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bstract

he electrical and structural properties of nanoscale niobium pentoxide (Nb2O5) dielectric layers in niobium-based solid electrolyte capacitors
ere studied. The Nb2O5 layers are formed by anodic oxidation of Nb-powder compacts. Capacitance measurements show a strong bias-voltage
ependence of the capacitance after anodization. Heat treatments at temperatures up to 320 ◦C, which are applied in the capacitor-production

rocess, lead to an increase of the capacitance and a reduction of the bias dependence. Based on the electrical and structural properties, which are
haracterized by electron microscopic techniques, a model is presented which explains the behavior of the specific capacitance after the various
rocessing steps.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Surface mounted device (SMD) solid electrolyte tantalum
apacitors play a major role in the passive components indus-
ry due to their high reliability, high volumetric efficiency and
ow equivalent series resistance.1–5 Applications comprise for
xample buffer and smoothing capacitors in the power supplies
f plug-in modules in computers. Solid electrolyte tantalum
apacitors are fabricated on the basis of the tantalum/tantalum
entoxide (Ta2O5) system, where Ta2O5 dielectric layers are
ormed on porous metal powder compacts by anodic oxida-
ion. The capacitance in these capacitor structures is given by

= εε0(A/d) with the permittivity of the dielectric ε, the vac-
um permittivity ε0, the overall area A and the thickness d of
he dielectric layer. The proportionality of capacitance and area

otivates efforts to increase the overall area A within a specific
apacitor form, which makes it an objective to reduce the grain

izes of the powders for capacitor fabrication. Alternatively,
igher specific capacitances can be also achieved by substitution
f tantalum with εTa2O5 = 27 by a material system with allows
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he formation of a dielectric with higher permittivity. One log-
cal substitute has always been the niobium/niobium pentoxide
Nb2O5) system with εNb2O5 = 416–8 which offers in addition the
dvantage of higher abundance and hence, lower raw material
rice, as well as similar behavior under anodization. Although
he emergence of solid electrolyte niobium capacitors already
tarted in the late sixties of the last century in the former Soviet
nion, the lack of sophisticated niobium powders prevented a
roader use of niobium capacitors on the world market at that
ime. However, in order to meet further demands, leading capac-
tor powder producing companies developed new processes
n the meantime which now allow manufacture of capacitor-
rade niobium and niobium-based metal powders which meet
ll requirements for capacitor fabrication.9–14 As a consequence,
ajor capacitor manufacturers launched production of niobium-

ased capacitors in 2001 which have the potential to replace
antalum in certain applications.15–19

One drawback of Nb-based capacitors which is often referred
o in the literature is the pronounced temperature sensitivity
f the Nb2O5 film.20–23 Since the fabrication process of solid

lectrolyte capacitors with MnO2 cathode comprises several
roduction steps at elevated temperatures, the comprehensive
nderstanding of the influence of heat treatments on the electri-
al properties of nanoscale Nb2O5 layers on niobium is essential.

mailto:stoermer@lem.uni-karlsruhe.de
dx.doi.org/10.1016/j.jeurceramsoc.2008.10.019
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ne possibility to overcome the thermally driven degradation
f the dielectric oxide is doping the niobium powders.24 For
xample, nitrogen or oxygen was added to the niobium powders
n order to modify the oxygen diffusion kinetics, since oxy-
en diffusion from the dielectric layer into the metal substrate
s thought to be one major reason for final capacitor failure.
ut in spite of these efforts in the fabrication of Nb-based solid
lectrolyte capacitors, a comprehensive understanding of the
elations between processing parameters, microstructure devel-
pment and resulting electrical properties is still not achieved.
t is therefore the goal of the present work to clarify the cor-
elation between heat treatment, microstructure development
nd electrical performance which is essential for the manufac-
ure of niobium capacitors with stable electrical parameters. We
resent the results of a detailed characterization of anodically
rown nanoscale Nb2O5 layers on niobium after anodization
nd subsequent thermal treatment. Impedance spectroscopy
as applied for electrical characterization. Thermogravimetry
ields information on the uptake of oxygen during annealing.
etailed microstructural characterization was performed using

canning (SEM) and transmission electron microscopy (TEM).
nergy-filtered selected area electron diffraction (SAED) allows

he evaluation of nearest neighbor distances within the amor-
hous dielectric oxide layer. A model will be presented which
xplains the behavior of the specific capacitance after anodiza-
ion, annealing treatments at various temperatures and after a
econd anodization step.

. Experimental procedures

.1. Sample preparation

For sample preparation, pure niobium powders (H.C. Starck
nc.) as described in detail by Schnitter et al.10 were used.
ample preparation followed the commercial capacitor fabrica-

ion process which involves uniaxial die pressing and sintering
f capacitor-grade metal powder. During pressing, a tanta-
um wire was embedded into the green powder compact to
nsure electrical contact. After vacuum sintering (p = 10−4 Pa,
260 ◦C), the metal powder compacts had a size of approx-
mately 3 × 1.5 × 4 mm3 and exhibited a porous, sponge-like

icrostructure. In order to form the amorphous nanoscale
ielectric layer, the well established manufacturing process of
ommercial SMD (surface mounted device) tantalum capacitors
hich is based on a two-stage anodic oxidation (galvanos-

atic and potentiostatic) in an electrolyte solution was applied.
ll samples investigated in this study were anodized using 1
t% aqueous solution of phosphoric acid (65 ◦C) employing an

nodization voltage of 40 V and a maximum current density of
50 mA/g since this resulted in highly reproducible oxide lay-
rs with respect to layer thickness and homogeneity as already
emonstrated in our earlier work.25 The first (galvanostatic)
tage of anodization is characterized by a constant current flow

ntil the potential reaches the desired voltage of formation. Dur-
ng the second stage (potentiostatic) the potential (40 V) is fixed
or the desired anodization time (180 min) while the current flow
ecays. Oxidation is performed in a polycarbonate oxidation
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ell using a stainless steel counter electrode, whereas the power
upply was realized by a Knürr-Heinzinger PTN 250-2 galvano-
tat/potentiostat. After anodization and washing in de-ionized
ater at temperatures between 30 ◦C and 60 ◦C, samples were

rbitrarily selected to perform electrical and microstructural
haracterization after this first anodization step. All other sam-
les were subjected to further processing involving (i) annealing
t 260 ◦C or 320 ◦C for 1 h in air, (ii) annealing at 260 ◦C or
20 ◦C for 1 h in air and subsequent re-anodization at 40 V for
0 min. Annealing was performed in a KENDRO UT 6060 oven
n air. Additionally, annealing of the anodized samples at 320 ◦C
as also performed in a NETZSCH TG 439 thermobalance in

ir and nitrogen atmosphere. In order to investigate the influence
f different thermal load on the electrical properties and result-
ng microstructure of the Nb2O5/Nb-heterostructure, anodized
amples were annealed in the temperature range between 200 ◦C
nd 350 ◦C for 1 h in air in a second series of experiments. A
ow chart for the preparation and characterization of samples

nvestigated in this study is given in Fig. 1.

.2. Electrical characterization

The electrical characterization of both, oxidized and annealed
iobium anode samples was performed as a “wet test” in a plati-
ated silver beaker in a liquid electrolyte (18 % H2SO4) at 25 ◦C,
tilizing a Zahner IM6 impedance analyzer with a CVB 80 volt-
ge booster. Since the specific conductivity of 18 wt% H2SO4
s significant high, any influence of the measuring electrolyte
onductivity on capacitance measurements can be excluded.20

he measurements were performed at f = 120 Hz with bias volt-
ges ranging from−0.5 V to 15 V. All measured capacitances
meas. were transformed into specific charge values Q according

o Q = Cmeas·Uox. where UOx. represents the formation volt-
ge (40 V). If the specific charge is normalized with respect
o the mass of the capacitor anode mAnode, the mass-specific
harge Q/mAnode is obtained which provides a basis for compar-
son of different samples. The mass-specific charge is denoted
ommonly as specific capacity within the capacitor fabricating
ndustry. This definition implies that the area of the dielectric
ayer does not change during processing. This is justified, since
nnealing temperatures applied in this study are significantly
ower than typical sintering temperatures.

.3. Microstructural characterization

Microstructural characterization of the sintered powder com-
acts was performed after electrolytic oxide layer formation
nd subsequent annealing. The overall microstructure and oxide
ayer thickness of the different samples was determined using a
EO 1530 scanning electron microscope. Detailed microstruc-

ural investigations were carried out employing high-resolution
ransmission electron microscopy (HRTEM) as well as energy-
ltered selected area diffraction (SAED), utilizing a Philips

M200FEG/ST (field emission gun) and an energy-filtering
eiss 912-Omega microscope with 200 kV and 120 kV accel-
ration voltage, respectively. TEM-foil preparation followed
tandard techniques, which involve diamond cutting, ultrasound
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Fig. 1. Flow chart for the preparation and cha

rilling, mechanical grinding, dimpling and Ar+-ion thinning to
erforation.

. Results and discussion

.1. Influence of anodization and annealing on
icrostructure and electrical parameters

.1.1. Bias-dependence of mass-specific charge Q/mAnode
Measurements of Q/mAnode as a function of bias voltage
−0.5–15 V) were performed after (i) first anodization, (ii)
nnealing at 260 ◦C/1 h or 320 ◦C/1 h and after (iii) second
nodization. Fig. 2 shows the values of specific capacitance of
iobium anodes after these processing steps, determined at a

ig. 2. DC bias voltage dependent capacitance of niobium anodes after (i) first
nodization (squares), (ii) annealing at 260 ◦C (solid circle) or 320 ◦C (open
ircle) for 1 h in air as well as after (iii) re-anodization (triangles).

r
d
(
i
d
a
s
t
p
H
w
m
o
b
a
a
M
c
t
r
c
t
r
o

ization of samples investigated in this study.

xed frequency of 120 Hz, as a function of applied DC bias
oltage.

The electrical measurements reveal a large bias dependence
f Q/mAnode after the first anodization. The values of Q/mAnode
ecrease from approximately 160,000 �C/g at 0 V bias voltage
o 80,000 �C/g, at a 15 V DC bias. This bias-dependence of
pecific capacitance after anodization cannot be found for the
a/Ta2O5-capacitors, which demonstrates a characteristic dif-
erence between the two material systems. Annealing of the
b-capacitor samples after anodization results in a markedly

educed bias dependence of Q/mAnode. In this case, only a slight
ecrease from 150,000 �C/g (0 V DC bias) to 130,000 �C/g
15 V DC bias) is observed. It has to be noted, that the anneal-
ng temperature showed no detectable influence on the bias
ependence and electrical response of the niobium capacitor
nodes, resulting in the same specific capacitance values for
amples annealed at 260 ◦C or 320 ◦C, respectively. Finally,
he second anodization step after thermal treatment of the sam-
les again strongly enhances the bias dependence of Q/mAnode.
igh values up to 210,000 �C/g are determined at 0 V bias,
hereas Q/mAnode at 15 V DC bias voltage is in good agree-
ent with the values after first anodization. Also, an influence

f the temperature of the preceding annealing step cannot
e detected. The measured values of Q/mAnode for samples
nnealed at 260 ◦C (solid triangle) as well as for samples
nnealed at 320 ◦C (empty triangle) are in very good agreement.
oreover, the effect of large bias dependence of the specific

apacitance after anodization and vanishing bias dependence of
he specific capacitance after thermal treatment is completely
eversible and can be repeated several times without noticeable

hange of the already discussed behavior.26 Multiple anodiza-
ion and thermal annealing procedures at 320 ◦C for 1 h always
esults in the same behavior with respect to the bias dependence
f Q/mAnode.
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Fig. 3. Thermal annealing of oxidized niobium anodes in a thermobalance pro-
vides evidence for strong oxygen uptake during annealing in air as indicated by
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The bias dependence of Q/mAnode after oxide layer forma-
ion within Nb-anodes was also reported by Schnitter et al.10

nd Stenzel et al.27 It can be explained by a n-type semi-
onducting behavior of the anodically formed oxide layer. In
ontrast to the Ta/Ta2O5 system where a steep oxygen gradi-
nt is expected at the interface because Ta2O5 is the only stable
xide phase within the tantalum-oxygen system, the niobium
xygen system is much more complex. Niobium occurs in var-
ous oxidation states, resulting in a variety of stable Nb-oxides
NbO, NbO2, Nb2O5) with a wide range of electrical proper-
ies ranging from metallic conductivity (NbO) to dielectric for
toichiometric Nb2O5. Besides the stoichiometric Nb2O5, dif-
erent oxygen-deficient metastable niobium pentoxide phases
b2O5−y exist which exhibit n-type semiconducting behavior.28

ince the anodization of Nb involves not only the transport
f niobium cations from the anode through the oxide layer
owards the oxide–electrolyte interface, but also the migration
f oxygen ions towards the Nb2O5/Nb-interface, it is therefore
lausible that residual oxygen vacancies exist within Nb2O5
ayer. Hence, anodically formed Nb2O5 films contain a signifi-
ant donor density in the space-charge layer below the surface
xide indicating n-type semiconducting behavior.29,30 Addition-
lly, several authors reported on the formation of thin layers
f different niobium-oxide phases at the metal-dielectric oxide
nterface.31,32 The existence of the oxygen vacancies accumu-
ated at the metal–oxide interface was clearly demonstrated by
ovács et al.33. Therefore, the observed bias dependence of
/mAnode of Nb-anodes after anodization can be explained by

he existence of n-type semiconducting regions within the oxide
ayer. Due to these semiconducting properties of the O-deficient
b2O5 region near the metal–oxide interface, a Schottky diode

onfiguration is obtained. This causes the formation of a space
harge region within the oxide layer and thus induces the bias
ependence of Q/mAnode since the Fermi levels of Nb and the
b2O5 layer near the metal interface are aligned.10

Annealing of niobium anodes results in the aforemen-
ioned reduction of bias dependence of specific capacitance,
ence indicating a decreasing vacancy concentration. This is
ccompanied by the formation of stoichiometric niobium pen-
oxide due to recombination of the oxygen vacancies with
xygen from the ambient annealing atmosphere nearby the
iobiumoxide–atmosphere interface upon heat treatment (see
lso Section 3.3). The assumption of decreasing O-vacancy con-
entrations upon annealing of the capacitor anodes at 260 ◦C
r 320 ◦C/1 h was confirmed by an analysis of the electrical
easurements on the basis of the Mott-Schottky equation.34,35

his analysis resulted in calculated donor densities ranging from
× 1018/cm3 for as-anodized samples to 2 × 1018/cm3 for oxi-
ized and annealed samples.36

The described electrical response of as-anodized and
nnealed niobium anode capacitor samples is in contrast with
he early work of Smyth et al.20,37–40 who examined the
ffect of elevated temperatures on the electrical performance

f the Ta/Ta2O5- and Nb/Nb2O5-systems in detail. During
heir comprehensive studies they were able to demonstrate that
he temperature dependence of the capacitance of as-formed
b2O5 films is much higher than for the comparable tantalum

a
c
a
o

he mass increase of the niobium samples (solid line). In contrast to annealing in
ir, mass increase upon annealing in nitrogen atmosphere is negligible (dashed
ine).

ase. Since this temperature dependence of capacitance can be
ttributed to thermal activation of charge carriers, a large DC
ias dependence of capacitance would be expected in annealed
amples.

After annealing treatment of as-anodized Ta-capacitor sam-
les above 200 ◦C in air, Smyth et al. were able to show that, an
-depleted layer near the metal–metal oxide interface is formed
ithin the Ta2O5 layer resulting in a strong bias, frequency and

emperature dependence of dielectric properties. According to
myth et al., the Nb/Nb2O5-system behaves more sensitively

o thermal treatment compared to the Ta/Ta2O5-system but in
rinciple in the same manner with respect to the aforemen-
ioned O-depletion layer. In our study, however, annealing of the
b/Nb2O5-samples results in a reduction of the Q/mAnode bias
ependence. One possible explanation of these contrary results
ight be due to thermally induced physical damage within the

amples investigated by Smyth et al. since in ref. [20] it was men-
ioned that physical damage might be localized at the edge of
he samples. Moreover, capacitor-grade niobium powders were
ot available that time.

.1.2. Annealing in the thermobalance
Thermogravimetric analyses of the annealing was performed

n a thermobalance under conditions similar to the annealing
tep in the furnace. Fig. 3 reveals a remarkable mass increase of
s-anodized Nb-anodes of up to 1.2% for annealing at 320 ◦C.
he mass increase is strongly reduced (<0.2%) if the annealing

s performed in a nitrogen atmosphere. The small mass increase
n the latter case can be assigned to oxygen incorporation due to
esidual oxygen in the annealing atmosphere.

In contrast to the Nb-anodes, oxidized Ta-anodes or sto-
chiometric crystalline Nb2O5 powder only show negligible

ass increase upon heat treatment in air. It is concluded
hat annealing of the anodized Nb-anodes in air leads to

significant oxygen uptake. It is assumed that this excess
xygen is not only incorporated into the Nb-anode but

lso in the dielectric niobium oxide layer. These results are
onsistent with the measured reduced donor densities after
nnealing36 and support our explanation for the bias dependence
f Q/mAnode.
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Fig. 4. SEM micrographs of fracture surfaces of niobium anodes after anodization (a) and after annealing at 260 ◦C (b) or 320 ◦C (c) for 1 h in air. Annealing at
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60 ◦C does not alter the fracture behavior at the niobium–niobium oxide interf
rrows in (a) and (b)). After annealing at 320 ◦C/1 h/air remarkable changes at
tructural changes at the niobium metal–niobium oxide interface upon heat trea

.1.3. Microstructural characterization by means of SEM
SEM micrographs of fracture surfaces are presented in Fig. 4

fter anodization (a), annealing at 260 ◦C/60 min (b) and anneal-
ng at 320 ◦C/60 min (c). The fracture surface between Nb-anode
nd the amorphous Nb2O5 is characterized by a clearly observ-
ble interface after anodic oxidation (Fig. 4(a)) and annealing at
60 ◦C (Fig. 4(b)). A remarkable change of the fracture behav-
or is observed after annealing at 320 ◦C (Fig. 4(c)). In this case,
he interface between niobium metal and amorphous niobium
xide is smooth, indicating microstructural changes at the inter-
ace and/or possibly pronounced oxygen diffusion across the
nterface during high temperature annealing.

The average oxide-layer thickness was also determined by
eans of SEM investigations. Table 1(a) shows the determined
xide thickness values after the different processing steps with
he corresponding values for Q/mAnode at 10 V DC bias voltage.
t is noted, that every mean value of the oxide-layer thickness
n Table 1 corresponds to 50 individual measurements cover-

o
w
t
t

able 1
ean values of niobium oxide layer thickness after various processing steps as determ
/mAnode determined with 10 V DC bias (a). Each mean oxide layer thickness value c
iobium metal grains. The determination of oxide layer thickness values of different
nodization conditions demonstrate the good reproducibility of the phosphoric acid a

art (a)

1st oxidation, 1% H3PO4, 65 ◦C 40 V/180 min 1st

ayer thickness [nm] 127.9 ± 0.8 127
ass-specific charge [�C/g] 88,000 123

art (b)

st oxidation, 1% H3PO4/65 ◦C 40 V/180 min sample 1 sa

xide layer thickness [nm] 127.6 ± 0.7 12
the samples which is characterized by a clearly visible interface region (black
etal–metal oxide interface can be visualized (black arrows in (c)), indicating
exceeding 300 ◦C.

ng different grains. The average Nb2O5-layer thickness is not
ltered after annealing and second anodization despite of signif-
cant changes for Q/mAnode. Hence, the thickness measurements
how that thickness changes of the Nb2O5-layer cannot be the
rigin of the capacitance change.

In Table 1(b) mean oxide-layer thicknesses of individual sam-
les are given which were anodized under identical conditions
1 wt% H3PO4, 65 ◦C, 40 V, 180 min) in consecutive batches.
hose values vary only between 126.8 nm and 128.4 nm, demon-
trating the good reproducibility of the anodization process.

.1.4. Microstructural characterization by means of TEM
HRTEM investigations were performed to clarify whether

tructural changes are observed in the amorphous Nb2O5-layer

r at the Nb/Nb2O5-interface after different processing steps
hich could be related to oxygen uptake during high tempera-

ure annealing or formation of an oxygen depleted region near
he Nb/Nb2O5-interface due to oxygen extraction from Nb2O5

ined employing SEM as well as corresponding values of mass-specific charge
orresponds to 50 individual measurements of the oxide layer covering different
as-anodized samples which were anodized in consecutive batches under equal
nodization process (b).

annealing, 260 ◦C/60min, air 2nd oxidation, 1% H3PO4, 65 ◦C 40 V/60 min

.6 ± 0.7 127.6 ± 0.7
,000 94,000

mple 2 sample 3 sample 4 sample 5

7.9 ± 0.8 128.4 ± 0.5 126.8 ± 0.7 127.1 ± 0.9



1748 H. Störmer et al. / Journal of the European Ceramic Society 29 (2009) 1743–1753

F ide la
a stalliz

b
r
i

g
(
“
N
e
r
N
3
w
t
t
c

P
t
f
p
t
(
c
a
t
w
t
w

t
w

n
t
o
3
a
t
b
T
s
p
t

t
w
n
c
p
u
o
o
R
l
i
a
N

3
a

ig. 5. HRTEM micrographs of the interface region niobium metal–niobium ox
ir. HRTEM investigations gave no evidence for structural alteration and/or cry

y the niobium grain.9,21,24 HRTEM images of the interface
egion before and after high-temperature annealing are shown
n Fig. 5(a) and (b), respectively.

A sharp interface is observed between the crystalline Nb-
rain and the adjacent amorphous Nb2O5-layer after anodization
Fig. 5(a)). There is no indication for the formation of a strongly
oxygen-depleted” region consisting of NbO or NbO2 between
b and Nb2O5. Additional investigations by means of electron

nergy loss spectroscopy (EELS) across the interface region
evealed, that the transition between metal anode and amorphous
b2O5 takes place within a few nanometers.41 Annealing at
20 ◦C/1 h in air (Fig. 5(b)), does not lead to structural alterations
hich are detectable by HRTEM. Additional Fourier-filtering of

he HRTEM images in the amorphous layer region adjacent to
he Nb-grain (Fig. 5(a) and (b) bottom) did not yield any indi-
ation for phase separation or nucleation of crystalline phases.

This finding is in contrast to earlier investigations by
ozdeev-Freeman23 or Olszta42 who reported on the

emperature- or field-induced crystallization of anodically
ormed Nb2O5. However, one has to consider carefully the
reparation conditions of the amorphous Nb2O5-film since
he crystallization rate depends on many factors including
i) anode purity and surface area, (ii) temperature and con-
entration of anodization electrolyte (iii) anodization voltage
nd anodization time as well as (iv) post-formation thermal
reatment. Since the crystallization rate is thought to increase
ith increasing thickness of the oxide film, it is reasonable that

he approximately 130 nm thick Nb2O5 layers in this study

ithstand field-induced crystallization upon formation.
In addition to HRTEM, energy-filtered SAED was performed

o detect possible stoichiometry variations due to annealing
hich could induce changes of the short-range order (nearest

r
b

yer after anodization (a) and subsequent thermal treatment at 320 ◦C for 1 h in
ation phenomena within the amorphous dielectric oxide layer.

eighbor distances). Fig. 6 shows the radial intensity distribu-
ion obtained on the basis of the SAED patterns as a function
f the spatial frequency u before (a) and after (b) annealing at
20 ◦C. The extracted values for the nearest-neighbor distances
re given by 1/u at the maxima of the radial intensity distribu-
ion (Table 2). The radial intensity distributions were obtained
y rotationally averaging the intensity of the SAED patterns.
hose as-received raw data were background subtracted with a
econd-order exponential decay function and a Gaussian multi-
eak fitting procedure was applied to determine the position of
he peak maxima.

Table 2 and Fig. 6 show that annealing does not alter
he overall structural properties of the amorphous oxide layer
ithin the achievable accuracy of this technique. In all cases,
earest-neighbor distances of 0.34 nm, 0.26 nm and 0.17 nm are
ompatible with the Nb2O5 phase. Consequently, severe com-
osition changes of the amorphous oxide layer can be excluded
p to annealing temperatures of 320 ◦C. However, we note that
nly the structural assembly of the amorphous Nb2O5 averaged
ver a sample area with a diameter of 100 nm was analyzed.
ecent quantitative EELS investigations with high spatial reso-

ution indicate a measurable oxygen deficiency at the Nb/Nb2O5
nterface after high-temperature annealing. These measurements
re based on elaborate sensitivity-factor determination in the
b/O-system and will be presented in a separate study.43

.2. Influence of the annealing temperature on Q/mAnode
nd microstructure
To investigate the impact of annealing on Q/mAnode and the
esulting microstructure, the annealing temperature was varied
etween 200 ◦C and 350 ◦C in a second series of experiments.
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Fig. 6. Radial intensity distributions of the SAED patterns (insets top right corners) after anodization (a) and after subsequent annealing at 320 ◦C/1 h/air (b). The
evaluated nearest neighbor distances are the same in all samples investigated, hence indicating no major microstructure rearrangements or changes in stoichiometry
within the amorphous niobium oxide layer upon temperature treatment.

Table 2
Evaluated nearest neighbor distances within the amorphous niobium oxide layer after anodization (a) and subsequent annealing at 320 ◦C for 1 h in air (b).

SAED pattern # (a) After anodization (b) After annealing 320 ◦C, 1 h, air

d1 d2 d3 d1 d2 d3

1 0.335 0.263 0.170 0.330 0.261 0.174
2 0.339 0.261 0.169 0.335 0.261 0.168
3 0.337 0.262 0.173 0.332 0.261 0.173
4 0.337 0.260 0.169 0.333 0.262 0.174
5 0.338 0.261 0.169 0.336 0.261 0.173
6 0.339 0.261 0.169 0.332 0.261 0.168
7 0.337 0.260 0.173 0.331 0.260 0.173
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ean value [nm] 0.337 ± 0.002 0.261 ± 0.001 0.1

he annealing was carried out for 1 h in air. The measured
/mAnode values are listed in Table 3. All Q/mAnode values
ere determined at 10 V DC bias where the influence of applied
ias voltage becomes almost independent of the processing step
ccording to Fig. 2. Due to this fact a general statement regard-
ng the increase or decrease of specific capacitance can be made
rrespective of the capacitance which might be reached within
uch capacitor systems during application.

According to Table 3, Q/mAnode after annealing is always
igher compared to the as-anodized sample. However, a maxi-
um value is reached at 300 ◦C.
Since characterization of the Nb2O5 after anodization and

nnealing at 260 ◦C or 320 ◦C did not yield any detectable
icrostructural changes (see Section 3.1.3), the crystalline

b-anodes in this sample series were analyzed by SAED. Rep-

esentative SAED patterns for the as-anodized samples (40 V)
nd for samples annealed below and above 300 ◦C are shown in
ig. 7.

I
p
h
i

able 3
pecific capacitances (measured at f = 120 Hz, UBias = 10 V) of as-anodized and annea
etween 200 ◦C and 350 ◦C for 1 h in air.

st oxidation
�C/g]

Annealing at
200 ◦C/1h [�C/g]

Annealing at
250 ◦C/1h [�C/g]

Annealing at
260 ◦C/1h [�C

0545 ± 429 95539 ± 526 108302 ± 1136 115261 ± 1104
0.334 0.262 0.171

0.002 0.333 ± 0.002 0.261 ± 0.001 0.172 ± 0.002

Structural changes are observed at annealing temperatures
xceeding 300 ◦C. The SAED patterns of the anode of the as-
nodized sample (Fig. 7(a)) and the samples annealed at 250 ◦C
b) and 300 ◦C (c) correspond to niobium with space-centered
ubic structure along the [111]-zone axis. Superstructure reflec-
ions indicating a quadrupling of the lattice parameter can
e observed in the SAED pattern after annealing at 320 ◦C
Fig. 7(d)). This superstructure can be assigned to Nb6O,28

hich is formed in oxygen-oversaturated niobium. The incor-
oration of oxygen in Nb-anodes up to the solubility limit was
lready reported by Pozdeev-Freeman.44 They detected shifts in
-ray diffractometry patterns towards higher lattice parameters

n niobium, indicating oxygen absorption in the metal after pow-
er sintering and further processing at temperatures up to 525 K.

t was suggested, that this oxygen incorporation is a gradual
rocess beginning at the first annealing which continues during
igh-temperature processing until the solubility limit of oxygen
n niobium is reached. Our results indicate that oxygen uptake

led oxidized niobium anodes. Annealing steps were performed at temperatures

/g]
Annealing at
300 ◦C/1h [�C/g]

Annealing at
320 ◦C/1h [�C/g]

Annealing at
350 ◦C/1h [�C/g]

118216 ± 0 116357 ± 526 93680 ± 0
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Fig. 7. SAED patterns of arbitrarily selected niobium metal grains within the niobium capacitor samples after anodization (a) and subsequent annealing in air for
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h at 250 ◦C (b), 300 ◦C (c), or 320 ◦C (d). Whereas the diffraction pattern o
iffraction pattern of a purely bcc niobium metal structure, additional diffractio
an be assigned to a Nb6O superlattice which is formed in oxygen oversaturate

f the anodized niobium capacitor upon annealing as well as
xygen migration towards the Nb-anode is very sensitive to the
nnealing temperature. Moreover, incorporation of oxygen in
iobium is not limited by the solubility limit as shown by the
-induced superlattice reflections in Fig. 7(d) for the samples

nnealed above 300 ◦C. We note that annealing at 300 ◦C for 1 h
n air appears to be a critical condition because this is the highest
nnealing temperature without changes of the fracture behavior
t the Nb/Nb2O5-interface compared to the as-anodized samples
see Fig. 4 (a)). It also coincides with the maximum Q/mAnode
see Table 3). Annealing above 300 ◦C is correlated with an
versaturation of the Nb-anode with oxygen as shown by the for-
ation of Nb6O (Fig. 7(d)) and a change of the fracture surface

see Fig. 4(c)).
It is noted that the effect of phosphorous incorporated in the

xide film during anodization due to the phosphoric acid in elec-
rolyte which was reported by several researchers45–47 has been
eglected so far. This incorporation of a certain amount of phos-
horous into the outer part of the Nb2O5 layer is thought to have

significant influence on O-kinetics and, hence, on microstruc-

ural development and resulting electrical response. Since Ta2O5
lms on tantalum, anodically grown in diluted sulfuric acid
re more nearly stoichiometric and did not show incorporation

(
s
t
a

s-anodized sample as well as the samples annealed up to 300 ◦C reflects the
nsities can be imagined after annealing at 320 ◦C. These diffraction intensities
ium metal.

f electrolyte species,45 further work will also focus on sulfu-
ic acid as electrolyte for anodization of Nb. First experiments
sing 0.175 wt.% sulfuric acid as liquid electrolyte show homo-
eneous Nb2O5-layer growth with respect to layer thickness and
pecific capacitances which are comparable to those presented
n the current paper.

.3. Model for the configuration of the Nb2O5 dielectric
fter different processing steps

The electrical and microstructural properties of Nb-based
apacitors after anodization and subsequent thermal annealing
resented in this study confirm the frequently cited sensitivity
f the Nb/Nb2O5-system at elevated temperatures. However, in
ontrast to earlier investigations, adverse effects on the elec-
rical properties due to inhomogeneities in the Nb-powder or
racks and fissures within the capacitor structure are excluded
n this study. In good accordance with earlier investigations9 it
s shown, that Q/mAnode of our capacitors is markedly increased

at 10 V DC bias) after annealing compared to the as-anodized
amples although there is no detectable change in dielectric layer
hickness nor any indication for remarkable changes (e.g. nucle-
tion/crystallization effects) within the amorphous dielectric
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Fig. 8. Model for the interface region niobium metal–niobium oxide layer after anodization (left), annealing (middle), and subsequent re-anodization (right). The
oxygen layer is oxygen deficient after formation, exhibiting the composition Nb2O5 − x. During annealing in air, an intermediate conductive layer with a conductivity
σ > σ0 is formed due to oxygen extraction from the dielectric oxide layer by the niobium metal core. Hence, this intermediate layer is resistive and contributes
not longer to the capacitance. As a result, the effective dielectric oxide layer thickness is reduced and electrical investigations indicate an increase in capacitance.
Moreover, an oxygen uptake from the ambient annealing atmosphere (air) into the oxide layer adjacent to the atmosphere occurs, leading to more stoichiometric
n n, the
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arger dielectric layer thickness.

ayer. Taking the bias dependence of Q/mAnode into account, the
ollowing model for the observed behavior is suggested (Fig. 8).

After the first anodization, a dielectric oxide layer of thick-
ess dOx (for Vox = 40 V, dox = 128 nm) covers homogeneously
ach individual Nb-grain. This dielectric oxide Nb2O5-x is not
toichiometric but contains oxygen vacancies which act as
onors. Upon annealing, oxygen is extracted by the Nb-anode,
hich leads to a strongly oxygen-deficient, intermediate layer
ith high conductivity and a thickness dcond (Fig. 8, “after

nnealing”). We assume that the intermediate layer does not
onsist of a certain fixed Nb2O5−y composition but contains a
teep oxygen gradient. However, the oxygen depletion and there-
ore the conductivity σ in this part of the oxide film exceeds a
ertain value σ0 according to Smyth et al.20 with the result that
he electrical response can be described as a purely resistive
ne and no longer as capacitive. As a consequence, the effective
hickness of the dielectric layer dOx,effective decreases (Fig. 8,
after annealing”) which leads to the observed increase of the
pecific capacitance. Based on the capacitance measurements
t UBias = 10 V, a reduction of the effective dielectric thickness
f 30% can be assumed (with C∝1/d), leading to an increase
f Q/mAnode of about 44% after thermal annealing at 300 ◦C.
nder the presumption that the area A of the capacitor anode
ill not change upon processing, dOx,effective can be estimated

o ∼89 nm. Hence, the thickness of the conducting intermediate
ayer can be assumed to be approximately 39 nm. Both layers
re completely amorphous as shown in Fig. 5((a) and (b)) and
re solely distinguishable by their oxygen-vacancy content.

Possible oxygen diffusion at the Nb2O5-surface must also
e considered. Based on the thermogravimetry results (Section
.1.2), which show a mass increase during annealing in air, we

onclude that oxygen uptake from the annealing atmosphere into
he originally oxygen-deficient Nb2O5 must occur. As a result,
he donor density and oxygen deficiency in the outer part of the
ielectric layer is reduced after annealing and the average com-

d
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conductive layer is re-anodized, resulting in a decrease of capacitance due to a

osition shifts towards stoichiometric Nb2O5 which explains
he markedly reduced bias dependence of. Q/mAnode compared
o the as-anodized samples. We emphasize that the electrical

easurements have to be performed at a 10 V bias to eliminate
he bias dependence of Q/mAnode. Oxygen uptake by Nb2O5
nd oxygen extraction by the Nb anode is more pronounced at
nnealing temperatures above 300 ◦C. This leads to the forma-
ion of Nb6O in the anode, the change in fracture behavior at the
b/Nb2O5 interface, the less pronounced increase (reduction
ith respect to the maximum value at 300 ◦C) of the mass-

pecific charge Q/mAnode with respect to the as-anodized sample.
inally, during a second anodization step the conductive inter-
ediate layer dcond is re-oxidized resulting in almost the same

ielectric response as after the first anodozation.
The assumption of a conductive intermediate layer after

nnealing is confirmed by the analysis of the starting phase
f the 2nd formation step after annealing (Fig. 9(a)). Fig. 9(b)
ompares the charging curve of a corresponding ideal capaci-
or (Uc(t)) and the measured formation curve (UF2(t)) for the
ample annealed at 260 ◦C. The formation curve of the samples
hich were exposed to the 2nd formation step without anneal-

ng follow the charging curve of the niobium capacitor until
he desired formation voltage UF2 = 39 V is reached. The sec-
nd formation curves of samples annealed at 260 ◦C and 320 ◦C
how a strong deviation from the ideal capacitor behavior. After
nnealing at 260 ◦C respectively 320 ◦C the dwell time at a
onstant current density of 150 mA/g to reach the maximum
oltage of 39 V is prolonged. This has to be attributed to an
nodic oxidation process occurring after the annealing. Accord-
ng to the deviation between calculated and measured loading
urves, the conclusion can be drawn that a conductive interme-

iate layer, exhibiting a lower oxygen content, is formed during
he annealing of niobium capacitor anodes and that this conduct-
ng layer is anodically oxidized during the following formation
tep.
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Fig. 9. Anodization voltage vs. time curves of the starting phase of the re-
anodization step of the niobium capacitor samples after annealing in air at 260 ◦C
(dotted line), 320 ◦C (dashed line) as well as without annealing (solid line). The
three formation lines differ apparently from each other, supporting the assump-
tion that during annealing an intermediate conductive layer is formed which is
re-anodized during the second anodization step. Comparison of the theoretical
loading curve of a capacitor (which should correspond to the voltage increase
at the beginning of the galvanostatic 2nd formation step) with the anodization
voltage vs. time curve of the starting phase of the 2nd formation of the sample
that was annealed at 260 ◦C. Starting at a voltage of approximately 27 V, a devi-
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tion between the theoretical loading curve and the anodization vs. time curve
f the capacitor can be imagined, supporting the aforementioned assumption of
e-oxidation of an intermediate conductive layer.

. Conclusion

The influence of thermal annealing on the electrical proper-
ies and microstructure of oxidized Nb-anodes has been studied
sing impedance spectroscopy as well as scanning (SEM) and
ransmission electron microscopy (TEM). The results indicate,
hat anodically formed Nb2O5 layers on niobium contain oxygen
acancies which act as donors resulting in a n-type semicon-
ucting behavior. The capacitance after anodization is strongly
ias-voltage dependent which can be explained by a Schottky
iode configuration at the Nb2O5/Nb-interface. Annealing in air
eads to an improved electrical performance by (a) an increase

f the capacitance and (b) a reduction of the bias-voltage depen-
ence of the capacitance. Moreover, a remarkable oxygen uptake
s observed by thermogravimetric measurements. However, this
xygen uptake is sensitive to the annealing temperature. Anneal-

1

eramic Society 29 (2009) 1743–1753

ng in air for 1 h at temperatures up to 300 ◦C predominantly
auses the oxygen to be dissolved in the oxygen-deficient Nb2O5
ayer close to the surface and results in an improved dielec-
ric performance. Annealing also induces oxygen diffusion from
he Nb2O5 into the Nb-anode which leads to the formation of

thin, conductive intermediate niobium-oxide layer. But this
xtraction of oxygen from the dielectric layer is of minor pecu-
iarity when compared to the overall oxygen uptake into the
apacitor sample, hence resulting in markedly improved elec-
rical performance after annealing. Annealing at temperatures
bove 300 ◦C for 1 h in air is characterized by a strong oxygen
igration into the Nb-anode. The uptake of oxygen in Nb is not

imited to the solubility limit of oxygen in niobium as established
y SAED investigations of the Nb-anode of samples annealed
t 320 ◦C. An O-induced superstructure consistent with Nb6O
s detected which is only formed in oxygen-oversaturated nio-
ium. A second anodization step after annealing again leads to
strong bias dependence of the capacitance. We conclude that

nnealing treatments improve the electrical performance of Nb-
ased capacitors by (a) improving the dielectric properties of the
xygen-deficient Nb2O5 and (c) increasing the capacitance due
o the reduced effective thickness of the dielectric layer.
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