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Abstract—The complex structure of Ta2O5 led to the development of various structural models. Among them, superstructures represent the most
stable conﬁgurations. However, their formation requires kinetic activity and long-range ordering processes, which are hardly present during physical
vapor deposition. Based on nano-beam X-ray diﬀraction and concomitant ab initio studies, a new metastable orthorhombic basic structure is introduced for Ta2O5 with lattice parameters a = 6.425 Å, b = 3.769 Å and c = 7.706 Å. The unit cell containing only 14 atoms, i.e. two formula unit
blocks in the c direction, is characterized by periodically alternating the occupied oxygen site between two possible positions in succeeding 002planes. This structure can be described by the space group 53 (Pncm) with four Wyckoﬀ positions, and exhibits an energy of formation of
3.209 eV atom1. Among all the reported basic structures, its energy of formation is closest to those of superstructures. Furthermore, this model
exhibits a 2.5 eV band gap, which is closer to experimental data than the band gap of any other basic-structure model. The sputtered Ta2O5 ﬁlms
develop only a superstructure if annealed at temperatures >800 °C in air or vacuum. Based on these results and the conveniently small unit cell size, it
is proposed that the basic-structure model described here is an ideal candidate for both structure and electronic state descriptions of orthorhombic
Ta2O5 materials.
Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
3.0/).
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1. Introduction
Tantalum pentoxide (Ta2O5) is an important semiconductor material exhibiting a high dielectric constant and
refractive index, and therefore it is commonly used for
capacitors or optical coatings [1,2]. Furthermore, Ta2O5
exhibits a wealth of other beneﬁcial properties such as outstanding good biocompatibility [3], corrosion resistance
[2,4] and piezoelectric behavior [5,6].
The complex crystal structure of Ta2O5, which determines its properties, has been carefully studied for more
than 50 years [7,8]. In one of the ﬁrst studies, Lehovec [7]
attributed an orthorhombic structure to tantalum pentoxide, which is nowadays known as b-Ta2O5. The additionally observed peaks within his X-ray diﬀraction (XRD)
patterns originate from superstructures like those described

⇑ Corresponding author; e-mail: robert.hollerweger@tuwien.ac.at

by Grey et al. [9], Audier et al. [10] or Stephenson and Roth
[11]. Lagergren [12] showed a reversible phase transformation of the orthorhombic b-Ta2O5 to a tetragonal high-temperature phase (a-Ta2O5) at 1320 °C. In addition, a
hexagonal metastable low-temperature phase (d-Ta2O5)
has been reported [13], which itself irreversibly transforms
into b-Ta2O5 at elevated temperatures. A highly characteristic property of low-temperature Ta2O5 structures is the
position of oxygen ions, which is exactly between two tantalum ions in the c direction, but varies greatly in the a and
b directions.
Nevertheless, most reported Ta2O5 crystal structures are
closely related to each other. For example, a simple monoclinic cell with a structural angle c = 120° equals a hexagonal cell, which itself contains apbase-centered
orthorhombic
ﬃﬃﬃ
lattice with an a/b ratio of 1= 3. The orthorhombic structure can easily transform into a tetragonal structure as the b
and c lattice constants of both structures are similar (3.66
vs. 3.88 Å). This already indicates that small variations in
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the ion positions can easily inﬂuence the resulting structure
of Ta2O5 and hence its properties. Consequently, this could
be the reason for a large variety of diﬀerent reported basic
and super-structures. For more details on the various crystal structures, the reader is referred to the review article by
Hummel et al. [14].
Based on cross-sectional X-ray nano-diﬀraction studies
of reactively sputtered Ta2O5 thin ﬁlms in combination
with density functional theory (DFT) calculations, a new
orthorhombic Ta2O5 basic-structure model is proposed.
Its unit cell, containing only 14 atoms, allows an easier
description of the orthorhombic low-temperature Ta2O5
phases compared with the superstructures, and thus it contributes to the understanding of the formation of various
low-temperature structures as well as their transformation
to the superstructures.
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Several Ta2O5 structures were modeled by the Vienna ab
initio simulation package [23,24] using projector augmented wave pseudopotentials [25] and the generalized gradient approximation (GGA) [26]. The plane wave cut-oﬀ
energy of 800 eV and more than 2000 k-pointsatom ensure
a total energy accuracy of 1 meV atom1. Volume, cellshape, and all ion positions were allowed to fully relax during the calculations. For the Lehovec model, the cell shape
needed to be ﬁxed to keep the orthorhombic structure during relaxation.
The “visualization for electronic and structural analysis”
software [27] was used to visualize the various crystal
structures.

3. Results and discussion
3.1. Film deposition and characterization

2. Experimental
Tantalum oxide ﬁlms were deposited at 500 °C on (1 0 0)
oriented silicon substrates (20  7  0.35 mm3) on a laboratory scale, magnetically unbalanced, Leybold Heraeus
magnetron sputtering system. The metallic tantalum target
(99.95% purity, 75 mm diameter) was DC sputtered using
an Ar/O2 glow discharge at a total pressure of 0.4 Pa and
an Ar/O2 ﬂow ratio of 0.5. Further details on the deposition conditions and the experimental setup can be found
in Ref. [15].
Isothermal vacuum annealing treatments for 1 h at temperatures up to 1000 °C were performed at a base pressure
of 65  104 Pa using a heating and cooling rate of 20 and
50 K min1, respectively. Corresponding ambient air
annealing treatments were conducted in a Nabertherm
furnace.
The chemical composition of the ﬁlms was obtained by
elastic recoil detection analysis (ERDA) using 35 MeV
Cl7+ incident ions and the analyzing procedure after Barrada et al. [16].
Nanoindentation was carried out with a UMIS indentation system (Fischer Cripps Laboratories) using a Berkovich
indenter tip. Hardness and indentation modulus were
obtained by evaluating load–displacement curves after Oliver and Pharr [17]. To guarantee minimized substrate interference, the normal loads ranged only between 2 and 10 mN,
which yielded a maximum penetration depth <10% of the
ﬁlm thickness.
Structural investigations were performed by XRD using
a Bruker D8 equipped with a Cu Ka radiation source
(k = 1.54 Å) and Sol-X detector in Bragg Brentano geometry. Detailed XRD studies of the ﬁlms across the layer
thickness were obtained by X-ray nano-diﬀraction using
the nano-focus end-station of P03 micro- and nanofocus
X-ray scattering (MINAXS) beamline at Petra III synchrotron (Hamburg, Germany). The diameter of the X-ray
beam was <500 nm, and the wavelength k was 0.808 Å.
Further experimental details on this advanced technique
are reported in Refs. [18–22]. The growth morphology of
the coatings was investigated by surface and cross-section
scanning electron microscopy (SEM) studies with Zeiss
EVO50 and FEI XL30 instruments operated at an acceleration voltage of 15 kV. To avoid surface charging, a thin
Au layer was deposited onto the samples prior to these
investigations.

After a very short deposition time of only 5 min, the
Ta2O5 ﬁlm exhibits a smooth surface (Fig. 1(a)) and a dense
featureless morphology (Fig. 1(b)). If the deposition time is
increased to 25 min, the formation of small islands can be
identiﬁed in the surface SEM image (Fig. 1(c)) and the corresponding fracture cross section (Fig. 1(d)). Further
increasing the deposition time to 120 min leads to a pronounced increase in the surface roughness (Fig. 1(e)). Also
the corresponding fracture cross-section in Fig. 1(f) clearly
reveals two distinct growth morphologies. The substrate
near region is almost featureless, whereas a ﬁbrous-like
structure develops with progressing ﬁlm growth. The
XRD patterns of these three Ta2O5 ﬁlms with diﬀerent
thicknesses of 0.5 lm, 3 lm and 15 lm clearly show
that the crystalline character evolves with increasing ﬁlm
thickness (Fig. 2). According to the structural description
by Lehovec [7] and the derived powder diﬀraction ﬁle
[28], the ﬁlms develop a highly (1 1 0)–(2 0 0) oriented orthorhombic Ta2O5 structure. The pronounced oﬀset of the
XRD peak positions—more than 0.5° below that of the
powder diﬀraction ﬁle [28]—suggests a highly strained lattice in the a and b directions. However, this XRD pattern
could also ﬁt the hexagonal structures published by Khitrova and Klechkovskaya [29,30] or Fukumoto and Miwa
[31]. (The hexagonal structures can also be described by
an orthorhombic structure, as presented later in Table 1
on discussing the ab initio calculations.)
More detailed XRD studies as a function of the ﬁlm
thickness (in 100 nm steps) were carried out by cross-sectional X-ray nano-diﬀraction. Fig. 3 shows a representative
two-dimensional (2-D) diﬀraction pattern constructed by
summing up all 2-D patterns recorded across the coating
thickness. The Debye–Scherrer rings clearly indicate an
orthorhombic Ta2O5 structure (in good agreement with
Fig. 2). There are no characteristic signs for a hexagonal
structure or an orthorhombic superstructure. The strong
variation in the intensity along the diﬀraction rings suggests
a pronounced (1 1 0)–(2 0 0) ﬁber texture. The highlighted
cake segment of the Debye–Scherrer rings at an azimuth
angle d of 0°, with only (1 1 0) and (2 0 0) diﬀraction rings,
corresponds to the diﬀraction on crystallographic planes
oriented approximately parallel to the substrate surface.
This segment, which corresponds to the conventional
XRD patterns collected in Bragg–Brentano conﬁguration,
is in excellent agreement with Fig. 2. The highlighted seg-
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Fig. 1. Surface and cross-sectional SEM micrographs of Ta2O5 thin ﬁlms after deposition times of (a, b) 5 min, (c, d) 25 min and (e, f) 120 min,
respectively.

Fig. 2. XRD patterns of 0.5, 3 and 15 lm thin Ta2O5 ﬁlms. The
dashed red vertical lines indicate the peak positions of the orthorhombic low-temperature b-Ta2O5 structure [28] after Lehovec [7]. (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

ment at d = 90°—representing diﬀraction on planes oriented perpendicular to the ﬁlm–substrate interface—reveals
the presence of all major diﬀraction planes of the orthorhombic Ta2O5 structure. Consequently, the XRD results
(conventional and X-ray nano-diﬀraction) show that the
Ta2O5 ﬁlms grew with the c-plane perpendicular to the substrate surface (the 001 and 002 orientations can only be
detected for d = 90°).
Fig. 4(a), (b) and (c) shows the development of the nanodiﬀraction patterns as a function of the ﬁlm thickness for
d = 0°, 45° and 90°, respectively. The used segments, indicated in Fig. 3, cover an azimuthal angle width of
Dd = 10°. Within the ﬁrst 0.5 lm of the ﬁlm growth, no
crystalline diﬀraction can be detected for d = 0° (see
Fig. 4(a)). This is in agreement with conventional XRD
of the 0.5 lm thin ﬁlm (Fig. 2), and with transmission

Fig. 3. Summed-up nano-diﬀraction pattern of all 2-D diﬀraction
patterns recorded along the cross-section of 15 lm thin Ta2O5 ﬁlm.
The highlighted segments at azimuth angles d = 0°, 45° and 90°
indicate the areas used to obtain the nano-diﬀraction patterns as a
function of the ﬁlm thickness, which are presented in Fig. 4.

electron microscopy (TEM) investigations (not shown
here), which also indicate an amorphous structure. In
this 0.5 lm growth region, only a 001-orientation of an
orthorhombic structure can be detected for an azimuthal
angle of d = 90° (see Fig. 4(c)). For the following growth
region from 0.5 to 3 lm, 110 and 200 orientations are also
detectable for d = 0°. Consequently, these results also agree
with conventional XRD of the 3 lm thin Ta2O5 ﬁlms (see
Fig. 2). With a further increase in the ﬁlm thickness from
3 to 15 lm (i.e. the maximum thickness), the crystalline
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(a)

(b)
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(c)

Fig. 4. Evolution of the nano-diﬀraction patterns with ﬁlm thickness. These patterns are obtained from the three cake segments at azimuth angles of
(a) d = 0°, (b) 45° and (c) 90°, highlighted in Fig. 3. The vertical lines indicate the peak positions for the orthorhombic “Lehovec” structure [28].

nature becomes more pronounced. The results clearly document that, after 0.5 lm, the Ta2O5 ﬁlm exhibits an
orthorhombic structure throughout the ﬁlm thickness, with
pronounced 110 and 200 growth orientations. Overall, the
patterns agree with the orthorhombic structure proposed
by Lehovec [7]. This counts especially for lattice planes oriented perpendicular to the substrate surface represented by
the azimuth angle d = 90° (Fig. 4(c)). However, the lattice
planes oriented parallel to the substrate surface (Fig. 4(a)
and (b)) exhibit a rather large oﬀset. As this oﬀset does
not change across the ﬁlm thickness (see Fig. 4), it is
envisioned that the ﬁlms crystallize in a modiﬁed Lehovec
structure rather than in a strained structure. In the case
of ﬁrst-order strains, one would expect a changing peak oﬀset with increasing ﬁlm thickness owing to varying strains.
Further explanations for the formation of a modiﬁed Lehovec structure are provided later in Section 3.2, where the ab
initio calculations are discussed. The Lehovec model is
derived from the major diﬀraction peaks of the more accurate description of a stable Ta2O5 superstructure. Owing to
the necessary long-range ordering, the development of a
superstructure during growth of the Ta2O5 ﬁlms is unlikely,
as they are prepared by moderate-temperature physical
vapor deposition (PVD). Nevertheless, the superstructure
develops on annealing of the ﬁlms in vacuum or ambient
air, as discussed in the following paragraphs.
With increasing temperature during annealing in vacuum or air (Fig. 5(a) and (b), respectively), the XRD peaks
of the 15 lm thin Ta2O5 coating shift towards the indexed
peak positions of the Lehovec structure (which are part of
the superstructure). Additional XRD peaks can be detected
for annealing temperatures >800 °C, suggesting the development of a superstructure. The XRD patterns of the ﬁlms
after annealing at 1000 °C exactly match the 25L superstructure published by Audier et al. [10] as well as the basic
structure reported by Lehovec [7], which is a part of this
superstructure. It is speculated that the additional (not
indexed) peaks at diﬀraction angles 2h P 45° correspond
also to the superstructure, but the corresponding peak positions at these high diﬀraction angles have not been published by Audier et al. [10].
The development of a fully crystalline structure or the
increased degree of crystallinity on annealing, as suggested
by XRD, can also be observed in cross-sectional micrographs of the coatings annealed at 1000 °C in vacuum
(Fig. 6(a)) and air (Fig. 6(b)). In particular, the featureless

region near the substrate of the as-deposited coatings (see
Fig. 1) transformed into a pronounced crystalline fracture
pattern as a result of the annealing treatment. This is in
excellent agreement with previous results reported by Wu
et al. [32].

(a)

(b)

Fig. 5. Conventional XRD pattern of the 15 lm thin Ta2O5 ﬁlm
after annealing for 1 h at temperatures up to 1000 °C in (a) vacuum
and (b) ambient air.
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3.2. Calculations

Fig. 6. Cross-sectional SEM micrographs of the coatings deposited for
120 min after annealing for 1 h at 1000 °C in (a) vacuum and (b)
ambient air.

To investigate the eﬀect of the amorphous region and
the crystalline region on the chemical composition of the
Ta2O5 ﬁlms, ERDA measurements of the 0.5 and
15 lm thin ﬁlms were conducted. Both as-deposited samples are clearly substoichiometric, with O/Ta ratios of 2.39
and 2.33, respectively. On annealing in vacuum for 1 h at
1000 °C, the O/Ta ratio decreases even further from 2.33
to 2.23. In contrast, the corresponding annealing in air
leads to an increase in the O/Ta ratio to 2.57. Irrespective
of their diﬀerent chemical composition on annealing in vacuum or air, no diﬀerence in their crystalline structure can be
detected by XRD (compare Fig. 5(a) and (b)). This indicates that the Ta2O5 superstructures are tolerant for significant variations in the oxygen content. The 0.5 lm thin,
mainly amorphous, coating is characterized by a hardness
(H) of 8.2 ± 0.4 GPa and an indentation modulus (E) of
153 ± 17 GPa. These values increase to H = 14.3 ±
0.4 GPa and E = 188 ± 4 GPa with an increase in coating
thickness to 15 lm, as thereby the crystalline fraction also
increases. Their hardness only slightly decreases to
9.3 ± 0.5 and 9.4 ± 0.6 GPa, and their indentation moduli
decrease to 139 ± 6 and 139 ± 3 GPa on annealing at
1000 °C in vacuum or air, respectively. The reduction in
hardness and indentation modulus on annealing can be
attributed to recovery and recrystallization eﬀects, resulting
in a decreased defect density and stress state [33]. The
nearly identical mechanical properties of the coatings after
annealing in vacuum or air, which results in a diﬀerent O/
Ta ratio of 2.23 and 2.57, respectively, additionally support
that the Ta2O5 superstructures are tolerant for oxygen
variations.

Since the as-deposited ﬁlms do not show any superstructure peaks, several published orthorhombic structures of
Ta2O5 were selected for detailed ab initio studies, including
the subtraction-type model based on U3O8 [34] and the
basic-structure model described by Lehovec [7]. These are
compared with the superstructure model proposed by Stephenson and Roth [11]. The orthorhombic subtraction-type
model based on U3O8 is a possible basic structure with one
formula unit, the structure of Lehovec has two, and the Stephenson model is a superstructure containing 11 formula
units of Ta2O5 (77 atoms in the unit cell). However, the calculations show that the subtraction-type model based on
U3O8 is not stable in the orthorhombic crystal structure,
as it favors a monoclinic structure if a cell shape relaxation
is allowed (see Table 1). A full optimization (towards lower
total energy) of the crystal structure after Lehovec [7]
would result in a change from the orthorhombic structure
as well. Hence, the cell shape needed to be ﬁxed during
relaxation. However, by periodically alternating the occupied oxygen sites in succeeding 002-planes, the orthorhombic cell could be stabilized also during the full structural
relaxation. Within the original Lehovec structure (Fig. 7),
the oxygen ions denoted by O1, O2 and O3 correspond
to the same type, as they are always bonded to two
tantalum ions (Ta1–Ta1 or Ta2–Ta2 in the c direction;
Ta1–Ta1 in the b direction). The oxygen ions O4 and O5
correspond to another type, as they are bonded to three
tantalum ions (Ta1–Ta2–Ta2).
In contrast, the newly developed orthorhombic description (Fig. 8) shows a diﬀerent oxygen distribution. The oxygen ions O1, O2 and O5a/O5b are bonded to two tantalum
ions in the c direction (Ta1–Ta1 or Ta2–Ta2) and also two
tantalum ions in the a–b direction (Ta1–Ta2). The oxygen
ions O3 and O4 are three-coordinated to tantalum (Ta1–
Ta1–Ta2 or Ta2–Ta2–Ta1) (Fig 8(a)). Although the fully
relaxed structure is similar to that of Lehovec, there is an
important diﬀerence in the oxygen ion position labeled O5.
For the model, the occupied oxygen position periodically
alternates between O5a and O5b in succeeding 002-planes.
For simplicity, the new description is called b0 -Ta2O5, which
addresses the relation with the Lehovec model and the condition that one oxygen ion periodically occupies either position O5a or position O5b. The lattice parameters and the ion
positions of the fully relaxed b0 -Ta2O5 structure are given in
Table 2. The new b0 -Ta2O5 structure can also easily be

Table 1. Lattice parameters, energy of formation Ef and band-gapa of various Ta2O5 structures; the individual lattice parameters are normalized to
two formula units in the c direction; all presented values were calculated by DFT in this work for a comprehensible comparison.
Structure
0

Orthorhombic b -Ta2O5
Orthorhombic oxygen deﬁcient b0 -Ta2O5
Orthorhombic after Stephenson and Roth [11]
Orthorhombic after Lehovec [7]b
Hexagonal after Fukumoto and Miwa [31]c
Monoclinicd
a

a (Å)

b (Å)

c (Å)

Volume (Å3 atom1)

Ef (eV atom1)

Band gap (eV)a

6.425
6.462
6.270
6.297
7.341
6.837

3.769
3.722
3.759
3.724
–
3.071

7.706
7.654
7.648
7.894
7.780
7.988

13.339
13.811
12.878
13.224
12.965
11.651

3.209
3.146
3.259
2.947
3.006
2.962

2.5
2.5
1.5
0
1
1

The band gap is obtained from density of states calculations, presented in Fig. 9.
To keep the orthorhombic structure, the cell shape needed to be ﬁxed during relaxation.
c
This hexagonal cell can also be described as an orthorhombic cell with lattice parameters of a = 6.357 Å, b = 3.670 Å and c = 7.780 Å (for two
formula units in the c direction).
d
If the orthorhombic subtraction-type-model based on U3O8 [33] is relaxed (allowing also for cell shape changes), a monoclinic structure is obtained
with the inclined axis-angle of 104°.
b
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Table 2. Ion positions of the orthorhombic b0 -Ta2O5 structure with
lattice parameters for two formula units in the c direction of
a = 6.425 Å, b = 3.769 Å and c = 7.706 Å.

Fig. 7. Schematic of the c plane for the Ta2O5 structure proposed by
Lehovec [7].

described by the space group 53 (Pncm) with the Wyckoﬀ
positions as presented in Table 3. The lattice positions
thereby obtained exhibit a maximum deviation of only
0.0056 Å from the ion positions presented in Table 2. Consequently, they can be seen as identical.

Ion

x

y

z

Occupancy

Ta1
Ta2
Ta3
Ta4
O1
O2
O3
O4
O5a
O6
O7
O8
O9
O5b

0.00
0.45
0.00
0.45
0.98
0.46
0.11
0.34
0.72
0.98
0.47
0.11
0.34
0.72

0.00
0.41
0.91
0.50
0.95
0.45
0.47
0.94
0.20
0.95
0.45
0.44
0.97
0.70

0.00
0.00
0.50
0.50
0.25
0.25
0.00
0.00
0.00
0.75
0.75
0.50
0.50
0.50

1
1
1
1
1
1
1
1
1
1
1
1
1
1

Table 3. Wyckoﬀ positions for b0 -Ta2O5 within space group 53 (Pncm)
with lattice parameters of a = 6.425 Å, b = 3.769 Å and c = 7.706 Å.
Ion

x

y

z

Occupancy

Ta
O
O
O

0.7760
0.5000
0.8860
0.2425

0.7955
0.0000
0.2630
0.2500

0.0000
0.0000
0.0000
0.2500

1
1
1
1

The small but signiﬁcant diﬀerence between the model
and that of Lehovec is further illustrated when calculating
the local O/Ta ratio fox for speciﬁc Ta ions:
f ox ¼

n
X
1
i¼1

Fig. 8. Schematic of (a) the c plane and (b) the a plane for the ab initio
calculated b0 -Ta2O5 structure.

xi

ð1Þ

where n is the number of O ions surrounding the considered
Ta ion, and x is the coordination of O ions to Ta ions.
Local O/Ta ratios of fox = 2.66 around Ta1 and
fox = 2.33 around Ta2 ions clearly reveal two diﬀerent local
neighborhoods for the Lehovec model. Contrarily, the fully
relaxed b0 -Ta2O5 model yields exactly fox = 2.5 for Ta1 as
well as for Ta2. Consequently, all Ta positions are chemically equivalent and stoichiometric. This can only be
achieved by the periodic alternation of the occupied oxygen
site between position O5a and O5b in succeeding 002planes (see also Fig. 8(b)). This conﬁguration can conveniently be described by double-pyramidal building blocks
with irregular quadrilateral base planes, as visualized in
Fig. 8(a) by yellow lines. These building blocks form zigzag
chains in the b direction, and they are connected to neighboring chains via O5a ions and O5b ions in succeeding 002planes and vice versa.
Since the as-deposited crystalline coatings are not fully
stoichiometric, sub-stoichiometric conﬁgurations of the
b0 -Ta2O5 model with an O/Ta ratio of 2.33 were also considered. The formation of oxygen vacancies is energetically
more favorable than the generation of interstitial tantalum
ions or the substitution of oxygen by tantalum ions. Also,
the cell size needed for obtaining an O/Ta ratio of 2.33 is
much smaller for the case of oxygen vacancies. In the case
of additional interstitial tantalum ions, 7 unit cells of b0 Ta2O5 would be necessary, whereas only 3 unit cells are
necessary for the case of oxygen vacancies. Therefore, the
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ab initio studies were focused on oxygen vacancies, for
which a supercell with three times the b0 -Ta2O5 model in
the b direction was constructed, hence containing six times
the formula unit. Oxygen vacancies O1 and O2 were not
considered, as they correspond to the most stable positions.
The ab initio calculations show that the orthorhombic
structure is only stable if the oxygen vacancies are placed
at 3-coordinated oxygen positions, which are O3 and O4.
Thereby, the lattice parameters change from a = 6.425 Å,
b = 3.769 Å and c = 7.706 Å to a = 6.462 Å, b = 3.722 Å
and c = 7.654 Å, respectively (see Table 1). Both structures,
the stoichiometric as well as the substoichiometric b0 -Ta2O5
structure, better ﬁt the experimental structure analysis by
XRD than the Lehovec model, which is used to index the
individual peak positions in Figs. 2 and 5. This is also valid
for the X-ray nano-diﬀraction analysis across the coating
thickness, where, in particular, the 111 and 201 diﬀraction
peaks at azimuth angles of d = 0° and 45° (Fig. 4) are better
described by the b0 -Ta2O5 structure. Based on these results,
it is suggested that a signiﬁcant portion of the sputtered
Ta2O5 thin ﬁlms crystallize in the b0 -Ta2O5 structure.
The density of states (DOS) of the various Ta2O5 structures provides further evidence for the b0 -Ta2O5 model. In
particular, with the band-gap of 2.5 eV, Fig. 9(a) is much
closer to experiments (4 eV [2,35,36]) than the values
obtained for the other structures. The Stephenson superstructure yields a band-gap of 1.5 eV (Fig. 9(b)), the hexagonal low-temperature phase (d-Ta2O5) and the monoclinic
structure (obtained by a complete relaxation of the subtraction-type-model based on U3O8 [34]) yield even smaller
band-gaps (see Fig. 9(c) and (d), respectively). The orthorhombic structure by Lehovec hardly exhibits any band
gap (Fig. 9(e)) and is actually only stable during relaxation

if the cell shape is ﬁxed. As the underestimation of band-gaps
by GGA is a well-known deﬁciency of standard DFT, the
results for the b0 -Ta2O5 model suggest excellent agreement
with experiments. Introducing oxygen vacancies to the b0 Ta2O5 model (according to the above described procedure,
resulting in an O/Ta ratio of 2.33) causes no signiﬁcant
change in the calculated band-gap (see Fig. 9(f)), but leads
to defect-induced electronic states in the middle of the
band-gap. This was recently also observed for the Stephenson superstructure [37]. A similar model to the b0 -Ta2O5
structure was recently published by Wu et al. [36]. However,
their model yields fox values diﬀerent from 2.5 for the individual tantalum ions, which probably explain their much
smaller GGA band-gap <0.5 eV.
The energies of formation (Ef) of the discussed structures (Table 1) exhibit the largest negative value for the Stephenson superstructure with 3.259 eV atom1. However,
their formation requires kinetic activity and long-range
ordering processes, which are often not accessible during
fabrication, especially when using low- or medium-temperature PVD techniques such as for the Ta2O5 coatings (sputter deposited at 500 °C). Among the basic-structure types
investigated and reported, the proposed b0 -Ta2O5 structure
(composed of 14 atoms) provides the largest negative Ef
value with 3.209 eV atom1. This only slightly decreases
to 3.146 eV atom1, if oxygen vacancies are introduced
to allow the formation of substoichiometric Ta2O5 composites (with O/Ta = 2.33). The hexagonal low-temperature
phase (d-Ta2O5), the monoclinic structure, as well as the
Lehovec structure show considerably less negative energies of formations with Ef = 3.020, 2.962 and
2.947 eV atom1, respectively, and hence they are signiﬁcantly less favorable.
4. Summary and conclusions

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9. Ab initio calculated DOS for (a) the b0 -Ta2O5 structure, (b) the
orthorhombic superstructure after Stephenson and Roth [11], (c) the
hexagonal structure after Fukumoto and Miwa [31], (d) a monoclinic
structure (relaxed orthorhombic subtraction-type-model based on
U3O8 [34]), (e) the orthorhombic structure after Lehovec [7] and (f)
the oxygen-deﬁcient b0 -Ta2O5 for obtaining an O/Ta ratio of 2.33.

Tantalum pentoxide Ta2O5 thin ﬁlms were prepared by
reactive sputter deposition at 500 °C for detailed studies
of their growth morphology, structure and mechanical
properties. X-ray nano-diﬀraction studies across the
15 lm coating thickness exhibited a nearly amorphous
region for the ﬁrst 0.5 lm to be followed by a pronounced
110–200 growth orientation. Owing to limited kinetic activity and limited long-range order processes during the deposition of the ﬁlms, only an orthorhombic basic structure
developed, while no trace of a superstructure was found.
The latter, which is the stable conﬁguration for crystalline
Ta2O5, only develops in the ﬁlms if they are annealed at
temperatures >800 °C in vacuum or air. Although the
annealing treatment in vacuum or air leads to a change in
the chemical composition from the as-deposited O/Ta ratio
of 2.33 to 2.23 and 2.57, respectively, the structure is almost
identical. In combination with the almost identical hardnesses of 9.3 ± 0.5 and 9.4 ± 0.6 GPa and indentation
moduli of 139 ± 6 and 139 ± 3 GPa after these treatments,
this suggests that the Ta2O5 structure is ﬂexible for slight
oxygen variations.
Based on ab initio calculations, one can conclude that the
as-deposited structure is best described by a modiﬁed orthorhombic Lehovec structure. Starting from the Lehovec
structure, the new model is based on two formula unit blocks
in the c direction, hence 14 atoms, but varies in the occupied
oxygen sites in the 002-planes. In the model, the occupied
oxygen site periodically alternates between two possible
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positions in succeeding 002 planes. Thereby, the local O/Ta
ratio of any Ta position is always 2.5. This is a unique conﬁguration among all structures investigated. Further
evidence for the b0 -Ta2O5 is provided by the energy of formation and density of states. Among all non-superstructure
models, the b0 -Ta2O5 structure exhibits the most negative
value for the energy of formation with 3.209 eV atom1
and a band-gap of 2.5 eV, which is closest to the experimental value of 4 eV. Actually, b0 -Ta2O5 is almost as stable as the
well-accepted orthorhombic Stephenson superstructure
yielding Ef = 3.259 eV atom1, for which long-range
ordering of 77 atoms in the unit cell is necessary.
Consequently, the description of a metastable orthorhombic Ta2O5 structure, with lattice parameters of
a = 6.425 Å, b = 3.769 Å and c = 7.706 Å, is ideal for
materials without long-range ordering (and the thereby
missing formation of a superstructure) as well as for
detailed atomistic studies, owing to the much smaller necessary cell sizes. The b0 -Ta2O5 structure proposed here can
easily be described by space group 53 (Pncm) with four
Wyckoﬀ positions.
Acknowledgements
The ﬁnancial support by the START Program (Y371) of the
Austrian Science Fund (FWF) and the Austrian Federal Ministry
of Economy, Family and Youth and the National Foundation for
Research, Technology and Development is greatly acknowledged.
The European Community as an Integrating Activity “Support of
Public and Industrial Research Using Ion Beam Technology
(SPIRIT)” under EC contract no. 227012 has further supported
this work. The nano-focus end-station was equipped through
ﬁnancial support by the German Federal Ministry of Education
and Research (BMBF, Projects 05KS7FK3 and 05K10FK3),
which is also greatly acknowledged. The authors thank the P03
team for provision of the beam to the nano-focus end-station.
Thanks are also due to the XRC and the USTEM of the Vienna
University of Technology.

References
[1] S. Ezhilvalavan, T. Tseng, Preparation and properties of
tantalum pentoxide (Ta2 O5) thin ﬁlms for ultra large scale
integrated circuits (ULSIs) application – a review, J. Mater.
Sci. Mater. Electron. 10 (1999) 9–31.
[2] C. Chaneliere, J.L. Autran, R.A.B. Devine, B. Balland,
Tantalum pentoxide (Ta2O5) thin ﬁlms for advanced dielectric
applications, Mater. Sci. Eng. R Rep. 22 (1998) 269–322.
[3] N. Donkov, A. Zykova, Tantalum pentoxide ceramic coatings
deposition on Ti4Al6V substrates for biomedical applications,
Prob. At. Sci. Technol. Ser. Plasma Phys. (2011) 131–133.
[4] S. Maeng, L. Axe, T. Tyson, L. Gladczuk, M. Sosnowski,
Corrosion behaviour of magnetron sputtered a- and b-Ta
coatings on AISI 4340 steel as a function of coating thickness,
Corros. Sci. 48 (2006) 2154–2171.
[5] M. Audier, B. Chenevier, H. Roussel, L. Vincent, A. Peña, A.
Lintanf Salaün, A very promising piezoelectric property of
thin ﬁlms. I: monoclinic–trigonal phase transition, J. Solid
State Chem. 184 (2011) 2023–2032.
[6] M. Audier, B. Chenevier, H. Roussel, L. Vincent, A. Peña, A.
Lintanf Salaün, A very promising piezoelectric property of
Ta2O5 thin ﬁlms. II: birefringence and piezoelectricity, J. Solid
State Chem. 184 (2011) 2033–2040.
[7] K. Lehovec, Lattice structure of b-Ta2O5, J. Less Common
Met. 7 (1964) 397–410.
[8] S.-H. Lee, J. Kim, S.-J. Kim, S. Kim, G.-S. Park, Hidden
structural order in orthorhombic Ta2O5, Phys. Rev. Lett. 110
(2013) 235502.

283

[9] I.E. Grey, W.G. Mumme, R.S. Roth, The crystal chemistry of
L-Ta2O5 and related structures, J. Solid State Chem. 178
(2005) 3308–3314.
[10] M. Audier, B. Chenevier, H. Roussel, A. Lintanf Salaün,
Second order incommensurate phase transition in 25L-Ta2O5,
J. Solid State Chem. 183 (2010) 2068–2076.
[11] N.C. Stephenson, R.S. Roth, Structural systematics in the
binary system Ta2O5–WO3. V. The structure of the lowtemperature form of tantalum oxide L-Ta2O5, Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem. 27 (1971) 1037–
1044.
[12] Lagergren, On the tantalum–oxygen system, Acta Chem.
Scand. 6 (1952) 444–446.
[13] S.R. Jeon, S.W. Han, J.W. Park, Eﬀect of rapid thermal
annealing treatment on electrical properties and microstructure of tantalum oxide thin ﬁlm deposited by plasmaenhanced chemical vapor deposition, J. Appl. Phys. 77
(1995) 5978.
[14] H. Hummel, R. Fackler, P. Remmert, Tantaloxide durch
Gasphasenhydrolyse, Druckhydrolyse und Transportreaktion
aus 2H-TaS2: Synthesen von TT-Ta2O5 und T-Ta2O5 und
Kristallstruktur von T-Ta2O5, Chem. Ber. 125 (1992) 551–
556.
[15] R. Hollerweger, D. Holec, J. Paulitsch, R. Rachbauer, P.
Polcik, P.H. Mayrhofer, Magnetic ﬁeld strength inﬂuence on
the reactive magnetron sputter deposition of Ta2O5, J. Phys.
D. Appl. Phys. 46 (2013) 335203.
[16] N.P. Barradas, C. Jeynes, R.P. Webb, Simulated annealing
analysis of Rutherford backscattering data, Appl. Phys. Lett.
71 (1997) 291.
[17] W.C. Oliver, G.M. Pharr, An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments, J. Mater. Res.
7 (2011) 1564–1583.
[18] C. Krywka, H. Neubauer, M. Priebe, T. Salditt, J. Keckes, A.
Buﬀet, et al., A two-dimensional waveguide beam for X-ray
nanodiﬀraction, J. Appl. Crystallogr. 45 (2011) 85–92.
[19] C. Krywka, J. Keckes, S. Storm, A. Buﬀet, S.V. Roth, R.
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