectral electroreflectance

spectroscopy for metal electrodeposition studies

Some electroreflectance spectroscopy (ERS) investiga-
tions relevant to metal electrochemistry have appeared
in the literature, though, to the best of the authors’
knowledge, a limited number of such measurements
have been carried out during electrodeposition of metal
films. Some studies have been published on under
potential deposition (UPD) systems and on the pro-
gressive coverage of extraneous cathodes with 3D metal
layers (see [7, 16] and references contained therein). A
theory of the changes in optical properties brought
about by the electrodeposition process seems not to be
available and we are proposing a first-approximation
version in this paper.
During electrodeposition processes, the electrode

spectral reflectance (ER) R(k, t) at wavelength k and
time t is, in principle, affected by both electronic and
geometrical factors. Variations in the optical properties
of the interface and of its roughness are the causes of
these two effects. Variations of the optical properties can
be caused both by the formation of a compositionally
altered surface or by the variation of the electronic
structure of the metal, due to the nature of the
electrodeposited clusters and crystallites. R(k, t) can
thus be written as:

Rðk; tÞ ¼ g1½qðtÞ� � g2ðkÞ � Eðk; tÞ ð1Þ

where g1Æg2 is the geometrical factor, which can be
shown [3] to be separable into a geometrical factor g1 – a
function of a suitable roughness estimator q(t) – and
a wavelength-dependent factor g2. E(k, t) is the elec-
tronic contribution. To avoid experimental difficulties in
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dealing with absolute reflectance values, it is customary
to investigate relative reflectance variations DR/R, e.g.
[7]. A convenient way to define [DR/R](k, t) is by
ratioing R(k, t) to the ER value measured at t=0:

½DR=R�ðk; tÞ ¼ ½Rðk; tÞ � Rðk; 0Þ�=Rðk; 0Þ ð2Þ

From Equation 1, after some algebra, it results:

½DR=R�ðk; tÞþ1¼ ½g1ðqðtÞÞ �Eðk; tÞ�=½g1ðqð0ÞÞ �Eðk;0Þ�
ð3Þ

[DR/R](k, t) is therefore not affected by the spectral
dependence of the geometrical factor. The effect of the
roughness-dependent component of the geometrical
factor can be eliminated by normalising Equation 3
with the DR/R value measured at a reference wavelength
kref:

rðk; t; krefÞ ¼ f½DR=R�ðk; tÞ þ 1g=f½DR=R�ðkref; tÞ þ 1g
¼ ½Eðk; tÞ � Eðkref; 0Þ�=½Eðkref; tÞ � Eðk; 0Þ�

ð4Þ
If r is time-independent no optical contribution is
present. A first approximation to the modelling of r(t)
transients is possible within the framework of the
Maxwell-Garnett theory, predicting the optical proper-
ties of films composed of spherical metal clusters
embedded into a different medium [17]. In the present
case, the embedding medium can be: the electrolyte,
organics incorporated at grain boundaries, salt precip-
itates or metallic crystallites exhibiting a different
structure. This theory gives the values of the complex
dielectric function of the composite film ec as a function
of: (i) the dielectric function of the bulk metal em, (ii) the
dielectric function of the embedding medium eEM and

(iii) the volume fraction of metallic particles f. If ec is
used in the expressions for DR/R of [7], one can write
DR/R for a given polarisation state as a function of f and
k. In the Appendix we report the deduction of an
analytical expression of [DR/R](f) from which r(f) can
be derived by use of Equation 4. Some examples of
computations of [DR/R](f) referring to Cu clusters in a
water matrix (disperse electrodeposit) with bulk Cu as
the reference state are shown in Figure 1. In this figure
DR/R values are scaled by a known constant factor
containing physical constants and the film thickness. In
Figure 1 a maximum can be observed for f<1. This
means that the optical properties of the composite film
can yield a higher reflectivity value than for the pure
bulk metal. This indeed was found in some of our
measurements. The [DR/R](f) functions reported in
Figure 1 exhibit an approximately Gaussian shape and
the corresponding parameters show a regular wave-
length dependence: peak position and full width at half
maximum (FWHM), with their 95% confidence inter-
vals, as a function of wavelength, are shown in Figures 2
and 3, respectively. The peak position tends to increase
with the wavelength, even though a maximum can be
observed at low wavelengths in the visible range. The
FWHM regularly decreases with wavelength. Computed
normalised r(f) curves is shown in Figure 4. These curves
exhibit a maximum / minimum / maximum sequence as
the parameter f is varied from 1 to 0; the position of these
features changes with the wavelength.
Modelling of the experimental r(t) transients in terms

of the electronic properties of the metal undergoing
electrodeposition is desirable for both fundamental and
applied reasons, such as predicting the electrical resis-
tivity of electrodeposited contacts or rationalising the

Fig. 1. Normalised computed relative reflectivity DR/R as a function of the Cu/water volume fraction f for several wavelengths.
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colour shades of decorative alloy coatings. [DR/R](k, t)
is a complicated function of: (i) the complex dielectric
function of the metal, (ii) the incidence angle and (iii) the
polarisation of the incident radiation. Exact expressions
have been derived for some special cases (see, e.g., in
[7]). The dielectric function e of Cu or electrodeposited
Cu films, contains sizeable contributions from both free
and bound electrons, eF and eB, respectively: e =eF+eB.
e can be approximated as (elaborating on [7]):

eðk; tÞ ffi 1� ðk=knÞ2 þ i � ImðeBÞ ð5Þ

kn is the plasma wavelength of the free-electrons and i is
the imaginary unit. At wavelengths significantly lower
than those of the interband transition kIB, . Equation 5
can be approximated as:

eðk; tÞ ffi 1þ i � a ð6Þ

where a is a constant. Therefore, for k<<kIB, R(k,
t) @ a/(4+a2)=A. By fitting experimental data from

the literature, it can be assessed that the spectral
reflectance of coinage metals can be well approximated
with a sigmoidal function of the type:

Rðk; tÞ ¼ ð1� AÞ=f1þ exp½ð1=k� 1=kIBÞ=Dk�g þ A

ð7Þ

where Dk is a parameter accounting for the width of the
transition. If replicated sets of electrodeposition experi-
ments are run at three suitable wavelengths, some time
dependent optical parameters can be evaluated for the
process of interest. (i) kref can be chosen such that
kref>>kIB, hence E(kref,t)=1. (ii) The second wave-
length k1 is chosen such that k1<<kIB, hence E(k1,
t)=A(t) (iii) The third wavelength is set at k2 @ kIB, hence:

Eðk2 � kIBÞ ffi 1=2 � ½1þ AðtÞ� � ½1=k2 � 1=kIBðtÞ�
� ½A(t)� 1�=½4 � DkðtÞ�:

ð8Þ

For ease of notation, we define the function B(k, t)=[1/
k2)1/kIB(t)]/Dk(t)].
By using Equation 7, Equation 4 can be rewritten as:

rðk1; t; krefÞ ¼ AðtÞ=Að0Þ ð9Þ

and

rðk2; t; krefÞ ¼ 1=2 � ½AðtÞ þ 1��1=4 � ½AðtÞ � 1�Bðk; tÞ
ð10Þ

From a set of potentiostatic experiments carried out at
three selected wavelengths, one can therefore estimate
the following time- and potential-dependent quantities:
A(t,V) and B(t,V)=[1/k2)1/kIB(t, V)]/Dk(t, V). The
former describes the variation of the high-frequency
absorbing part of the complex dielectric function and
the latter the variation of the band structure related to
the interband transition.

4. Results and discussion

4.1. Electroreflectance Spectroscopy

Reflectivity transients were recorded under potentio-
static conditions at three wavelengths: 460, 500 and
620 nm without and with PEG. No obvious order
appears in the curves observed: both increasing and
decreasing time variations are found and the sequence of
the transients with electrodeposition potentials depends
on the wavelength of the incident light and on the bath
chemistry. The increase of reflectivity observed in most
curves, and in all cases in the presence of PEG, can be
directly related to variations of electronic properties.
The [DR/R](k,t) transients were corrected for roughness
contributions by normalising the data measured at
k=460 and 500 nm by those recorded at k
ref = 620 nm – where the spectral reflectivity is close
to 100% -, thus obtaining the r(t;k;kref) curves, reported
in Figures 5, 6 and 7, 8 for PEG-free and PEG-
containing systems, respectively.

Fig. 2. Peak positions of DR/R of DR/R vs. f curves (see Figure 1),

as a function of wavelength; computed quantities.

Fig. 3. Full width at half maximum (FWHM) of DR/R vs. f curves

(see Figure 1), as a function of wavelength; computed quantities.
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r(t;k;kref) transients can be interpreted in terms of the
Maxwell-Garnett theory, as detailed above. r(f) curves
can be computed by Equation 4 from [DR/R](f,k).
According to the theoretical r(f) curves shown in
Figure 4, an increase in f can be interpreted as positively
correlated with the defect density present in the electro-
deposited film; the latter quantity can, in turn, be
associated with the degree of irreversibility, and hence
the cathodic overvoltage, of the electrodeposition pro-
cess. Our results are summarised in Table 1. The trends
observed in the experimental transients can be corre-
lated with the r(f;k) curves shown in Figure 4. In
general, the behaviour noticed at increasing overvoltag-
es can be related to that at increasing f values, for f

values in the ranges ca. 0.85 fi 0.475 and ca. 0.85 fi
0.525 for the systems without and with PEG, respec-
tively. Within a given bath, the differences in trends can
be explained in terms of the wavelength-dependence of
the maxima and minima of the r(f) curves. Between
baths, one can observe that the differences in behaviour
between the solutions without and with PEG can be
described in terms of lower f values for the latter system:
this can correlate to the higher growth stability observed
in the presence of the additive [1].
Experimental r(t;k) transients were also elaborated in

order to extract the reflectivity parameters A(t) and B(t),
as described above. Since A(t) is directly propor-
tional to r(t, 460 nm,kref), we do not plot these

Fig. 6. Experimental optical relative reflectivity transients r(t) (see

text), current wavelength k=460 nm, reference wavelength kref=
620 nm: Cu bath without PEG, potentiostatic electrodeposition at

the voltages shown (vs. Ag/AgCl).

Fig. 5. Experimental optical relative reflectivity transients r(t) (see

text), current wavelength k=500 nm, reference wavelength kref=
620 nm: Cu bath without PEG, potentiostatic electrodeposition at

the voltages shown (vs. Ag/AgCl).

Fig. 4. Normalised r(f) curves (see text) as a function of the Cu/water volume fraction f for several wavelengths.
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transients separately, but refer to Figures 5 and 7 for the
solution without and with PEG, respectively. B(t)
transients for PEG-free and PEG-containing baths are
shown in Figures 9 and 10, respectively. The qualitative
trends of the experimental B(t) curves as a function of
bath composition and cathodic potential are summar-
ised in Table 2. A plot showing computed normalised
A(f) and B(f) curves is reported in Figure 11. By

construction, A(f) shows the same f dependence as the
lower-wavelength r(f) curves and the same comments
apply. From Table 2 and Figure 11 it can be noticed
that the potential-dependent trends of the experimental
B(t) curves for the two baths, as the potential is shifted
in the cathodic direction, show a reasonable agreement
with the behaviour of the computed B(f) curve when the
f parameter is decreased starting from a value of ca.
0.85. In particular, on decreasing f, the sharp maximum
of the B(f) curve seems to be passed by the experimental
B(t) transients measured at )300 and )500 mV in the
absence of PEG and only at )500 mV in the presence of
the additive. Again, the association of lower f values to
the PEG-containing solution under otherwise identical

Fig. 8. Experimental optical relative reflectivity transients r(t) (see

text), current wavelength k=460 nm, reference wavelength kref=
620 nm: Cu bath with PEG, potentiostatic electrodeposition at the

voltages shown (vs. Ag/AgCl).

Fig. 7. Experimental optical relative reflectivity transients r(t) (see

text), current wavelength k=500 nm, reference wavelength kref=
620 nm: Cu bath with PEG, potentiostatic electrodeposition at the

voltages shown (vs. Ag/AgCl).

Table 1. Qualitative description of the slopes of the r(t,k;kref) transients,
with kR=620 nm. One arrow indicates a mild slope, two arrows a

stronger one

Bath Wavelength k nm )100 mV )200 mV )300 mV )500 mV

No PEG 460 fl " "" "
No PEG 500 fl " flfl fl fl
With PEG 460 fl " " "
With PEG 500 fl " " fl

Fig. 10. Experimental B(t) transients (see text): Cu bath with PEG,

potentiostatic electrodeposition at the voltages shown (vs. Ag/AgCl).

Fig. 9. Experimental B(t) transients (see text): Cu bath without

PEG, potentiostatic electrodeposition at the voltages shown (vs. Ag/

AgCl).

Table 2. Qualitative description of the slopes of the B(t) transients

Bath )100 mV )200 mV )300 mV )500 mV

No PEG fl " fl fl fl fl
With PEG fl " " fl
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operating conditions can be explained with a higher
perfection of the deposits obtained from the additive-
containing bath.

4.2. SERS Background

In SERS also the background is known to undergo
surface enhancement. Physical reasons for this fact are
still an open problem (see, e.g., [18–21] for relevant
reviews). In the literature several explanations have been
put forward for this phenomenon, such as: (i) adatom-
substrate interactions [22–24], (ii) charge-carrier excita-
tions [25], (iii) surface electronic states due to chemisorp-
tion bonds [26] or (iv) adsorbed carbon impurities
[27–32]. A combination of causes (i), (iii) and (iv) has
also been considered [33]. SERS enhancement of the
background can be unambiguously distinguished from
fluorescence [34].Whatever the origin of surface enhance-
ment, since this is unambiguously related to the existence
of suitable metal surface morphologies and to the
presence of some surface species, systematic variations
of SERS background intensity under otherwise identical
conditions can be used as a diagnostic tool of the
surface conditions, that, in turn, are associated to both
electronic-structure and roughness variations of the
electrodeposited film.
In the present research, we obtain a SERS background

of the continuum type (e.g. [26]). We evaluate the
potential-dependent SERS background. The potential
variations of the SERS background at 1300 and 2000
cm)1 are shown in Figure 12. The same trends of the
background intensity with electrodeposition potential can

be noticed at both investigated Raman shifts. The PEG-
free system exhibits a limited potential-dependence of the
background intensity, anticorrelated with the cathodic
polarisation; a relativelymoremarked decrease is found in
the presence of PEG.One can conclude that the formation
of SERS active features in the presence of PEG spans
a larger range of conditions in comparison with the
PEG-free bath. This behaviour might relate to the effects
of PEG on the cathodic charge-transfer mechanism,
reported in [1]. Higher absolute values of the SERS
background intensity in the presence of PEG can be
related to the grain-refining action of the suppressor.

Fig. 11. Computed A and B optical parameters (see text) as a a function of the Cu/water volume fraction f.

Fig. 12. SERS background at 1300 and 2000 cm)1 as a function of

potentiostatic electrodeposition voltage (vs. Ag/AgCl) for Cu baths

without and with PEG.
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4.3. Scanning Electron Microscopy

The morphological variations corresponding to poten-
tiostatic electrodeposition for 500 s at )100, )200, )300
and )500 mV in the absence and in the presence of PEG
were examined by SEM (Figure 13). The morphological
effects of potential and PEG are consistent with the ER
transients and their morphological interpretation in
terms of roughening and degree of deposit compaction.
In the absence of the organic additive, on increasing the
cathodic voltage one can notice that compact granular
deposits are grown at )100 and )200 mV, with larger
grains at the higher cathodic polarisation; dendritic
growth sets in at )300 mV and loose and powdery Cu is
formed at )500 mV. Grain refining and stabilising
activity of PEG can be recognised. Granular growth is
observed up to )300 mV, the onset of dendritic growth
seems to be delayed to )500 mV.

5. Conclusions

In this research we analysed the potentiostatic growth
process of Cu from acidic sulphate solutions without and
with added PEG by an in situ optical method. Elect-
roreflectance transients were measured during electro-
deposition at various visible wavelengths. A suitable
data treatment procedure allows electronic information
to be extracted from the measured reflectivity. The main
effect of the addition of PEG is that electroreflectance
tends to increase at all investigated potentials. This
behaviour can be modelled with a higher degree of
compactness of the granular electrodeposited Cu layers,
related to the smoothing action of PEG proved by SEM.
The SERS enhancement of the background shows higher
values and larger potential dependence for the PEG-
containing system, suggesting an increased nucleation

activity. This behaviour is coherent with both electrore-
flectance and SEM results, hinting at the fact that finer-
grained, more compact Cu layers tend to grow from the
electrolyte containing the polymeric suppressor under
otherwise identical electrochemical conditions.
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Appendix

Let E(k, t) describe the purely optical properties of the
three-phase planar system discussed in [7]; the relative
instantaneous reflectance [DR/R](k, t) is expressed by
Equation 3. [DR/R](k, t) can be interpreted in terms of
the time-dependent optical properties of the layer being
electrodeposited. According to [7], for parallel polarisa-
tion, one can write:

DR=Rðk; tÞ ¼8
p
2pd
p

ee=k � Imf½ðec� emÞ=ðee� emÞ�
� ½ð1� 0:5 � ee=ðecemÞ � ðecþ emÞÞ=ð1� 0:5

� ðeeþ emÞ=emÞ�g
ðA1Þ

where d is the electrodeposited film thickness. Equation
A1 provides a physical interpretation of the ratio E(k, t)/
E(k,0) present in Equation 3 in terms of complex
dielectric functions, within the framework of the linear
three-phase model of [7]. The separation of the geomet-
rical and optical components of the observed reflectivity

Fig. 13. SEM micrographs of Cu layers obtained by potentiostatic electrodeposition at the voltages indicated (vs. Ag/AgCl) for 500 s from

baths without and with PEG.
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is achieved by normalising Equation 3, measured at a
given wavelength k to that measured at a reference
wavelength kref. E(k,0) and E(kref,0) are quantities
known from tabulations of the dielectric functions of
the bulk metal em and of the electrolyte ee, since at t=0
the optically-affected interfacial film has not formed yet.
In this work, we treat the time-dependence of DR/R(k,

t) in the framework of the Maxwell-Garnett theory ([7,
17]). 3D electrochemical metal growth gives rise to the
simultaneous formation of independent crystallites, even-
tually leading to the formation of layers with different
degrees of continuity. Discontinuous metal films exhibit
optical properties that are different from those of bulk
metal, owing to both clustering effects and presence of an
embeddingmediumwith a different dielectric constant. In
the first-approximation case of: (i) spherical metal clus-
ters, (ii) metal clusters displaying the same optical
properties as the bulk metal and (iii) embedding medium
with a purely real dielectric constant (such as water), the
Maxwell-Garnett equation yielding the complex dielec-
tric constant of the compositemediumRe(ec)+i ÆIm(ec) is:

ðReðecÞ � 1þ i � ImðecÞÞ=ðReðecÞ þ 2þ i � ImðecÞÞ ¼
f � ðReðemÞ � 1þ i � ImðemÞÞ=ðReðemÞ þ 2

þ i � ImðemÞÞ þ ð1� fÞ � ðeEM � 1Þ=ðeEM þ 2Þ
ðA2Þ

where c stands for ‘‘composite’’, m for ‘‘metal’’ and EM
for ‘‘embedding medium’’, f is the volume fraction of
metal in the composite material.
After some algebra, Re(ec) and Im(ec) can be rewritten:

ReðecÞ ¼ 3 � ð1� ReðAÞÞ=½ðIm(A)Þ2þ
ð1� ReðAÞÞ2� � 2

ðA3:1Þ

ImðecÞ ¼ 3 � Im(A)=½ðIm(A)Þ2 þ ð1�Re(A)Þ2�
ðA3:2Þ

where:

ReðAÞ ¼ f � f½ðReðemÞ � 1Þ � ðReðeÞ þ 2Þþ
ðImðeÞÞ2�=½ðReðeÞÞ2 þ ðImðeÞÞ2�gþ
ð1� fÞ � ðe � 1Þ=ðee þ 2Þ

ðA4Þ

and

Im(A) ¼ 3 � f � ImðemÞ=½ðReðemÞ þ 2Þ2 þ ðImðemÞÞ2�
ðA5Þ

Once the complex dielectric constant of the composite
electrodeposited layer is known, one can compute the
spectral reflectivity of the substrate-layer-electrolyte
system. In the case of ERS, a convenient way to do
this is to represent the relative spectral reflectivity as the
ratio of the reflectivities of the systems in the absence
and in the presence of the composite layer (i.e. the bulk-
Cu/electrolyte and the bulk-Cu/electrodeposited-Cu/
electrolyte interfaces, respectively). This can be done

e.g. with the linearised three-layer approach of [7, 16],
yielding for the parallel polarised light and incidence
angle at 45� the following expression:

DR=R ¼ 4pdð2 � eEMÞ1=2=k � Imðb1 � b2=b3Þ ðA6:1Þ

where:

b1 ¼ ½ReðecÞ � ReðemÞ þ i � ðImðecÞ
� ImðemÞÞ�=½eEM � ReðeÞ þ i � ImðemÞ�

ðA6:2Þ

b2¼1�eEM=2�½ReðecÞþReðemÞþi�ðImðecÞþ
ImðemÞÞ�=½ðReðecÞþi�ImðecÞÞ�ðReðemÞþi�ImðemÞÞ�

ðA6:3Þ

b3 ¼1� 1=2 � ðeEM þ ReðemÞ þ i � ImðemÞÞ
=ðReðemÞ þ i � ImðemÞÞ

ðA6:4Þ
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