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Abstract The standard preparation of superconducting

radio-frequency (SRF) cavities made of pure niobium

include the removal of a ‘‘damaged’’ surface layer, by

buffered chemical polishing (BCP) or electropolishing

(EP), after the cavities are formed. The performance of the

cavities is characterized by a sharp degradation of the

quality factor at high surface magnetic field, a phenomenon

referred to as ‘‘Q-drop’’. In some cases, the Q-drop can be

significantly reduced by a low-temperature (*120 �C)

‘‘in situ’’ baking of the cavity. As part of the effort to

understand this phenomenon, the effect of introducing a

polarization potential during BCP, creating a process which

is between the standard BCP and EP, was investigated. The

focus of this contribution is on the characterization of this

novel electrochemical process by measuring polarization

curves, etching rates, surface finish, and electrochemical

impedance. In particular, it is shown that the anodic

potential of Nb during BCP has a plateau region in the

polarization curve and the impedance diagrams on the

plateau can be described with a ‘‘surface charge’’ model

found in the literature. By applying an anodic potential to

Nb, a lower etching rate and better the surface finish than

by standard BCP process have been obtained.

Keywords Niobium � Electrodes � Electropolishing �
Etching

1 Introduction

Niobium superconducting radio-frequency (SRF) cavities

are widely used in modern particle accelerators, because of

higher operating efficiency than normal-conducting cavities

made of copper. Since the superconducting RF current

flows in a surface layer about 40 nm deep, a set of prepa-

ration techniques have been developed over the years to

assure good superconducting properties of the surface layer

[1]. In particular, the removal of a ‘‘damaged’’ layer of

about 200 lm, resulting from the mechanical forming of the

cavity, and a ‘‘contaminated’’ layer of about 20–50 lm,

resulting from the gettering of impurities by the Nb surface

during high-temperature heat treatments, is achieved by

either chemical etching or electropolishing. These chemical

treatments result in a typical RMS surface roughness of

about 1.6 ± 0.42 lm and about 0.34 ± 0.11 lm, over a

50 lm 9 50 lm scan area, for buffered chemical polishing

(BCP) and electropolishing (EP), respectively [2, 3]. A

figure of merit of SRF cavities is the so-called quality factor

which is a measure of the efficiency of the cavity in storing

electromagnetic energy and is inversely proportional to the

surface resistance of the cavity walls. The performance of

SRF Nb cavities treated by BCP or EP is characterized by a

sharp degradation of the quality factor above a surface

magnetic field of about 90 mT; a phenomenon commonly

referred to as ‘‘Q-drop’’. It was found that a low-tempera-

ture baking (*120 �C, 12–48 h) of the cavities in ultra-

high vacuum produced a significant improvement of the

Q-drop in polycrystalline, fine-grain (ASTM 5) Nb cavities

treated by EP but not BCP [4]. Therefore, EP has emerged

as the surface treatment of choice to produce cavities which

can reach surface magnetic fields close to the theoretical

limit of Nb [5]. However, the EP treatment is more

expensive and time consuming than BCP. It should also be
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mentioned that recent research on cavities built from single-

crystal and large-grain Nb and treated by BCP showed a

smooth surface finish and performance comparable to

electropolished cavities [6].

Several models have been proposed over the past

10 years to explain the Q-drop and the baking effect but a

comprehensive explanation of the experimental data is yet

to be found. In particular, one model relates the Q-drop to a

high density of localized states in the non-stoichiometric

niobium pentoxide Nb2O5-y (for example due to oxygen

vacancies) which is readily formed on the niobium surface

after exposing the pure metal to air or water [7]. Differ-

ences in the stoichiometry and defect density between the

oxide formed on an electropolished surface and the one

formed on a chemically etched surface could account for

the different cavity performance after baking [7].

During the standard BCP process, a mixture of hydro-

fluoric (49%), nitric (70%), and phosphoric acid (85%) by

volume ratio of 1:1:1 or 1:1:2 is used with a temperature

range of 10–25 �C. Niobium is oxidized by the nitric acid

and the oxide layer is removed by the hydrofluoric acid,

resulting in etching of the surface. This reaction is highly

exothermic and the phosphoric acid is used as a buffer to

reduce the etching rate. During the standard EP of niobium,

anodic dissolution of the metal is obtained in a 1:9 volume

ratio mixture of hydrofluoric (49%) and sulfuric acid (96%)

at a temperature of 30–40 �C with a current density of

30–100 mA cm-2. Both BCP and EP processes have been

used for the polishing of the Nb surface of SRF cavities for

more than 20 years.

The oxidation of niobium in the ambient atmosphere is a

field assisted process (Cabrera-Mott model), where oxygen

ions are attracted to the metal by a negative contact

potential (Mott potential VM *-0.6 V), yielding the

Nb2O5 growth. In the early stage of growth, the oxide

growth rate is limited by the diffusion of ions aided by the

Mott potential, while in the later stage it is limited by the

tunneling of electrons through the oxide aided by a positive

ionic diffusion potential (VD *0.17 V) limiting the Nb2O5

thickness to about 2–3 nm [8]. The oxide layer formed on

the Nb surface is generally ‘‘microcrystalline amorphous,’’

non-stoichiometric Nb2O5-y, y \ 0.5. Oxide defects

include extended defects, such as crystallographic shear

planes, and localized defects, such as oxygen vacancies.

The density of defects is typically higher by oxidation in

the presence of water (‘‘wet’’ oxide) than in the presence of

oxygen gas (‘‘dry’’ oxide) [8].

In fluid electrolytes, the application of a small potential to

the Nb cavity during BCP may enforce (anodic potential) or

slow (cathodic potential) the oxidation process. Preliminary

results on the performance of a Nb cavity after application of

this process are reported elsewhere [9] and no significant

difference from the performance of a cavity treated by

standard BCP was observed. In those experiments, a low

voltage (\1 V, anodic or cathodic) and low current density

(1–3 mA cm-2) was applied between the cavity and a Nb

rod coaxial to the cavity, used as counter electrode. The

surface area ratio of the cavity to the Nb rod was 13:1.

In order to gain a better understanding of the electro-

chemical process occurring during the polarized BCP, we

measured the anodic and cathodic polarization curves of

Nb in the 1:1:2 mixture, the resistivity of the electrolyte,

the etching rates, and surface finish for anodic and cathodic

polarizations. These measurements have been done on both

flat and cylindrical electrodes. In addition, electrochemical

impedance spectroscopy (EIS) with rotating disk electrode

(RDE) technique has been used to characterize the elec-

trochemical process. Impedance data in the plateau region

of the polarization curve are discussed with reference to the

surface charge model for the formation/dissolution of the

barrier oxide film [10].

2 Experimental

In the flat electrode configuration, two high purity

polycrystalline Nb (99.9999%, Teledyne Wah-Chang)

samples with dimensions of 16 mm 9 22 mm 9 3 mm

are embedded into Teflon sample holders, providing an

exposed surface area of 2.6 cm2 for the cathode and

1.4 cm2 for the anode. The separation between electrodes

was 98 mm. In the cylindrical electrode configuration, the

anode consists of a high purity polycrystalline Nb cylinder

(99.9999%, Teledyne Wah-Chang) of 70 mm inner diam-

eter, 3 mm thick, 100 mm height, sealed at one end with a

Teflon disk. The cathode consists of a lower purity Nb tube

(99.99%, Teledyne Wah-Chang) of 29 mm outer diameter,

2 mm thick, 180 mm long, coaxial with the other elec-

trode. The cylindrical electrodes configuration mimics the

setup for polishing Nb cavities, while the flat electrodes

configuration allows for easier analysis of the surface fin-

ish. Because most common metals will be etched by the

BCP mixture, Nb was chosen as counter electrode in order

to avoid possible contamination of the Nb working elec-

trode by the counter electrode material; a situation which is

unacceptable for the treatment of Nb cavities. The refer-

ence electrode was a saturated mercury mercurous-sulfate

electrode (MSE) placed about 10 mm from the sample and

about 5 mm from the cylinder, in the flat and cylindrical

electrode configurations, respectively. To protect the ref-

erence electrode from HF contamination, the electrode was

placed in a PTFE electrode bridge tube with a Vycor frit.

The electrode bridge tube was filled with 1 M H2SO4 as

the conductive electrolyte. The electrolytes were prepared

from reagent grade 49% hydrofluoric (48.8–49.2%,

J. T. Baker), 85% phosphoric (85–87%, J. T. Baker), and
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70% nitric acid (69–70%, J. T. Baker). The composition of

the acid mixture used for these experiments are given in

Table 1, along with the composition of the electrolyte used

for the EP process, as a comparison.

In the flat electrode configuration, the Teflon block

holding the samples is immersed in a large container filled

with the electrolyte and the temperature is adjusted with a

water bath. In the cylindrical electrode configuration, the

electrolyte is contained in the space between the two

electrodes and the temperature is adjusted with a water

bath. It is worthwhile to notice that in the cylindrical

electrode configuration a much smaller volume of acid

mixture is used for a much larger Nb surface, compared to

the flat electrode configuration. The electrolyte was kept in

static condition (no agitation) during all measurements.

A Sorensen DCS 33-33E power supply was used to

apply a voltage, Vps, between the Nb anode and cathode

electrodes. The anode and cathode potentials were mea-

sured relative to the reference electrode, placed near the

anode or cathode, respectively, using a Keithley 6517A

electrometer. For currents below 3 A, a HP 3478A mul-

timeter was used, while the power supply readout was used

for higher currents. The data acquisition was supported by

a customized LabView program. The value of the current is

the average of 10 consecutive measurements.

Impedance measurements were performed with a Gamry

Instruments G300 potentiostat controlled with a commer-

cial software package (Gamry Instrument Framework).

Impedance measurements were performed at a constant

applied dc potential added to a small ac potential (10 mV

rms amplitude) in the frequency range from 200 kHz to

1.6 Hz. A Gamry RDE710 was used for the rotating

electrode setup. For EIS measurements, a high purity

polycrystalline Nb disk electrode (19.63 mm2 surface area)

was inserted in a Teflon holder. The Nb disk was

mechanically polished up to 4000 grit emery paper,

cleaned in isopropanol with ultrasonic agitation, and rinsed

with distilled water and air dried. A high purity Al wire

was used as the counter electrode.

All the experiments mentioned above have been per-

formed under a chemical flow hood for safety reasons.

3 Results

3.1 Polarization behavior

Figure 1 shows the typical polarization behavior for the Nb

disk electrode. Similar polarization curves were obtained

for the flat and cylindrical electrode configurations. The

open circuit potential of the Nb in HF:HNO3:H3PO4

= 1:1:2 mixture at 20 �C, relative to the MSE reference

electrode is about -0.150 ± 0.005 V (?0.490 V versus

SHE). Current oscillations were observed at positive

potentials in the range 0.3–1.3 V versus MSE followed by

a current plateau at higher anodic potential. The current

density in the plateau region increases approximately lin-

early as a function of the temperature of the acid bath,

as shown in Fig. 2. Each data point in Fig. 2 is the average

of two measurements and the value of the current density,

J, is at a potential of 2.4 V versus MSE.

The resistivity of the electrolyte was approximated from

the difference in anode potential measured relative to two

different reference electrode locations (one near the anode

and one near the cathode), as a function of the current flow,

for current density up to *100 mA cm-2. The value

obtained for both flat and cylindrical electrodes configu-

rations was about 35 mX cm at bath temperatures of

10–23 �C.

3.2 Surface topography

Optical images of the flat anode and cathode surfaces after

processing were taken with a Hirox KH-3000VD digital

optical microscope. The flat electrodes were polished in the

current plateau region (Vps = 3 V, Eanode = 2.2 V vs.

MSE, J = 110 mA cm-2, Tbath = 10 �C) for about 1 h,

Table 1 Estimated composition of the acid mixtures used for BCP

and EP

Reagent conc.

(Mass%)

BCP 1:1:2

(mol L-1)

EP

(mol L-1)

HF 49 7.23 2.89

HNO3 70 3.98 –

H3PO4 85 7.4 –

H2SO4 96 – 16.2

H2O 100 21.02 7.02

Fig. 1 Typical polarization behavior for Nb disk electrode with Al

wire as counter electrode in HF (49%):HNO3 (70%):H3PO4

(85%) = 1:1:2 (volume ratio) at 13 ± 1 �C. The voltage between

the anode and cathode was controlled in a two electrode configura-

tion. The potential of the electrodes was measured using a saturated

mercury mercurous sulfate reference electrode (MSE)
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using the 1:1:2 mixture as the electrolyte. Optical micros-

copy of the anode (Fig. 3a) shows a smooth surface,

somewhat similar to EP, while the cathode finish resembles

that of standard BCP (Fig. 3b). Nevertheless, some regions

of the anode showed several pits (Fig. 3c). The density of

pits, their average radius, and depth were 131 pits cm-2,

40 ± 6 lm (average of 34 pits), and 21 ± 7 lm (average

of 15 pits), respectively. A high purity Nb sample was

etched in the same 1:1:2 mixture without any potential

applied and the surface finish is shown in Fig. 3d for

comparison. No pits were observed on either the cathode or

on the buffered chemical polished sample. The material

removal was measured by weight loss and with a microm-

eter and the resulting etching rates were 1.15 lm min-1,

0.67 lm min-1, and 1.03 lm min-1 for the cathode, anode,

and chemically polished Nb samples, respectively. The

RMS value of the surface roughness of the anode was

measured over an area 50 lm 9 50 lm with an atomic

force microscope (Digital Instrument Dimension Nano-

scope IV operated in the Tapping Mode with an ultrasharp

silicon tip of a diameter of 10 nm). The average value of the

RMS roughness for eight different locations on the anode is

113 ± 41 nm, comparable to values measured on electro-

polished surfaces. The average value of the peak-to-valley

height is 759 ± 151 nm. The average value of the RMS

roughness prior to chemical polishing was 390 ± 50 nm.

Figure 4 shows a plot of the surface topography over a

50 lm 9 50 lm area measured by atomic force micros-

copy (AFM).

3.3 Impedance experiments

Impedance measurements were performed using a freshly

prepared HF:HNO3:H3PO4 mixture (1:1:2 by volume)

as a function of applied potential (E = 2–7 V relative to

MSE), with no agitation, and at a fixed potential (E = 4 V

relative to MSE) but different speed (20–100 rpm) of the

RDE. During all measurements, the temperature of the

bulk electrolyte was maintained at 14 �C. Nyquist plots of

the electrochemical impedance as a function of frequency

for some values of the applied dc potential and for some

angular velocities are shown in Figs. 5 and 6, respectively.

Fig. 2 Temperature dependence of the current density measured at

2.4 V versus MSE. The solid line is a linear fit of the data

Fig. 3 Surface finish of flat Nb

anode (a) and cathode (b) after

polishing in the plateau region

at J = 110 mA cm-2,

Tbath = 10 �C in the HF

(49%):HNO3 (70%):H3PO4

(85%) = 1:1:2 electrolyte.

Pits were observed in some

regions of the anode (c), while

the surface finish of a Nb

sample etched in the same

solution is shown in (d).

The size of each picture

corresponds to a surface area

of about 770 lm 9 590 lm
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From Fig. 5, multiple capacitive and inductive loops

can be noticed over the covered frequency range of

1.6 Hz–200 kHz. The diameter of the high-frequency

(*2.5–200 kHz) loop increases with increasing applied

potential while it decreases with increasing rotation speed.

In addition, the shape of this loop is that of a ‘‘depressed’’

semi-circle, indicating the presence of a non-ideal capac-

itance [11]. In the low-frequency range, the magnitude of

the impedance increases as the potential is increased. The

data taken with the RDE shown in Fig. 6 have larger

scatter then those taken in static condition, most likely due

to the large turbulence near the electrode because of the

low-viscosity acid mixture used in these experiments. This

may also explain why the data became extremely noisy at

rotation speeds above 100 rpm. The electrolyte viscosities

were measured with a Brookfield DV-II?PRO digital

viscometer without stainless steel guard-leg. The dynamic

viscosity was calibrated against viscosity standard. The

variation of repeated viscosity measurements was about

1.5%. For BCP 1:1:2, the measured viscosity is 15.5 ±

0.4 cP at 10 �C and 14.1 ± 0.3 cP at 20 �C. For EP 1:10,

the measured viscosity is 34.16 ± 0.15 cP at 10 �C and

26.34 ± 0.23 at 20 �C.

A plot of the reciprocal of the limiting current density as

a function of the reciprocal of the square root of the angular

velocity is shown in Fig. 7. The data follow a straight line

with non-zero intercept, indicating that the current plateau

in the polarization curve is not due to mass-transport

limitation only but by a mixed mass-transport and kinetic

control. The results from the EIS experiments will be

discussed more in details in the next section.

4 Data analysis and discussion

The polarization curve of Nb in the same electrolyte used

for BCP shows similarities with the polarization curve in

HF:H2SO4 = 1:9 electrolyte, used for the EP of Nb: cur-

rent oscillations occur within a certain range of the applied

Fig. 4 Surface topography measured by AFM on a 50 lm 9 50 lm

area of the Nb anode polished in the plateau region at J = 110 mA

cm-2, Tbath = 10 �C in the HF (49%):HNO3 (70%):H3PO4

(85%) = 1:1:2 electrolyte. The RMS roughness is 105 nm

Fig. 5 Impedance diagrams for Nb disk electrode (no rotation) in

HF (49%):HNO3 (70%):H3PO4 (85%) = 1:1:2 electrolyte at 14 �C

measured at different applied potentials in the current plateau region
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anodic potential, followed by a plateau region at higher

voltages [12]. The plateau region is commonly associated

with a mechanism of limited mass transport of species such

as the electrolyte anions and the cations and water mole-

cules across a diffusion layer between Nb and the bulk

solution. A recent investigation of EP on Nb revealed the

presence of a compact salt film and that the diffusion-

limited access of fluorine to the film limits the local

reaction rate, causing the limited-current plateau [12]. The

electrolyte used for EP of Nb has a mass fraction of sulfuric

acid of about 90%. Sulfuric acid has a high viscosity and

low dissociation constant (pKa = -3), so that the oxida-

tion reaction occurring at the anode can be written as [13]:

2Nbþ 5H2O! Nb2O5 þ 10Hþ þ 10e� ð1Þ

HNO3 (70%) has the lowest dissociation constant among

the acids used in the BCP mixture (pKa = -1.4), so that

the oxidation of Nb at the anode could be enforced by both

NO3
- anions and water:

8Nbþ 10NO3
� ! 4Nb2O5 þ 10NO gð Þ þ 10e� ð2Þ

In all processes, Nb2O5 is then dissolved by HF as

soluble niobium fluoride or oxyfluoride [13]. The

phosphoric acid would have the same ‘‘buffer’’ role as

during standard BCP. The etching rate and surface finish

given by the cathodic polarization of Nb do not differ

significantly from that of standard BCP, so the reaction

most likely to occur there, besides BCP etching, is just the

reduction of hydronium ions into hydrogen gas or the

reduction of nitric acid into nitrogen oxide:

2Hþ þ 2e� ! H2 gð Þ ð3Þ

3Hþ þ 3e� þ HNO3 ! NO gð Þ þ 2H2O ð4Þ

The formation of gaseous nitrogen oxide among the

reaction products in Eqs. 2 and 4 is supported by the

evolution of a reddish-brown colored gas under the chemical

flow hood: this is nitrogen dioxide, formed from the reaction

of NO with the atmosphere.

Fig. 6 Effect of rotation speed on the impedance diagram for Nb

RDE in HF (49%):HNO3 (70%):H3PO4 (85%) = 1:1:2 electrolyte at

14 �C and applied potential of 4 V versus MSE

Fig. 7 Relation between the reciprocal of the limiting current density

and the reciprocal of the square root of angular rotation speed

determined for Nb in HF (49%):HNO3 (70%):H3PO4 (85%) = 1:1:2

at 14 �C. The solid line is a linear fit of the data
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Unlike during the standard EP process, active dissolu-

tion of the electrodes already occurs in the acid mixture

considered in this study with zero applied potential. In

addition the electrolyte used for this study has much lower

viscosity compared to typical electrolytes used for EP. In

general terms, the application of a potential to Nb elec-

trodes immersed in BCP solution has the following effects:

• the cathode potential moves to more negative values,

but the dissolution mechanism is mostly unchanged

• the anode potential moves to more positive values, i.e.

to the passive region, and therefore Nb becomes coated

by a thicker Nb2O5 layer and its dissolution occurs via

the electrochemical etching of this oxide.

This general description of the process gives a qualita-

tive explanation for the surface finish of the Nb electrodes

shown in Fig. 3a and b. More information about the

mechanisms governing the plateau region of the polariza-

tion curve can be obtained from the analysis of the EIS

data. The presence of multiple loops in the Nyquist plot

had been previously observed, for example, for the EP of

Fe13Cr in a phosphoric acid-based electrolyte [14]. In that

particular system the high-frequency loop is associated

with a charge-transfer process and the lowest frequency

loop is associated with the diffusion of a solvating acceptor

species. The intermediate frequency loop is related to the

formation of adsorbed ionic species which compete for

available surface sites. The current plateau and the EP of

Fe13Cr resulted from the transport limitation of the

acceptor species from the bulk electrolyte to the surface of

the dissolving metal [15].

Recent investigation of the Nb electrodissolution in acid

fluoride medium [16] showed that the process occurring in

the plateau region is consistent with the presence of an

oxide film covering the metal and surface charges distrib-

uted on both sides of the oxide. The main features of this

surface charge approach [10] can be summarized as fol-

lows: in the plateau region a barrier-like oxide film covers

the metal surface and transport processes in its bulk

become predominant in the response of the electrode sys-

tem. Concentration profiles of metal and oxygen vacancies

are such that negative and positive surface charges are

present near the oxide/electrolyte and metal/oxide inter-

faces, respectively. These charges are at the origin of the

inductive behavior observed in the impedance diagrams.

Although evidence for non-negligible migration of nio-

bium cations to the oxide-solution interface was found

[17, 18], the model assumes that, in the steady state, film

growth occurs mainly by transport of oxygen vacancies,

under the effect of a constant electric field. This model is

used to describe the medium-to-high frequency (20 Hz–

200 kHz) impedance data, characterized by inductive and

capacitive loops. The equivalent circuit from the surface

charge approach model is shown in Fig. 8. A constant

phase element of impedance Zcpe = 1/(jx)mY0 is used,

instead of the ideal barrier film capacitance Cb used in

Refs. [10, 16], in order to fit the ‘‘depressed’’ semicircle

observed in the high-frequency impedance plots. The other

parameters in the model are the resistance of vacancies

migration, Rb, the elements Rsc and Lsc associated to the

negative surface charge at the oxide/electrolyte interface,

the faradaic pseudocapacitance C0 and the electrolyte

resistance Rs. According to the model, the physical

parameters of the film growth are related to the experi-

mental quantities determined in the impedance experiments

(Cb, Rsc, Lsc, Rb and C0) by the following relationships

[10, 16]:

dC�1
b

dV
¼ 1

ee0

dx

dE
ð5Þ

d R�ið Þ
dV

¼ zFa

RT

� ��1
dx

dE
ð6Þ

C0 ¼
nF

Vmk
dx

dE
ð7Þ

Rb

Rsc

¼ a
1� a

ð8Þ

Lscj

Rsc

¼ S�1 ð9Þ

where R* = [1/Rb ? 1/Rsc]
-1 is the effective resistance

felt by the ionic transport at high frequency, a is the half-

jump distance of the oxygen vacancies, a is the polarizability

of the film/solution interface, S is the capture cross section

for positive defects by the negative surface charge, and k is

the current efficiency for film formation. Vm is the molar

volume of the oxide (Nb2O5), z is the electric charge of the

mobile species (z = 2, since transport occurs mainly by

oxygen vacancies), n is the number of elementary charges

necessary to grow an oxide molecule (n = 10 for Nb2O5)

and R, T, and F with their usual meaning. In addition, e is

the dielectric constant of the oxide and e0 is the permittivity

of the free space. dx/dE is the so-called formation ratio,

defined as the ratio between the increment in the oxide film

thickness dx and the increment in the overall applied

potential dE.

Fig. 8 Equivalent circuit used to describe the impedance diagrams in

the 20 Hz–200 kHz range
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In order to determine the potential dependence of the

circuit model parameters, a least-square fit of the experi-

mental impedance data in the range 20 Hz–200 kHz was

done with the impedance obtained from the circuit shown

in Fig. 8, for several values of the applied potential.

Figure 9 shows an example of such fit for E = 6 V

compared with the experimental data. The solution resis-

tance was kept constant at a value Rs = 35 mX for all

potentials. This value was obtained from Rs = q/4R where

q = 35 mX cm is the resistivity of the solution measured

earlier and R = 0.25 cm is the radius of the Nb disk

electrode.

There exist different models to calculate the equivalent

of the barrier capacitance, Cb, from the values of Y0 and m

obtained from the data fitting [19]. According to Brug et al.

[20], the relationship between Cb and Y0 is given by:

Cb ¼ Y0R 1�mð Þ
s

h i1=m

ð10Þ

which was found to give reliable results from data taken

using an RDE setup [19]. An alternative relationship, given

by Hsu and Mansfeld [21], is:

Cb ¼ Y0 xmð Þm�1 ð11Þ

where xm is the angular frequency corresponding to the

maximum of the imaginary part of the high-frequency

impedance.

The average value of m obtained from the fits is about

0.694 ± 2%, independent of potential. Figure 10 shows a

plot of the product R*i and of Cb
-1, calculated from Eq. 10,

as a function of the applied potential: the data are well fitted

with a straight line, in agreement with the surface charge

model. To determine the formation ratio dx/dE using Eq. 5

we need a value for the dielectric constant of the oxide:

values of e between 20 and 60 have been reported in the

literature [22–24]. Assuming a value of e = 40 and Cb

calculated using Eq. 10, the value of the formation ratio was

determined from Eq. 5 to be dx/dE = 1.9 ± 10% nm V-1.

The value of a obtained from Eq. 6 is 0.1 ± 11% nm. We

can then calculate the value of k from Eq. 7 to be

k = 0.97 ± 13%. The value of a obtained from Eq. 8 is

a = 0.19 ± 10% and the value of S obtained from Eq. 9 is

43 ± 16% cm2 mC-1.

Considering the uncertainties in the value of the

dielectric constant of Nb2O5 and in the determination of the

equivalent barrier capacitance, the values of the physical

parameters for the film growth obtained from our data are

in fair agreement with the values reported in [16]. If Eq. 11

would have been used to calculate Cb, the formation ratio

would have been higher than the value obtained using Cb

calculated from Eq. 10, by about a factor of 25. As far as

the mechanism causing the plateau in the polarization

curve of Nb in HF:HNO3:H3PO4 = 1:1:2 electrolyte,

another important factor, besides vacancies migration

Fig. 9 Comparison of the experimental impedance diagram for Nb

disk electrode (no rotation) at 6 V (relative to MSE) in HF

(49%):HNO3 (70%):H3PO4 (85%) = 1:1:2 electrolyte at 14 �C with

the best fitted curve calculated according to the equivalent circuit of

Fig. 7. The fit parameters are: Rsc = 74 X cm2, Lsc = 15.5 mH cm2,

Rb = 17 X cm2, Y0 = 0.32 lS sm-1 cm2, m = 0.692, C0 = 2.9

mF cm-2

Fig. 10 Potential dependence of R*i (a) and of Cb
-1 (b) for a Nb disk

electrode (no rotation) in HF (49%):HNO3 (70%):H3PO4

(85%) = 1:1:2 electrolyte at 14 �C, fitted with a straight line
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through the barrier oxide film as described in the surface

charge approach, may be the transport limitation of the

acceptor species. Because of the active dissolution of the

Nb electrode already occurring at zero applied potential,

large amounts of reactions products are formed on the

anode surface and the ability of solvating species, such as

water, to reach the surface could also contribute in limiting

the reaction rate.

The fits of the impedance data in the 20 Hz–200 kHz

range at an applied potential of 4 V (vs. MSE), as a

function of the rotation speed, with the surface charge

model indicate a linear decrease of Rb from about

10.7 X cm2 at 0 rpm to about 8.5 X cm2 at 100 rpm.

The parameter S increases linearly from about 40 cm2 mC-1

at 0 rpm to about 57 cm2 mC-1 at 100 rpm. All the

other parameters do not change with rotation speed. The

following average values were obtained: a = 0.17 ± 5%,

Cb = 8.27 ± 20% lF cm-2, m = 0.68 ± 3%, and C0 =

3.39 ± 16% mF cm-2.

Removal of just 40 lm from the Nb in the BCP 1:1:2

solution with anodic polarization applied, resulted in a

significant reduction of the surface roughness, compared to

what is typically obtained with the standard chemical

etching. Although micro-smoothening of the Nb surface

was achieved, the data from the RDE shown in Fig. 7 and

the presence of pits, shown in Fig. 3c, suggest that mixed

mass-transport and kinetic control mechanism occurs in the

current plateau region of the polarization curve.

Pitting corrosion typically occurs due to a local break-

down of the oxide film. After this initiation, an anode forms

where the film has broken, while the unbroken film acts as

a cathode. The electrolyte inside the growing pit will fur-

ther accelerate corrosion. Pitting, which has also observed

on electropolished Nb samples and cavities, has been

related to a degradation of cavity performance [25] and

should therefore be avoided. In addition, hydrogen bubbles

formed on the cathode surface from the process in Eq. 3

may also be responsible for pitting and potentially hydro-

gen loading of the niobium. Some degree of electrolyte

agitation near the electrode, which is a standard practice

during BCP etching but which was not applied in these

experiments, and a good temperature control, for example,

by flowing water on the back side of the electrode, should

help reducing the probability of pitting on the surface.

5 Conclusions

Buffered electrochemical polishing of niobium in a mixture

of phosphoric, nitric, and hydrofluoric acid has been

explored for application to the surface preparation of Nb

microwave resonators for particle accelerators. Applying a

polarizing potential to Nb immersed in the same acid

mixture commonly used for BCP was explored as an

attempt to alter the oxide layer on the Nb surface and

evaluate its influence on high-field RF losses. The elec-

trochemical process was studied by measuring polarization

curves and electrochemical impedance as a function of

frequency, with and without electrolyte agitation. In the

current plateau region, micro-polishing occurred, yielding

smoother surfaces than by standard BCP process. As Nb

cavities are typically subjected to several hundred microns

of material removal by BCP after fabrication, a smoother

surface could therefore be achieved by applying an anodic

potential to the cavity, filled with the same electrolyte,

removing about 40 lm as a final polishing step. The

removal rate of the anodic polarized BCP is about a factor

of two lower than standard BCP but about a factor of three

faster than standard EP of Nb. Further optimization of

process parameters such as temperature and acid flow rate

is necessary, particularly to minimize pitting. The imped-

ance data in the plateau region of the polarization curve can

be interpreted in the frame of the surface charge approach

developed by Bojinov [10] but with non-ideal barrier

capacitance. The physical parameters of the model which

give a good fit of the experimental data are fairly consistent

with values obtained in an earlier study on the Nb elec-

trodissolution in acid fluoride medium with fluorine con-

centration much lower than for the electrolyte used for this

study.
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