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Abstract The influence of the electronic properties of
oxidized Nb surfaces on the electrodeposition of metals
(Me=Co, Cu, Ag) with different equilibrium potentials
UMe=Mez is studied by conventional electrochemical tech-
niques and atomic force microscopy. The results show
that relatively thin anodic Nb2O5 films (thickness <11 nm)
present a frequency-dependent n-type semiconductor be-
havior, which can be described by the theory of amor-
phous semiconductor. The Schottky barrier, formed at
the a-Nb2O5/electrolyte interface, affects the deposition
rate of metals with equilibrium potentials more positive
than the flat band potential UMe=Mezþ > UFB

� �
: Then, the

dependence of density of states on the oxide thickness and
anodization conditions leads to different extents of the band
bending, affecting directly the rate of electron transfer.

Keywords Nb oxide . Electrodeposition .
n-Semiconductors

Introduction

The electroplating of metallic layers on semiconductor
oxides is a topic of considerable interest in the electronic
industry because of its application in the construction of

Schottky barriers [1, 2]. This type of structures can be
commonly achieved by vapor phase or electrochemical
deposition on the thermally generated oxide. However, the
first method becomes difficult when the assessment of
integrated circuit devices of smaller dimensions is required,
mainly due to the size limitation of masks. Anodization and
electrochemical deposition offer an excellent alternative to
this issue because it allows obtaining thin and good-quality
metal and oxide films at low temperatures and costs. In the
last years, atomic force microscopy (AFM) has been suc-
cessfully applied to perform localized anodic oxidation of
valve metals to construct lateral metal/oxide/metal nano-
structures [3, 4]. In this sense, it is necessary to have better
knowledge of the electrodeposition mechanisms on oxi-
dized surfaces to find optimal conditions and explore new
construction possibilities. The generation of thin metal
films and metal nanoparticles on oxide-covered surfaces
has also received great attention in the research and de-
velopment of nanomagnets as memory units [5] and in the
solar cell and sensor technology [6, 7]. However, in spite of
the better performance of the electrochemical deposition for
the generation and size control of nanoparticles, it was not
sufficiently explored for these purposes.

In this paper, we analyze to some extent the mechanisms
of electrodeposition of various metals of technological in-
terest on oxidized thin Nb films. As depositing metals, Co,
Cu, and Ag were selected to cover a relatively wide spec-
trum of deposition potentials and to analyze aspects con-
cerning the electronic properties of anodic oxide films. A
better comprehension of the basic processes occurring in
the metal/oxide/electrolyte interface promises to be very
helpful for the development of electronic devices based on
metal/oxide/metal structures.

Experimental details

The working electrode was composed of a small piece of
silicon wafer covered with 500 nm SiO2, whereon a 100-nm
Nb film was deposited by means of DC-sputter at 102 Pa.
The samples were used as received, with the presence of a
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native Nb oxide, and were placed into a Teflon holder
defining an exposed area of 0.125 cm2.

Experiments were performed at room temperature in a
conventional glass electrochemical cell under N2-saturated
atmosphere using a Pt wire and the system Hg/Hg2SO4/
K2SO4(sat) (sse,U

0=0.64 V vs nhe) as counter and reference
electrode, respectively. All electrode potentials in the text
are referred to this electrode. Electrodeposition was per-
formed from a 0.5 M Na2SO4 + 0.5 M H3BO3 solution of
pH 4.5 containing 0.01 M metal ions Mez+(Mez+=Co2+,
Cu2+, Ag+). The addition of boric acid provides a buffering
effect during hydrogen evolution. Electrochemical mea-
surements were carried out with a universal electrochemi-
cal interface and an impedance spectrum analyzer Zahner
IM5d.

Themorphology of metal deposits was analyzed bymeans
of ex situ AFM, with a molecular imaging microscope
coupled to a nanoscope E controller. Cantilevers with a force
constant of 0.10 N m−1 and Si uncovered tips (10 nm of
curvature radius) were used.

Results and discussion

Anodic oxidation of sputtered Nb films

A detailed characterization of anodically generated Nb
oxide films is the necessary first step to get a better under-
standing of the mechanisms of metal deposition on them.
Figure 1 shows a typical cyclic voltammogram for the po-
tentiodynamic anodic oxidation of a sputtered Nb film to-
gether with the evolved anodic charge. The appearance of
an initial anodic peak is related to the accumulation of
charges injected at the interfaces, as already discussed in
detail by Lohrengel (cf. [8] and references given therein).
On the other hand, the setting of a constant current density
at higher anodic potentials indicates that in the deposition
solution the oxide growth follows a high field mechanism,
in agreement with results reported by others [4, 8–10].
However, the onset of oxygen evolution at U>1.5 V leads
to a slight current increase that is also reflected in a slope
change in the q vs U plot. Then, a rough estimation of the
oxide thickness dox=12 nm could be made by extrapolation
of the first linear part to 4 Vand taking an oxide density of
4.4 g cm−3.

To obtain more information about the dielectric proper-
ties of the oxide film, the potential dependence of the
electrode capacitance C was taken from the imaginary part
of the impedance response, assuming as a first approach,
that the system behaves as a parallel RC circuit, as is usually
made in the study of oxide films. The potential dependence
of the inverse of capacitance during the potentiostatic an-
odic cycle is shown in Fig. 2a. It can be seen that the
capacitance shows a constant value in the first 50 mVof the
quasistationary forward scan, indicating that the electric
field within the native oxide is not large enough for further
growth. But this situation is overcome at a potential of
about −0.5 V, where the linear increase of the inverse
capacitance with the potential arises as a consequence of a
continuous oxide growth according to the expression:

C�1 ¼ dox
""0

¼ k U � U 0
fox

� �
""0

(1)

where dox and ɛ are the thickness and the dielectric
constants of the oxide, respectively, k is the oxide formation
factor, and U 0

fox (=−1.32 Vsse) is the standard formation
potential of the oxide. Values of k=2.1–2.4 nm V−1 and
" =41–46 were reported in the literature for moderate acidic
and alkaline electrolytes [4, 8, 10–12]. According to these,
thicknesses of 2±0.3 and 12±2 nm for the initial native
oxide and the oxide formed after anodization to 4 V, re-
spectively, can be calculated from Eq. (1). Although a direct
measurement of the thickness is not possible from our
experiments, the values obtained from different data, name-
ly q, C−1, and U, seem to be consistent.

Taking into account that the anodic Nb oxide film be-
haves as an n-semiconductor, it is expected that a rise of
capacitance would occur on approaching to the flat band
potential in the reverse potential scan (cf. Fig. 2a). A de-
tailed study of the semiconductor properties of anodically
generated Nb oxides was presented by Di Quarto and co-
workers in a series of papers [9, 13, 14]. There, the use of
the theory of amorphous semiconductor–electrolyte junc-
tions [15–18] for the analysis of semiconductor oxides was
emphasized. These authors also advanced toward the cal-
culation of the density of states near the Fermi level by
means of impedance measurements in Di Quarto et al. [14].

In an amorphous semiconductor, the net space charge
depends on the ionized impurities and the localized states

Fig. 1 Anodic oxidation of Nb
film 0.5 M Na2SO4+0.5 M
H3BO3 (pH 4.5). v=0.1 V s−1.
Ui=−0.8 V
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within the band gap (Fig. 2b). Therefore, the potential dis-
tribution and the AC response depend on the distribution of
density of states within the gap. This conducts to a fre-
quency dispersion of the capacitance, which in turn makes
it inappropriate to use the classical Mott–Schottky expres-
sion for estimating the flat band potential and density of
donors.

The theory of amorphous semiconductor is based on the
exponential correlation between the relaxation time for
electron emission of the gap states (τ) and their position
with respect to the conduction band, τ=τ0 exp [(EF−ECB)/
kT], EF being the Fermi energy level. Thus, for a given
frequency ω, there will be a point of the Schottky barrier
defined by the maximum relaxation time for which the
states can still respond (ψc). Then, the Schottky barrier
can be separated in two zones: ψ(x)<ψc where the Fermi
level states will not respond (dielectric behavior) and
ψ(x)>ψc where the response will be essentially complete. In
other words, the system behaves as a semiconductor with a
band bendingψc and a capacityC(ψc) in series with an outer
dielectric layer, whose capacity is given by ""0/xc(ψs, ω)

(see Fig. 2b). It follows that these two zones can be modeled
by two capacitors in series for which the total capacitance,
for the case of a constant density of states N, is given by
[12]:

C�1 !; sð Þ ¼ 1

""0e2Nð Þ1=2 1þ ln
 s

 c

� �
(2)

where ψs is the band bending. This expression gives an
adequate description of the potential dependence of capacitance
at low band-bending conditions, i.e., if eψs<[Eg/2 −(ECB−EF)].

For high band-bending conditions, Cohen and Lang [18]
demonstrated that the state occupancy can be pinned at
the midgap in a near-surface layer if equilibrium conditions
for electronic exchanges between the gap states and the
valence and conduction bands are admitted (Fig. 2b). Then,
under the hypothesis of a constant density of states, the
following analytical expression for the total capacitance
was derived [15]:

C�1 !; sð Þ

¼ 1

""0e2Nð Þ1=2 ln
 g

 c
þ 1þ 2  s �  g

� �
 g

� �1=2( )
(3)

where ψg is the potential corresponding to the intersection
point of the midgap with the Fermi level. This means that
at ψ>ψg the electron occupancy remains pinned and no
further ionization of gap states occurs with increasing
polarization.

A good reproduction of the experimental capaci-
tance data for an oxide grown potentiostatically (cf. the
reverse scan in Fig. 2a) is obtained with Eqs. (2) and (3) for
low and high band-bending conditions taking values of
N=6.5×1020 eV −1 cm−3 and 1.75×1021 eV −1 cm−3, re-
spectively. These results confirm that the theory of amor-
phous semiconductors offers a reliable description of the
dielectric properties of anodic oxides generated on sput-
tered Nb films. The fact that different values of the density
of states are obtained in the low and high band-bending
regions may be ascribed to the generation of different
types of mobile defects on increasing the electric field
within the oxide film. Nevertheless, we will limit our study
to the low band-bending zone due to the fact that metal-
lization is exceptionally carried out at potentials higher
than 1 V.

Figure 3 shows the frequency dependence of the capac-
itance curves for an oxide film formed after potentiody-
namic anodization to 4 V. It was found that the curves
obtained within a frequency region from 1 kHz to 30 Hz
could be well-fitted by Eq. (2). A value of N=4.5±
0.3×1020 eV−1 cm−3 and a flat band potential UFB=−0.9±
0.08 V could be estimated. The value of the flat band
potential is in agreement with that reported by Di Quarto et
al. [13] for thin anodic oxides. The fact that ψc presents a
linear dependence with logω with a slope of about 60 mV
dec−1 is in accordance with the theory of amorphous

Fig. 2 a Potential dependence of the imaginary impedance response
expressed as the inverse of capacitance during the quasistationary
anodization of Nb film. ΔU=10 mV, f=300 Hz. Dotted lines and full
lines are adjusted curves corresponding to expressions (2) and (3)
for low and high band-bending, respectively. b Schematic
representation of band bending in the reverse potential scan
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semiconductor. At frequencies lower than 30 Hz, however,
a marked capacitance increase is observed. This is probably
due to the contribution of the surface states to the total
capacitance.

A similar analysis performed on oxides formed after
successive anodization cycles with an increasing anodic
limit reveals the considerable influence of the anodization
conditions on the final density of states (cf. Fig. 4). For
instance, it can be seen how the potential ψc decreases with
the anodic limit as a direct consequence of an increment of
the space charge fraction with a dielectric behavior. On the
other hand, the density of states calculated from the fitting
procedure N=15×1020 eV −1 cm−3 suggests a more defec-
tive oxide structure if we compare this result with that after
anodizing potentiostatically to 4 V. This fact is also re-
flected in an increase ofUFB (obtained by fitting) from −1.1
to −0.86 V on increasing the anodic limit from 1 to 4 V,
respectively.

Metal deposition

Deposition of Co

To analyze the influence of the oxide film on the deposition
of Co, cyclic voltammetries were performed on Nb cov-

ered with native oxide and after the anodization to 4 V
(Fig. 5a). In the two cases, the beginning of deposition at
U<−1.4 V points out a large nucleation overpotential
ðU 0

sse¼ �0:97 VÞ: The abrupt current increase immedi-
ately after the cathodic peak is a direct consequence of the
onset of hydrogen evolution on the substrate and on the
electrodeposited metal clusters.

It must be noted that in spite of the presence of an oxide
film, the deposition does not seem to be affected after an-
odization. This result contrasts with those presented by
other researchers concerning the deposition of Cu on
anodized Ta [19], where the exponential decrease of the
deposition current was attributed to a resonance type of
tunneling process involving the hopping of electrons
between states within the oxide gap. In this case, however,
the deposition of Co occurs in the accumulation region of
Nb oxide, where an increase of the capacity together with a
decrease of the charge resistance is expected. Figure 5b
shows the potential dependence of the total resistance taken
from impedance measurements. It can be observed that it
decreases near the flat band potential up to reach the
electrolyte resistance toward more cathodic potentials.
Therefore, as expected, the substrate behaves like a metal in
this potential region.

Fig. 4 a Potential dependence of the inverse of capacitance
obtained at various frequencies on anodic oxides generated
potentiodynamically to different successively increasing potentials.
ΔU=10 mV, f=300 Hz. Lines denote curves obtained by fitting the
experimental curve to the expression of low band-bending (2).
b Dependence of the parameter ψc on the anodic limit

Fig. 3 a Potential dependence of the inverse of capacitance
obtained at various frequencies on an anodic oxide generated
potentiodynamically to 4 V. ΔU=10 mV. Lines denote curves
obtained by fitting the experimental curve to the expression of low
band-bending (2). b Frequency dependence of the parameter ψc
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The presence of a cathodic peak observed at −1.6 Vafter
anodization to 4 V in the solution without Co2+ (cf. insert in
Fig. 5a) may be related to the incorporation of H+ into the
amorphous oxide [20]. It was reported that the penetration
of H into Nb oxide during the cathodic polarization leads to
the formation of bronzes of the type HxNbx

(4+)Nb2−x
(5+)O5

[21] together with a substantial modification of the con-
ductivity [21] and the photoelectrochemical response [22,
23]. Then, the effect seems not to be favored in the native
oxide, as can be inferred from the absence of a cathodic
wave before the onset of hydrogen evolution in the voltam-
metric response (insert in Fig. 5a).

In spite of similar cathodic voltammetric responses on
native and anodic oxides, a higher anodic dissolution
charge is observed, however, in the reverse scan on the
anodized surface (dotted line in Fig. 5a). This fact could be
explained in terms of a higher conductivity of the anodic
oxide given by the higher permeability of H+ into it during
the cathodic polarization.

The first stages of Co deposition were analyzed bymeans
of the current–time response after applying potentiostatic
pulses of different values on Nb with the presence of a
native and an anodic oxide (Fig. 6). In the two cases, the
current transients initially present an exponential decrease
due to the charging of the capacity of the system oxide/

electrolyte. This process is followed by an induction period
of time characterized by a linear current increase, after
which a rapid increase to a maximum is observed. In the
case of an anodized surface, a shift of the transients to
shorter times together with a higher induction current can
be observed. These effects, which are in correspondence
with the voltammetric results, can be interpreted in terms of
the generation of a more defective oxide due to a larger
insertion of H during the induction time, which accelerates
the nucleation process.

The shape of transients resembles that usually observed
in the presence of a kinetically controlled growth of hemi-
spheres, as shown by Abyaneh and Fleischmann [24, 25]
for the deposition of Ni. Nevertheless, the complexity of the
given analytical expressions and the concomitant hydrogen
evolution on the freshly deposited clusters make our anal-
ysis difficult. The analysis of the evolution of morphology
of the growing clusters helped to obtain some additional
information for characterizing the deposition process. The
AFM images shown in Fig. 7 reflect the evolution of sur-
face morphology taking place in the rising part of a transient
obtained at −1.53 Von Nb covered with native oxide. The
image taken at 18 s does not show important morphology
differences with the substrate. This suggests that the initial
linear current increase would correspond to a side reaction,
viz, the hydrogen discharge. On the other hand, the image
taken at 25 s indicates that the rapid current increase after
20 s corresponds to the growth and coarsening of very flat
metal clusters with average height and width of 30 and
200 nm, respectively. The different sizes of growing clus-
ters suggest that a progressive type of nucleation has taken
place. It must be also noted that the current maximum
coincides with a complete surface coverage, it being in
accordance with the model of kinetically controlled growth
of hemispheres. No significant changes of the morphology
are observed at longer deposition times. An important
feature to be noted is the possibility of obtaining relatively
smooth and adherent homogeneous metal layers of Co,

Fig. 6 Current transients obtained after applying different potential
steps on Nb film covered with a native oxide (full lines) and after
potentiodynamic anodization to 4 V (dotted lines). Ui=−0.8 V;
Solution: 0.5 M Na2SO4+0.5 M H3BO3+0.01 M Co2+

Fig. 5 a Potentiodynamic scans performed in 0.5 M Na2SO4+0.5 M
H3BO3 solution with and without 0.01 M Co2+ on oxidized Nb
surfaces. Full lines represent native oxide (dox∼2 nm), while dotted
lines represent Nb surfaces after potentiodynamic anodization to 4 V
(dox∼10 nm). v=0.01 V s−1. Insert: scans performed in the absence
of Co2+. b Parallel resistance for a 4 V oxide obtained at 300 Hz
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which can be also very useful as a seed layer for the
deposition of other metals.

Deposition of Cu and Ag

We could observe that in the case of Co deposition, the
presence of an oxide film with n-type semiconducting
properties does not represent a barrier for the deposition of
a metal whose thermodynamic equilibrium potential lies at
more negative values than the flat band potential. There-
fore, couples such as Cu/Cu2+ U 0

sse ¼ �0:418 V
� �

and Ag/
Ag+ U 0

sse ¼ 0:041 V
� �

were investigated.
The cyclic voltammetries performed in Cu2+-containing

solutions (Fig. 8a) show that the deposition of Cu occurs at
potentials lower than −0.5 V in the presence of a native
oxide, showing a lower deposition overpotential than that
for Co. Here, however, an increase of the overpotential with
increasing anodization limit is observed. This result can be
explained if we take into account that the deposition of Cu
takes place in the depletion region of the oxide, that is, in
the presence of a Schottky barrier. Therefore, the decrease
of the density of defects generated when anodization is
driven to increasing potentials is reflected in an increasing
width of the Schottky barrier. As a consequence, lower rates
of electron transfer without modifications of the deposition
mechanism are expected. The increase of the Schottky
barrier with anodization potential also leads to a marked
diode behavior, pointed out by a lower dissolution rate of
deposited particles.

The current transients recorded after applying potential
pulses of different values on an anodized surface (Fig. 8b)
show in all cases the presence of a current maximum fol-

lowed by an exponential decay according to the Cottrell’s
relation i ∝ t−1/2. This means that the deposition process may
be described by the model of diffusion-controlled growth of
clusters. An inspection of the AFM images obtained after
35 s of deposition at −0.82 V (Fig. 9) reveals the presence
of dispersed flat particles of similar sizes of 100-nm height
and 500-nm width in average (cf. Fig. 9a). A very different
surface morphology is observed at sufficiently higher
overpotentials, where a homogeneous and smooth metal
film constituted by particles of 15-nm height and 150-nm
width in average is obtained (cf. Fig. 9b). This figure is in
agreement with a potential dependent nucleation rate. Thus,
the number of metal particles reflects the extent of
occupancy of active sites reached before they have been
inactivated by depletion effects.

The effects introduced by the presence of a Schottky
barrier on the deposition process in the depletion region of
the oxide is markedly pointed out by the presence of very
different voltammetric responses obtained in Ag+-contain-
ing solutions after increasing the anodization potential
(Fig. 10). In effect, the shoulder observed for an oxide

Fig. 8 a Cyclic voltammetries performed in 0.5 M Na2SO4+0.5 M
H3BO3+0.01 M Cu2+ solution on Nb film covered with a native
oxide (full lines) and after potentiodynamic anodization to 4 V
(dotted lines). v=0.01 V s−1. b Current transients obtained after
applying different potential steps on Nb after potentiodynamic
anodization to 4 V. Ui=0 V

Fig. 7 3 μm×3 μm AFM images showing the morphology of Co
deposits generated potentiostatically 0.5 M Na2SO4+0.5 M H3BO3+
0.01 M Co2+ solution at −1.53 V after different deposition times on
Nb film covered with native oxide
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formed at 0.5 V transforms in a sharp peak if the voltam-
metry is performed after the anodization to 4 V (U=
−0.75 V). Because the equilibrium potential for Ag/Ag+ is
very far from the oxide flat band potential, the charge
transfer process is strongly hindered by a deep band
bending. Therefore, it is expected that deposition can be
only observed after a sufficient decrease of the potential
barrier. Then, the flat deposition wave observed between
0 Vand −0.5 Vafter anodizing to 4 V can be attributed to a
resonance tunnelling process. In this sense, it is interesting
to note that the deposition of Cu and Ag take place at the
same potential for a surface anodized to 4 V, giving further
support for our hypothesis.

Influence of oxide film on deposition

The formation of a Schottky barrier in the depletion zone
of the oxide affects the rate of electron transfer at potentials
more positive than the flat band condition. Thus, there is a
potential threshold for the beginning of metal deposition
defined by the barrier height in the electron tunnelling.
Radisic et al. [19] found that the density of copper islands
decreases exponentially with oxide thickness on anodized
Ta. They explained this result in terms of the decreasing
effective potential for nucleation due to the potential drop
in the oxide. However, the semiconducting properties
shown by this oxide at negative potentials were not ana-
lyzed. The complete study of the electronic properties car-
ried out by Schultze and Macagno [26, 27] on Ta oxides
revealed a change in semiconductor/insulator with increas-
ing oxide thickness. This occurs as a consequence of a
linear increase of the thickness of the space charge layer
with the oxide thickness. This means, on the other hand,
that the density of donors must decrease according to

Fig. 10 a Cyclovoltammograms performed in 0.5 M Na2SO4+0.5 M
H3BO3+0.01 M Ag+ solution on Nb film previously anodized to
different potentials. vox=0.1 V s−1, v=0.01 V s−1

Fig. 11 a Deposition potentials for various elements on anodized
Nb film as a function of the anodization potential (Ufox=−1.29 V).
b Energy diagram showing the band bending in the oxide at
different applied potentials

Fig. 9 3 μm×3 μm AFM images showing the morphology of Cu
deposits generated potentiostatically at different conditions on Nb
film covered with an anodic oxide grown potentiodynamically to
4 V
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N � d�2
ox . A similar result was reported by Schulze and

Heusler [28] on passive Nb.
Figure 11a shows comparative plots of the threshold

overpotentials (ηdep) for massive deposition as a function of
the anodization potential. This graph highlights how the
overpotentials shift toward more negative values for
elements whose equilibrium potentials are situated above
the flat band potential (UFB~−0.95 V). It must be also
noted, that the extrapolation of the linear dependence to the
oxide formation potential,U 0

fox , for Cu
2+ and Ag+ solutions

is very close to their equilibrium potentials, indicating low
overpotentials for the nucleation. From these results, it is
clear that the thickness of the space charge layer play a key
role in determining the deposition rate. This is also closely
related with the density of states, which decreases with the
oxide thickness. These ideas can be better visualized in
the scheme presented in Fig. 11b, where it is shown how
the large band-bending generated on increasing the poten-
tial makes the charge transfer more difficult, as in the case
of Ag deposition. The reduction of the density of defects
with increasing anodization potential gives rise to an
increase of the space charge layer thickness, which in turn
conducts to an increase of the tunnelling distance (δ tunnel).
Therefore, the applied overpotentials must be increased to
obtain the same deposition currents.

Conclusions

The electronic properties of very thin oxide films (<11 nm)
generated by anodization of sputtered Nb were analyzed in
terms of the theory of amorphous semiconductors. Accord-
ing to this, a concentration of defects N=4–15 eV −1 cm−3

and a flat band potentialUFB=−0.9±0.08 Vwas determined.
The n-semiconducting behavior of the oxide has important
consequences for metal deposition at potentials U>UFB.
Thus, the formation of a Schottky barrier introduces an
electronic barrier that affects the deposition rate. Then, the
decreasing deposition rate with increasing anodic oxide can
be explained in terms of the dependence of the density of
states on the oxide thickness and conditions of anodization,
which in turn, conducts to different extents of the band
bending.
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