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Abstract The initiation and growth of porous oxide on Ta

was investigated in mixed H2SO4/HF electrolytes. Under se-

lected potentiodynamic anodic oxidation conditions the for-

mation of nearly uniform porous Ta2O5 layer was observed.

The porous Ta2O5 layers consist of self-organized pore ar-

rays with single pore diameters ranging from 2 to 10 nm. The

morphology and the thickness of the layer depend strongly

on the applied potential, the scan rate and on HF presence.

The composition of the porous oxide layer is Ta2O5.

Keywords Porous tantalum oxide · Self-organization ·
Electrochemical oxidation · Potentiodynamic anodic

oxidation

Introduction

Electrochemically grown pores in metals and semiconduc-

tors have been studied for about 50 years. However, only

in the last 10–15 years intensive research efforts have en-

abled the preparation of ordered arrays of pores with pore

diameters varying from few nanometers up to few tens of

micrometers. The most studied material is porous alumina

[1]. For other metals, e.g. Ti [2–6], Zr [7], Sn [8], Hf [9],

Ta [10] and Nb [11], only a few recent reports are available,

where successfully a highly ordered porous oxide structure

has been produced.

Tantalum oxide has received considerable attention as a

protective coating material for chemical equipment, as part
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of optical devices and as suitable material for storage capac-

itors in very large-scale integrated circuits [12–17]. Due to

the excellent dielectric properties, the fabrication of porous

Ta2O5 films with a large surface area and high specific charge

seems to be promising for applications in electronic and sen-

sor devices.

The anodization of tantalum has been intensively studied

in various electrolytes (e.g. sulfuric acid, phosphoric acid and

NaOH solutions) at voltage typically up to 200 V [18–20].

Under these electrolyte conditions, and if the potential is kept

below the dielectric breakdown potential, a uniform layer of

amorphous tantalum oxide is obtained [19, 20]. Most of the

work focuses on the growth mechanism and the protective

properties of the compact metal oxide under the influence

of different parameters (e.g. temperature, nature of the elec-

trolyte and its concentration) [14–22].

Up to now there are only few reports [23, 24] describ-

ing controlled electrochemical pores formation on tantalum

at potentials below the breakdown potential. Own previous

work [10] has shown that a highly assembled pore distribu-

tion is obtained in 1 M H2SO4 + 2 wt% HF with nano-sized

pores, ranging from 15 to 20 nm. The pores appear to be ran-

domly located but have a relatively narrow size distribution

with a high degree of porosity extending in the depth.

The present work deals with a systematic investigation of

the process of pore initiation depending on the scan rate and

the anodic potentials.

Experimental

Material and surface preparation

The material used was Ta-foil (Goodfellow, 99.5%, thickness

0.1 mm). The surface of the specimens was cleaned ultrason-

Springer



36 J Electroceram (2006) 16: 35–39

ically with ethanol, distilled water, and dried with in a stream

of Ar. Experiments were performed in electrolyte with a com-

position of 1 M H2SO4 + 2 w.t.% HF. The solutions were

prepared from reagent-grade chemicals and distilled water.

All experiments were conducted at room temperature.

Electrochemical studies

A conventional electrochemical cell with three electrodes

was used for electrochemical investigations. Platinum gauze

served as a counter electrode. The electrode potential was

measured with reference to Hg/HgSO4 mercury-sulfate elec-

trode (MSE) (with a potential of 0.680 V vs. NHE) and all

data were reported in the mercury-sulfate electrode scale.

The electrochemical treatment consisted of a potential ramp

from the open-circuit potential (EOCP) or to Eend = 10–20 V

with a scan rate of 10–100 mV sec−1 using HI VOLTAGE

potentiostat Jaissle IMP88PC-200V + PRODIS.

Anodic polarization curves were performed under po-

tentiodynamic control (5–100 mV sec−1) using ZAHNER

potentiostat-galvanostat (IM6 12090).

Surface characterization

After cutting off the anodizing current, the specimens were

taken out of the solution, quickly washed with distilled water

and dried with Ar. Micrographs of the metal surface were

provided by a HITACHI S4800 scanning electron micro-

scope (SEM). Chemical characterization was carried out by

X-ray photoelectron spectroscopy (XPS) using the Ta peak

at 23 eV, the O peak at 528 eV, the F peak at 685 eV, and

the S peak at 165 eV [25]. For quantitative analyses the ele-

ment sensitivity factors provided by the manufacturer were

used. Spectra were acquired on PHI 5600 XPS spectrometer.

The oxide layer thickness was determined from XPS sput-

ter profiles acquired by Ar+ sputtering at 3.2 kV. The sputter

rate was obtained from calibration with direct SEM cross-

section thickness measurements provided for a 0.1 mm thick

Ta-foil.

Results and discussion

Figure 1(a) shows the anodic polarization curves (APC)

for Ta in H2SO4 and H2SO4 + 2 wt% HF electrolytes for

different scan rates. In H2SO4 and in the potential range up to

2 V, Ta is stable and shows immediate metal passivation [21].

Under these conditions, the growth of a compact Ta2O5 film

on the Ta anode is obtained [18, 19]. The current increase

in the H2SO4 electrolyte in the potential region at 2–5 V is

typically ascribed to oxygen formation and acidification [26].

In presence of HF the polarization behavior changes

drastically. Clearly a general trend to higher current densities

Fig. 1 Anodic polarization curves of Ta in 1 M H2SO4 (curve 1) and
in 1 M H2SO4 + 2 wt% HF (curves 2–7) with a different scan rate:
1, 2–100 mV sec−1; 3–80 mV sec−1; 4–60 mV sec−1; 5–40 mV sec−1;
6–20 mV sec−1; 7–10 mV sec−1 (a) and dependence of the peak current
(b) and peak potential (c) versus the square root of the scan rate

can be observed with increasing the scan rate value. In

contact to H2SO4, the APCs in the HF electrolytes show a

second broad peak in the range of 5–10 V and above. The

current peak and the peak potential depend on the scan

rate (Fig. 1(b) and (c)) and show exponential and linear

dependence, correspondingly.
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Generally, the increase of the current density on the APCs

can be associated with the dissolution of the anodic oxide

layer, the formation of a new phase or a change in the at-

tack morphology (pore formation/smoothing, changing the

effective electrode area). Previous work [10] presented the

assumption that the morphological change is due to a second

peak maximum in the polarization behavior. However, the

potential at which the process of pore nucleation starts could

not yet determined.

In order to get information about Ta surface morphology,

the samples after anodic oxidation till 10 V with a different

scan rate (10–100 mV/sec) were examined with SEM. It was

noted, that at 10 V and for APCs taken with a small scan rate,

the second peak is not clearly detectable and current arrives

at its steady state value very early.

SEM investigations show details of the pore initiation. In

general, no effect of HF on the top view morphology can be

formed for samples anodized with a scan rate of 100 mV/sec.

Decreasing the scan rate to 80 mV/sec leads to the appear-

ance some traces of HF attack (Fig. 2(a)), and at 40 mV/sec

clear pore nucleation can be observed (Fig. 2(b)). Significant

porosification of the surface oxide layers was found on sev-

eral samples after decreasing the scan rate to 10 mV/sec (Fig.

2(c)). Obviously, the porous structure at 10 V is not homoge-

neously distributed across the surface. There are some larger

pores possibly related to the process of gas evolution.

Evidently, the process of pore initiation is time depen-

dent and a dynamic equilibrium between Ta2O5 forma-

tion/dissolution controls the time scale of the development of

porosity and the ordering effects of the formed oxide layer.

Effect of scan rate on the form of APCs can be explained

as a change in the attack morphology (pore formation, chang-

ing the effective electrode area). Also, the non-linear depen-

dence of the peak current versus scan rate root (Fig. 1(b))

looks not surprising as a result of the non-continuous porous

layer formation with different porosity. The appearance of

a current maximum on the APCs is typical for pore forma-

tion process. Due to the solubility of the metal oxide in HF-

containing solutions, first pores start to grow randomly and

the current increases (due to a surface area increase) until

a competition between the growing pores takes place. If a

steady pore growth situation can be established the current

drops to a trans-passive value corresponding to the disso-

lution rate at the pore front. Obviously for the system with

a smaller scan rate pore growth is possible already at po-

tentials closed to trans-passive value, for the system with a

higher scan rate pore formation is available only at higher

potentials (Fig. 1(c)).

In order to check influence of the anodic potential value on

the Ta porous structure developing, the surface of Ta samples

were analyzed with SEM after anodic oxidation the samples

to different values of anodization end potentials (10–20 V)

(Figs. 2(c) and 3(a), (b)). In general, increasing potential

Fig. 2 SEM images of Ta anodized from EOCP till 10 V with different
scan rate in 1 M H2SO4 + 2 wt% HF: (a) 80 mV sec−1, (b) 40 mV sec−1,
(c) 10 mV sec−1

to 20 V leads to an uniform porous distribution across the

surface and an increasing the pore diameter from 2 to 10 nm.

In order to gain information on the composition of formed

films after anodic polarization in 1 M H2SO4 and in 1 M

H2SO4 + 2 wt% HF and on the distribution of elements in-

side the films, XPS sputter profiles were acquired. The films

in all cases showed a composition corresponding to Ta2O5.

Some traces of F (from HF) could be detected throughout

the film whereas S (from the electrolyte SO4
2−) was not de-

tected. The thicknesses of a compact layer formed in H2SO4
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Fig. 3 SEM images of Ta anodized from EOCP to 15 (a) and 20 V (b)
in 1 M H2SO4 + 2 wt% HF (scan rate is 10 mV sec−1)

is 32 nm whereas the porous layer formed in a HF containing

electrolyte at 20 V results as 130 nm (Fig. 4).

It is well known [18, 19], that the growth of tantalum oxide

is generated by high-field ionic transport process, associated

with the migration of tantalum and oxygen ions. An anion

transport number of around 0.5 (Ta) leads to oxide forma-

tion at both interfaces, e.g., at the metal/oxide interface by

Ta5+ transport and at the oxide/electrolyte interface by oxy-

gen transport. As a result, oxide films thicken linearly with

an increase of the electrode potential (1.6 nmV−1) [14–22]

and at 20 V correspond to 32 nm. Previous work often found

a thickening of oxide layers in HF containing electrolytes.

This was ascribed to an assumption that in HF containing

electrolytes, during anodic oxidation of tantalum, fluoride

ions move inward with an average mobility that is 1.85 faster

that of oxygen ions; and that this mobility is independent

of film thickness [27, 28]. As a direct consequence of the

increased mobility of fluoride ions compared with oxygen

ions, is the thickening of the porous Ta2O5 layer in compar-

ison with a layer produced in F free electrolyte (from 32 to

130 nm). It was suggested [28] that the migration of fluoride

ions is closely correlated with the migrations of tantalum and

oxygen ions during high field anodic oxidation of tantalum.

It could be agreed that this process is an ill-defined process of

Fig. 4 XPS depth profile of the main elements in the compact (a) and
pores (b) oxide film derived from the Ta which had been anodized at
20 V in 1 M H2SO4 (a) and in 1 M H2SO4 + 2 wt% HF (b) electrolytes

ionic transport involved in the anodic oxide growth on Ta. An

absence of the linear dependence of the peak current versus

scan rate roots (Fig. 1(b)) would directly supplied this pro-

posal. Because for processes with transport control the linear

dependence of the peak current versus scan rate roots is nor-

mally expected. However the present work shows clearly that

thickening is due to pore formation process. Whether or not

fluoride migration through the oxide plays a key role in this

process can not unambiguously be decided. From a practical

view point the work shows clearly pathways to tailor the mor-

phology of self-organized porous Ta2O5 by electrochemical

parameters.

Conclusions

The work investigates factors affecting the process of self-

assembled pore initiation and growth on tantalum. It is ev-

ident that nearly uniform porous tantalum oxide layer can
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be formed with pore diameters in the range of 2 to 10 nm.

The process of pore initiation is dependent on several elec-

trochemical factors. A dynamic equilibrium between Ta2O5

formation and dissolution controls the time scale for the ini-

tiation and development of the morphology of the pores. The

same factors also affect the ordering of the formed oxide

layer.
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