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Ceramic thin films of tantalum oxide of a new trigonal structure (a¼12.713(7) Å, a¼ 28:201ð0Þ1, space-

group R3) were produced by thermal treatments of amorphous deposits on (001)Si wafers, either by

electrostatic spray deposition or by injection metal-organic chemical vapor decomposition. This

trigonal phase comes from the transformation of a monoclinic phase 11L- or 25L-Ta2O5. The

transformation is reversible under oxygen atmosphere and, from results of TEM investigations, occurs

mainly via atomic motions along the z unique axis of the monoclinic structure parallel to the polar

three-fold axis of the trigonal structure. The non-centrosymmetry and direction of polar axis of the

trigonal phase, identified by high resolution TEM imaging, indicate a possibility of very high electric

dipole moments linked to a strong piezoelectricity. From results of XPS analyses of both monoclinic and

trigonal structures, the binding energies remain similar to those of Ta2O5. As the formation of the

trigonal structure gives rise to an important volume expansion, stresses induced in ceramic thin films

are likely influencing both properties of birefringence and piezoelectricity which are presented in a

separated article (part II). It is mentioned that the formation of trigonal phase does not occur in bulk

Ta2O5 samples, for which an incommensurate phase transition has been observed in a previous work.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The tantalum pentoxide Ta2O5 and related compounds in the
system Ta2O52WO3 are known to exhibit various commensurate
[1–8] and incommensurate [9–12] structures at low temperature,
i.e. for Tu 1320 1C where Ta2O5 undergoes a structural transfor-
mation [13]. In a quite recent article, Grey et al. [8] have yielded a
detailed review of the crystal chemistry of these phases and
determined a new structure called 19L-Ta2O5 by single crystal
X-ray diffraction. In the notation of structure, L stands for low
temperature phase and 19 is a multiple integer (m) of a parameter
bo of an orthorhombic sub-cell proposed by Lehovec [14]
(ao ¼ 6:20 Å, bo ¼ 3:66 Å, co ¼ 3:89 ÅÞ. The approach of Lehovec
has been proved to be very useful since different L-Ta2O5 related
commensurate structures with different multiplicities of 5, 8, 11,
13, 14 and 19 were identified ([8] and references there-in). As the
m values obey to specific rules [3,8], a general model proposed by
Grey et al. explains not only the structural chemistry in the
known mL-Ta2O5-related structures but also allows one to predict
other structures. This was the case for a new 25L-Ta2O5 structure
ll rights reserved.

Audier).
that we have observed in a bulk material [15]. In the model of
Grey et al., all the structures are monoclinic, based on packing of
similar polyhedra corresponding to TaO6 octahedra and TaO7

pentagonal bipyramids which, assembled in different sequences,
exhibit a symmetry either P or C. Besides, the space-group of the
19L-Ta2O5 structure being centrosymmetric (C112/m), application
of this model implies that all m L-Ta2O5-related structures are
centrosymmetric.

Piezoelectric properties have been found by a number of
authors [16–22] in crystallized Ta2O5 thin films obtained by
sputtering techniques. As structures must be non-centrosym-
metric, Ta2O5 crystal structures in thin films could be different
of those observed in bulk materials. Nakagawa et al. [16–19]
report that Ta2O5 thin films with an oriented monoclinic structure
(the b phase [1]) belonging to point group m (ab ¼ 7:31 Å,
bb ¼ 15:53 Å, cb ¼ 21:54 Å, b¼ 120:351) exhibit a piezoelectric
property comparable to ZnO and can be used as surface acous-
tic-wave device with good characteristics at high temperature.
The monoclinic b phase is actually related to the Lehovec sub-cell
as ab ¼ 2bo, bb ¼ 4co, cb ¼ 3ao�3bo [1]. Qualitative results on the
surface acoustic-wave properties of Ta2O5 films were also pub-
lished by Viljoen and Jooste [20,21]. Parmentier et al. [22] report a
piezoelectric property of Ta2O5 thin films of 11L-Ta2O5 structure
of space-group Pmm2 according to the International Centre for
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Table 1
Structures of Ta2O5 thin films prepared by ESD and i-MOCVD as a function of different thermal treatments.

Sample type (thickness) Thermal treatments (tt) Cooling rate Structures

ESD 20 nm tt1: 980 1C, 1 h, O2 5 1C min�1 Monoclinic 11L-Ta2O5þ trigonal (R3)

(tt1)þtt2: 980 1C, 1 h, O2 Quenched Monoclinic 11L-Ta2O5 only

(tt1þtt2)þtt3: 980 1C, 1 h, O2 5 1C min�1 Monoclinic 11L-Ta2O5 þ trigonal (R3)

i-MOCVD 67 nm 850 1C, 1 h, O2 quenched Monoclinic 25L-Ta2O5

i-MOCVD 67 nm 850 1C, 2 h, O2 5 1C min�1 Monoclinic 25L-Ta2O5

i-MOCVD 67 nm tt1: 850 1C, 1 h, N2 5 1C min�1 Monoclinic 25L-Ta2O5

(tt1)þtt2: 850 1C, 2 h, N2 5 1C min�1 Monoclinicþ trigonal (R3)
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Diffraction Data [23].1 Using an extrinsic Fabry–Perot interferom-
eter, the relative thickness variation under an oscillating electrical
field measured by these authors was � 13 pm/V while they were
expecting a value of 200 pm/V. However, we did not find any
reference for such a value.

In the present work, we have studied the structure of crystal-
lized Ta2O5 thin films, obtained initially in an amorphous state by
two different techniques—electrostatic spray deposition (ESD)
and injection metal-organic chemical vapor decomposition
(i-MOCVD). These films were crystallized through different ther-
mal treatments (Section 2). The general model for L-Ta2O5

structures proposed by Grey et al. [8] was used to identify
different monoclinic structures observed by high resolution
transmission electron microscopy (HRTEM) (Section 3.1). Char-
acteristics of a reversible phase transformation between these
monoclinic structures and a trigonal structure are presented in
Section 3.2. From the symmetries observed by HRTEM imaging,
the trigonal structure is identified to be non-centrosymmetric
(Section 3.3). The mechanism of the transformation is analyzed
and with respect to both solutions of space-groups R3c and R �3c

deduced from the reflection conditions of a y=2y X-ray diffraction
pattern, it is shown that the actual space-group is R3 but with
reflection conditions resulting of particular symmetries between
atomic sites. As an oxygen diffusion due to a partial reduction of
Ta5þ cations could be considered, XPS analyses performed on
both structures, indicate that the stoichiometry remains actually
similar to this of Ta2O5. On account of the present results, we
conclude that an interesting property of piezoelectricity could be
expected for the trigonal Ta2O5 phase. For this reason, prelimin-
ary results on a study related to properties of birefringence and
piezoelectricity of these structures will be presented in a follow-
ing paper (part II).
2. Experimental

Fabrications of Ta2O5 thin films have been reported in articles
from Lintanf Salaün et al. [24,25] for the ESD and e.g. Fang et al.
[26] for the i-MOCVD. The chemical precursors were the tantalum
(V) tetraethoxide pentanedionate (Ta(OC2H5)4(CH3 COCHCOCH3,
Alfa Aesar, 99.99% Ta) for ESD and the tantalum tetraethoxide
dimethylaminoethoxide (Ta(OC2H5)4O(CH2)2N(CH3)2, Multivalent
Laboratory, Ltd., UK2) for i-MOCVD. Both types of film were
deposited on (001)Si wafers in an amorphous state. Their thick-
ness were in a range of 20–40 nm for the ESD and 5–100 nm for
the i-MOCVD. In the present study a series of thermal treatments
were applied in order to study their crystallization by TEM and
1 Such a space-group Pmm2 is not mentioned in Ref. [7] cited on the JCPDS

card No. 25-0922. Actually, only x, y atomic coordinates have been refined in the

plane group pm with z coordinates assumed to be either 0 or 1
2.

2 Formerly Inorgtech, Ltd., UK, then Epichem, Ltd., UK and after Multivalent

Laboratory, Ltd., UK.
y=2y X-ray diffraction. The experimental conditions used for these
thermal treatments are reported in Table 1 with the film thick-
ness and results on the observed structures. Through three
successive thermal treatments (noted tt1, tt2 and tt3 in Table 1)
performed on a film prepared by ESD at 980 1C under oxygen, it
was shown that a 11L-Ta2O5 monoclinic phase transforms into a
trigonal phase by slow cooling and that this transformation is
reversible with temperature. The formation of the trigonal phase
also occurs in a film prepared by i-MOCVD through a slow cooling
from 850 1C under nitrogen atmosphere but not under oxygen. In
this case, one might assume that thermodynamic equilibria with
different Ta2O5 (or TaxOy) structures depend on the oxygen
pressure. For instance, an increase of the oxygen pressure at
850 1C could stabilize the monoclinic phase.

TEM observations were carried out on a JEOL 2011 UHR (i.e. for
ultra high resolution) and X-ray diffraction diagrams on tantalum
oxide films were recorded from a y=2y goniometer using the CuK

a1 wavelength. TEM samples were small fragments, obtained by
scratching the film surface with a diamond tip, which were
deposited on copper grids coated with holey carbon films.
3. Results

3.1. Structure of the crystallized films after quenching

Fig. 1(a,b) shows TEM bright field images of the crystallized
films prepared by ESD and i-MOCVD after a rapid cooling from
980 and 850 1C, respectively. Corresponding selected area elec-
tron diffraction (SAED) patterns of [001] zone axis and images of
the film cross-sections are shown in insets. Both these parts of
films are constituted of domains of monoclinic phase of 3 (or 6)
different orientations related by angles of 1201 (or 601) around
the [001] axis. Structural defects in between domains of the film
prepared by ESD (see arrows in Fig. 1(a)) appear to be aligned
along directions related by rotation angles of 1201. These micro-
structures gives rise to a pseudohexagonal symmetry observed on
SAED patterns but from which Bravais lattices cannot actually be
identified. The observed reflections were nevertheless found to be
in agreement with hk0 reflections of the Lehovec sub-cell. Only
the large contrast periodicities of about 4:570:6 nm observed on
these images indicate large cell parameters of the type b¼mbo.
These films did not seem to be textured because different crystal-
lographic orientations normal to the (001)Si substrate surface
have been observed.

[001] sections of Bravais lattices could be identified from
HRTEM images associated to their fast Fourier transform (FFT).
A projection of the atomic structure normal to the [001] direction
was then derived from the structural rules of Grey et al. [8] in
order to check structural agreements between HRTEM observa-
tions and image simulations calculated by the multislice method
[27]. For instance, Fig. 2(a) shows a HRTEM image of a very thin
fragment of the film prepared by ESD. The focalization of the



Fig. 1. Bright field TEM images of the crystallized films of different monoclinic

structure prepared by ESD (a) and i-MOCVD (b) within insets their corresponding

SAED patterns of [001] zone axis and images of sample cross-sections. The arrows

in (a) point to structural defects between domains.

Fig. 2. (a) HRTEM image of a Ta2O5 film obtained by ESD and rapidly cooled down

from 980 1C; (b) FFT corresponding to selected circular area situated in between the

observed structural faults; (c) structural model for 11L-Ta2O5 derived from crystal-

lographic data and structural rules of Grey et al. [8] and (d) comparison between an

enlarged image of (a) and a simulated image. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

3 As there are 22 Ta and 58 O in the unit cell, one can consider either 3 O

vacancies or 0.6 Ta interstitial atoms in order to achieve a Ta2O5 stoichiometry.
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objective lens was close to the condition of Scherzer defocus
Df ¼�1:2ðCslÞ1=2

¼�42:5 nm for a spherical aberration coefficient
Cs ¼ 0:5� 106 nm and an electron wavelength l¼ 2511� 10�6 nm.
The orientation of the crystal fragment is of [001] zone axis from the
FFT of the image in (b). This FFT is related to a selected circular area
situated in the middle part of the image in between the structural
defects. Both spots, indexed as 200 and 020 correspond to reflec-
tions of the Lehovec sub-cell. Thus, assuming that the hk0 rows of
spots parallel to the 0k0 row are periodic with a period Dqx, one
obtains in the direct space a period b¼ 22d020 ¼ 22bo=2¼ 40:26 Å
and m¼11. The structure of 11L-Ta2O5 can be assumed here to be
monoclinic of space-group P112/m or P112 due to a gn angle
between an

o and bn

o of 92.21 and no condition on hkl reflections.
The [001] projection of 11L-Ta2O5 as deduced from the structural
rules of Grey et al. [8,15] is represented in Fig. 2(c). Ta atoms at z¼0
are represented by large balls of green color and O atoms at z¼0 by
small blue balls. There is another layer of oxygen atoms at z¼ 1

2 (not
represented) which x, y coordinates correspond to those of Ta atoms
at z¼0. As described by Grey et al. Ta atoms occupied either the
center of distorted TaO7 pentagonal bipyramids (i.e. the pentagon in
blue on the [001] projection) or the center of distorted TaO6 oxygen
octahedra which are in between parallel folded chains of edge-shared
TaO7 polyhedra. Let us note that from X-ray structural refinements,
Grey et al. [8] have also found that Ta2O5 stoichiometry is achieved
through Ta interstitial atoms situated at z¼ 1

2 next to TaO6 octahedra
(as previously suggested by [14]). But, other authors [9–12] have
considered oxygen vacancies instead of Ta interstitial atoms.3 Also
let us point out that if the b cell parameter of 11L-Ta2O5 correspond
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to 11 bo, the distance bo/2 corresponds only to an average distance
between the successive planes of Ta atoms parallel to (010). Along
the [010] direction, Ta atoms form two types of zig-zag rows which
are best seen at a glancing angle. The comparison between an
enlarged central part of the image (a) and the [001] projection of
the 11L-Ta2O5 structure superimposed to a simulated HRTEM image
is shown in Fig. 2(d). This simulated image was obtained for a sample
thickness of 2.7 nm and a defocus value of �39 nm, which is close to
the Scherzer defocus (�42.5 nm). Similar simulated images were
also obtained for thickness variations of 1–2.9 nm and defocus values
of �20 to �40 nm. The [001] Ta–O atomic columns correspond to
black dots while O columns are not visible. The zig-zag rows of Ta–O
columns appear to be similar between both simulated and HRTEM
images, which confirms a 11L-Ta2O5 structure and the validity of
structural rules proposed by Grey et al. [8]. In this case, however,
study of the piezoelectric behavior of this 11L-Ta2O5 structure as it
has been done by Parmentier et al. [22] requires to consider a few
atomic shifts along the z axis in accordance with the symmetry
operator of the non-centrosymmetric space-group P112 (i.e. /x, y,
z/ �x, �y,z/ which through a shear parallel to [100] (or [010]) (such that
g¼ 901Þ could actually be related to the symmetry operators of
orthorhombic space-group Pmm2 (/x, y, z/�x, �y,z/ x, �y,z/ �x,y,z/ with no
condition on hkl reflections [23]).

The structural defects within the Ta2O5 thin film prepared by
ESD can be analyzed using a superimposed [001] projection of the
11L-Ta2O5 structure. From the representation shown in Fig. 3 and
in Fig. 1(a) they appear to correspond to missing 001 columns of
Ta atoms along {1110} and {100} planes of the 11L-Ta2O5

structure. Such a feature could seem surprising since either Ta
interstitial atoms or oxygen vacancies are expected in this
structure. However, we cannot identify if oxygen vacancies (or
cationic impurities) are associated with these Ta vacancies for
satisfying a charge equilibrium.

A similar type of study has been performed on the Ta2O5 film
prepared by i-MOCVD and rapidly cooled down. The 25L-Ta2O5

monoclinic structure (a¼ 6:20 Å, b¼ 25bo ¼ 91:5 Å, c¼ 3:89 Å,
g� 901, C112/m (or C112)) was identified as it has previously
been found in a bulk material [15].

3.2. Phase transformation

The monoclinic-to-trigonal transformation occurs by slow
cooling at 5 1C min�1, from 980 1C under O2 for the ESD film
and from 850 1C under N2 for the i-MOCVD film (Table 1).
Lamellae of trigonal phase formed within the monoclinic phase
can be observed in the central part of the bright field image in
Fig. 3. Structural defects corresponding to alignments of columns of Ta and

probably O vacancies.
Fig. 4(a). The HRTEM image (b) shows that interfaces between
both phases are planes and that the trigonal structure exhibits, a
priori, a twinning. On account of the electron diffraction patterns,
related to selected area of interfaces between both phases
(Fig. 4(c)), the habit planes between both trigonal and monoclinic
structures are {111} parallel to {001}, respectively and the
twinning would be of (111) type. Reflections corresponding to
the Lehovec sub-cell of the monoclinic structure are indexed on
the left part of each pattern and those corresponding to the
trigonal structure (rhombohedral cell) are indexed in the right
part. The indexing of the trigonal structure is such that l¼ 2n for
Fig. 4. (a) TEM bright field image of the Ta2O5 film prepared by i-MOCVD, cooled

down at 5 1C min�1 after a thermal treatment at 850 1C under N2 for 1 h;

(b) HRTEM images related to the interface between both monoclinic and trigonal

phases; (c) set of corresponding SAED patterns from which a trigonal structure can

be identified. Crystallographic orientational relationships with the monoclinic

phase were deduced from these patterns.
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hhl reflections. The hhh reflections with h odd observed on the
pattern of ½ �12 �1� zone axis but not on the pattern of ½10 �1� zone axis
result of double diffraction effects. Therefore, on account of
reflection conditions, the space-group of the trigonal structure
could be either R3c or R �3c. The occurrence of (111) twinned
lamellae can be interpreted from the two possibilities for
orienting the trigonal phase with respect to the pseudo six-fold
symmetry of the monoclinic phase.

The crystallographic orientational relationships (COR) deduced
from diffraction patterns are: ½111�RJ½001�o, ½ �12 �1�RJ½010�o and
½10 �1�RJ½100�o, where subscripts R and o stand for the rhombohe-
dral cell and the orthorhombic sub-cell of Lehovec, respectively.

By reference to the cell parameter values of the orthorhombic
sub-cell, those of the trigonal structure were determined as
corresponding to a� 12:7 Å, a� 28:21.

Note that TEM observations of sample cross-sections after
phase transformation in nitrogen atmosphere showed that the
thickness of Ta2O5 and SiO 2 films remained nearly unchanged.

Similar results were obtained for Ta2O5 films prepared by ESD.
An increase of the SiO2 film thickness was however observed
because thermal treatments were performed in oxygen atmo-
sphere (Table 1).

Cell parameter values were then accurately determined by
y=2y X-ray diffraction using the fine double diffraction reflection
002 of the Si substrate as reference, i.e. d002 ¼ 2:7155 Å (Fig. 5).
From a refinement of cell parameter values, we have obtained
a¼ 12:713ð7Þ Å, a¼ 28:201ð0Þ1 for rhombohedral axes and
ahex ¼ 6:194ð6Þ Å, chex ¼ 36:599ð9Þ Å, g¼ 1201 for hexagonal axes.
The ahex value appears almost equal to this of ao (6.20 Å). Both
lattices of monoclinic and trigonal structures are incommensurate
along their habit planes ð111ÞRJð001Þo and along their axes
½111�RJ½001�o (i.e. chex=co ¼ 9:4087Þ. From the X-ray diffraction
pattern observed in Fig. 5, the majority phase corresponds to
the trigonal structure. The most intense reflections of both
trigonal and monoclinic phases are 222 and 001o, respectively.
The possibility of a fiber texture of axis ½111�RJ½001�o normal to
the substrate surface, which would be different of the strong
texture of ð110Þo (or ð200ÞbÞ planes parallel to the substrate
surface observed by Nakagawa et al. [17] has been envisaged.
However, the result of an analysis of a {123} pole figure by X-ray
Fig. 5. y=2y X-ray pattern of the tantalum oxide film prepared by i-MOCVD,

cooled down at 5 1C min�1 after a thermal treatment at 850 1C under N2 for 1 h.

Indexing of the reflections are in black for the trigonal phase, green for the Si

substrate and red for the orthorhombic sub-cell of Lehovec. (For interpretation of

the references to color in this figure legend, the reader is referred to the web

version of this article.)
diffraction on a texture goniometer showed no ring 123 at a polar
angle of 63.0811 corresponding to the angle between the ½111�R
axis normal to the sample surface and the diffracting vectors of
123 reflections.

One can note that a reflection 333 of very small intensity,
indicated in brackets in Fig. 5, is not allowed by the reflection
conditions of space-groups R3c and R �3c. Although such a reflec-
tion is not observed on SAED patterns, other possibilities of space-
groups corresponding to maximal non-isomorphic subgroups
cannot be excluded, i.e. the R3 subgroup of R3c and both R32
and R �3 subgroups of R �3c. Such subgroups will be considered in
the next section for interpreting HRTEM images.

A reversibility of this phase transformation has been found
through different thermal treatments applied to the Ta2O5 film
prepared by ESD (Table 1). Compared to the monoclinic phase, the
trigonal structure can be considered as the stable state at low
temperature since it is only formed by slow cooling. A particu-
larity of this transformation would be therefore occur with a
symmetry increase on cooling (if it occurs without oxygen
diffusion). Such an unusual behavior has also been found for
transitions in ferroelectric phases of potassium sodium tartrate
KNaC4)H4O6–4H2O (or Rochelle salt) and Ba2NaNb5O15 [28].

TEM observations of the growth front of lamellae of trigonal
structure within the monoclinic phase show that the transforma-
tion occurs with a rational ratio of 3 periods of 001o fringes for
2 periods of 222R fringes (Fig. 6). On the image (a) viewed along a
zone axis ½010�oJ½

�12 �1�R, the growth front of a lamellae of thick-
ness 2 �dð222ÞR comes from the transformation of monoclinic
phase of thickness 3 �dð001Þo. If 010 rows of black spots observed
in this image correspond to (001) planes of Ta–O atoms of the
monoclinic structure, then we can assume that two adjacent
planes come together with a rearrangement in three-fold sym-
metry to form a layer of Ta–O atoms in the trigonal structure. For
a thicker lamellae of 4� dð222ÞR observed in (b) along a zone axis
½100�oJ½10 �1�R, this gathering of two adjacent planes (001) Ta–O
into one single layer is periodic with a period of 3 �d001 (see
periodic arrows at 3 �d001 corresponding to arrows at 2 �d222Þ.
The third image (c) shows that the ratio of periods is still 3/2 (15
periods of 001o fringes for 10 periods of 222R fringes). Measuring
each lamellae thickness on this image (i.e. corresponding to
Fig. 6. Growth fronts of lamellae of different thicknesses where it appears that the

ratio of periods for the transformation between the monoclinic and trigonal

phases is 3/2.
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15 �d001 and 10 �d222Þ, one checks that the ratio of length is in
agreement with the expansion ratio deduced from the cell
parameter values, i.e. ðð2� 1

6 chexÞ=3� coÞ ¼ 1:045.
A rational ratio of periods between both monoclinic and

trigonal structures is in agreement with a property of reversibility
for the transformation. The phase transformation is apparently
displacive although it is associated to an important expansion
ratio along the ternary axis (i.e. 1.045). The overall volume
expansion ratio can be estimated with respect to the volume of
the Lehovec sub-cell (Vo ¼ aobocoÞ; one has:

a2
hex

aobo

ffiffiffi
3
p �

chex

9co
¼

3

2

Vhex

Vo
¼

9

2

VR

Vo
0¼

9

2
a3

R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�3cos2aþ2cos3a
p

aoboco
¼ 1:0207

Conjointly to the expansion ratio along the [111]RJ½001�o axes,
there is a slight radial contraction of (001) monoclinic planes of
pseudohexagonal symmetry into (222) rhombohedral planes of
ða2

h=aobo

ffiffiffi
3
p
Þ
1=2
¼0.988.

Assuming that the Lehovec sub-cell contains 1 Ta2O5 formula
unit in average, the rhombohedral cell (VR) might contain 4.5
Ta2O5 formula units, i.e. 9 Ta atoms and 22.5 oxygen atoms,
which would imply oxygen vacancies if tantalum cations are all
Ta5þ . But a phase transformation occurring via oxygen diffusion
and a partial reduction of Ta5þ into Ta4þ might also be con-
sidered. In this case the number of oxygen could be reduced to an
integer.

Let us note that, in the case of a non-centrosymmetric
structure, dipole moments can be formed in each crystal grain
due to stresses generated by the volume expansion. But, the
resulting polarization, corresponding to the vector sum of dipole
moments, must be null since the vector sum of stresses is also
null in isotropic polycrystalline films.

3.3. Space-group analysis

In this section a space-group analysis of the trigonal phase is
reported and a possible model of atom rearrangement at the
monoclinic-to-trigonal transformation is proposed.

From the International tables for crystallography [29], the
symmetry of special projections along [111], ½1 �10� and ½2 �1 �1� of
trigonal structures of space-group R3c, R �3c and related subgroups
are different (Table 2).

In most cases the non-centrosymmetry of piezoelectric phases,
for instance, related to a perovskite-type structure cannot be
identified by HRTEM imaging because the off-center shifts of
cations are very small. As a consequence the observed symmetry
of special projections correspond to those of centrosymmetric
space-groups. In the present case, however, the departure to
centrosymmetry appears to be very pronounced as it is unam-
biguously identified from high resolution images of ½ �12 �1� zone
axis (Fig. 7). Along this zone axis the pattern of large white
dots exhibits a symmetry p1g1 corresponding to two horizontal
glide planes, i.e. reflections through mirror planes followed by
Table 2

Symmetry of special projections for the space-groups R3c, R �3c and related

maximal non-isomorphic subgroups.

[111] [1 �10] [2 �1 �1]

R3c p31m p1 p1g1

R3 p3 p1 p1

R �3c p6mm p2 p2gm

R �3 p6 p2 p2

R32 p3m1 p2 p11m
displacements by half unit cell parallel to glide planes (see the
rectangular unit cell represented in Fig. 7(b) with glide planes
represented by dotted lines). From the projection of the rhombo-
hedral unit cell, with an origin at the intersection of a glide plane
with a vertical row of white dots, one determines that the 2D
array of white dots correspond to a projection of a 3D array of
points deduced from symmetries of R3c space-group applied to
x¼ 1

3 ,y¼ 2
3 ,z¼ 0 (the yellow balls in Fig. 7(b)).

However, at variance with the result of X-ray diffraction, a full
agreement with the R3c space-group is not fulfilled because the
periodicity of alternating bands of gray and dark contrast in
between these vertical rows of large white dots is not d222 but
d111.4 A period equals to d111 is confirmed when looking at the
lamellae of trigonal structure in between two parts of monoclinic
structure, shown in (c). There is an inversion of contrast between
(b) and (c) due to different conditions of focalization of the
objective lens.

Besides, from the dissymmetric positions of the gray dot rows
observed within dark bands in (b), the overall symmetry of the
projection is actually p1 and therefore characteristic of the space-
group R3. It results that both opposite directions of the [111]
polar axis can be distinguished on this HRTEM image. Thus,
polarity inversions, which could be characteristic of a ferroelectric
phase, can be identified from small horizontal shifts of gray dots
within the dark bands. For instance, as it can be observed on the
left part of image (a) the gray dots which appear progressively
shifted from the left to the right along the ½ �101� direction of dark
bands could be characteristic of an inversion of polarity along the
[111] polar axis.

Considering that the monoclinic 11L-Ta2O5 (or 25L) structure
is likely piezoelectric [22] with a space-group P112, both polar
axes ½001�o and ½111�R remain therefore parallel through the phase
transformation.

Along a ½ �101� zone axis, dissymmetric contrast variations with
respect to a two-fold rotation (p2) are observed (Fig. 8(a)). There-
fore, the symmetry of the ½ �101� projection is p1 in agreement with
both space-groups R3 and R3c. Moreover, this dissymmetric
contrast is not inverted through both (111) twin planes. Thus,
instead of twin planes, (111) stacking faults have to be considered
(since the characteristic of a twin plane is to be a mirror plane). It
is verified that the relative positions of the crystal lattices on
either side of a stacking fault are actually characterized by a
translation vector 1

3 ð0, �1,1Þ parallel to the stacking fault and which
the projection along a ½ �101� zone axis corresponds to 1

6 ð1, �2,1Þ
(inset of Fig. 8(a)).

From the indexing of the SAED pattern related to these (111)
stacking faults in Fig. 8(a) both ð �1 �4 �1Þ and (101) planes are parallel
between domains on either sides of a (111) stacking fault since
the reflection ð �1 �4 �1Þ superimposes to a reflection of the type (303).
The HRTEM image (a) shows that a stacking fault lamellae can
also be ended by a boundary corresponding to habit planes
(101)Jð �1 �4 �1Þ. Along a [111] zone axis, a stacking fault lamellae
ended by such a boundary gives rises to a change in the fringe
lattice (Fig.8(b)). In the upper part of the image, the fringe lattice
and corresponding FFT are related to a domain without stacking
fault while both fringe lattice and corresponding FFT in the
bottom part are related to a domain with one (or several) (111)
stacking faults. The 2D lattice resulting of (111) stacking faults isffiffiffi

3
p

times larger and corresponds to a sum of two projected
trigonal lattices related by a 601 rotation around the three-fold
axis plus the translation 1

3 ð0, �1,1Þ. Along the [111] projection, the
4 Note that the hhh reflections with h odd observed on the corresponding

SAED pattern do not constitute an argument as they can also appear by multiple

diffraction effects.



Fig. 7. (a) HRTEM image of the trigonal structure with corresponding SAED pattern of rhombohedral [ �12 �1] zone axis and (b, c) analysis of the symmetry p1 characteristic

of the non-centrosymmetric space-group R3. The image in (c) corresponds to a lamellae of trigonal structure in between two monoclinic parts viewed along a zone axis

½010�oJ½
�12 �1�R. The objective lens focalization was different between (a,b) and (c). (see text). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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stacking fault lamellae appear to be limited along a line of ½0 �11�
direction in agreement with the result of image analysis of (a).
The observed symmetry of a [111] projection of a non-faulted
domain being p6mm for an origin at the center of a hexagon, a
non-centrosymmetric space-group R3 or R3c cannot be identified
along this projection.

Sufficient information is now available to consider the way
Ta atoms could be rearranged in the transformation monoclinic
- trigonal. Since the number of Ta atoms are kept, the gathering
of two ð001Þo Ta–O planes on three (Fig. 6) must correspond to a
splitting of Ta atoms in a ratio such that (i) integer number of atoms
per 2D hexagonal unit cell (ahex ¼ 6:194ð6Þ Å, g¼ 1201Þ are obtained
after splitting, (ii) atoms can be rearranged in three-fold symmetry
within the 2D hexagonal unit cell and (iii) most of the Ta atomic
sites must be in agreement with a symmetry space-group R3c. This
2D hexagonal cell is obtained through a small rearrangement of Ta



Fig. 8. (a) A (111) stacking fault lamellae terminated by a boundary with habit

planes (101)Jð �1 �4 �1Þ; (b) changes in the fringe pattern of [111] zone axis between

domains with and without (111) stacking faults; (c) interpretation of the arrange-

ment of Ta atoms in the trigonal structure (see text). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 3
Coordinates of Ta atomic sites in R3 space-group, which exhibit reflection

conditions similar to those of R3c.

Ta sites x y z Occ. Layer

Ta(1) 1

2

5

6

1

6

1 3

C
at (2nþ1)chex/6

Ta(2) 5

6

1

6

1

2

1 3

C
at (2nþ1)chex/6

Ta(3) 1

6

1

2

5

6

1 3

C
at (2nþ1)chex/6

Ta(4) 0 0 0 1 3

C
at nchex/3

Ta(5) 1

3

1

3

1

3

1 3

C
at nchex/3

Ta(6) 2

3

2

3

2

3

1 3

C
at nchex/3

Ta(7) x1 x1 x1 0.75 1

C
Ta(8) 1

2
þx1

1

2
þx1

1

2
þx1

0.75 1

C
Ta(9) �x1 �x1 �x1 0.75 1

C
Ta(10) 1

2
�x1

1

2
�x1

1

2
�x1

0.75 1

C
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atoms of the (001) plane observed in Fig. 2. It is straightforward to
see that the 2D hexagonal cell contains 3 Ta. Therefore, a splitting in
fractions of one third and two third can be considered in order to
form Ta layers of the trigonal structure. The schema in the upper
part of Fig. 8(c) indicates that for identical monoclinic Ta–O planes
noted 3=C, one obtains two types of layer 2=Cþ2=C ¼ 4=C and
1Cþ3=Cþ1=C ¼ 5=C in accordance with a d111 periodicity. The
possibility to rearrange Ta atoms in three-fold symmetry is shown
in the following of Fig. 8(c). The Ta atoms of the (000) monoclinic
plane, rearranged in an exact six-fold symmetry are represented in
green (plane layer 3=CÞ. This layer can be separated into two layers of
trigonal symmetry: 2=C in yellow and 1=C in red. Then two
corrugated layers 4=C and 5=C can respectively be obtained from a
rearrangement of 2=Cþ2=C into 3=Cþ1=C and a superimposition of
1=Cþ3=Cþ1=C. Finally a good agreement is obtained by super-
imposing layers 4=C and 5=C on a high resolution image.

In the 3D space, atomic coordinates of Ta (and O) sites,
expressed in the R3 space-group (rhombohedral axes) must
satisfy a null structure factor (or nearly) for the hhl reflections
with l¼ 2nþ1 in order to obtain an agreement with the X-ray
diffraction results. However, it must also be verified that coordi-
nates of all atomic sites can be expressed only in the R3 space-
group. Atomic site coordinates for both layers 3=C at (2nþ1)chex/6
and nchex/3 are straightforward to determine (Ta(1) to Ta(6) in
Table 3). Through a translation 1

3 ð0, �1,1Þ of the origin, these
coordinates satisfy to the general Wyckoff positions 6b of R3c,
namely /x,y,z=y,z,x=z,x, y=yþ 1

2 ,xþ 1
2 ,zþ 1

2 =xþ 1
2 ,zþ 1

2 ,yþ 1
2 =zþ 1

2 ,
yþ 1

2 ,xþ 1
2/ with x,y,z¼ 1

3 , 2
3 ,0. The atomic sites of layers 1=C being

all along the three-fold axis have coordinates of the type x,x,x. In
this case, a translation of the origin of the type 1

3 ð0, �1,1Þ is
forbidden because the three-fold symmetry would not be any-
more relevant. Only a translation 1

2 , 1
2 , 1

2 along the three-fold axis
can be assumed in order to obtain the Wyckoff positions 2a of
R3c. Thus, adding 2 Ta sites in x,x,x and xþ 1

2 ,xþ 1
2 ,xþ 1

2, in
between adjacent 3=C layers we have verified that the Ta partial
structure factor for hhl reflections:

FðhhlÞ ¼ fTa

X
ei2pQ ðhhlÞr ¼ fTa cos

8ph

6
2cos

2pl

6
þ2cos

4pl

6

� ��

þð�1Þlþ1þ6cos
pð2hþ lÞ

2
cospð2hþ lÞ 2x�

1

2

� ��

þ isinpð2hþ lÞ 2x�
1

2

� ��#

is equal to zero for l¼ 2nþ1.
As 3 Ta atoms have to be positioned, a solution for keeping a

structure factor equal to zero is to assume 2 times 2 sites /x,x,x/



Fig. 9. Comparison between XPS spectra of tantalum oxide thin films of

(a) monoclinic and (b) trigonal structures. The background has been subtracted.
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xþ 1
2 ,xþ 1

2 ,xþ 1
2/ with an occupation factor of 0.75 (Ta(7) to Ta(10)

in Table 3). We assume a unique value x1 for all these sites but
two different values x1, x2 yields also a structure factor equal
to zero.

The Ta–Ta interatomic distance between first neighbors in
layers 3=C is ahex=

ffiffiffi
3
p
¼ 3:58 Å. A value of x1 ¼

1
12 can be chosen

such that each of the atomic sites Ta(7), Ta(8), Ta(9) and Ta(10)
are surrounded by 1 Ta at 3.05 Å and 3 Ta at 3.68 Å. Increasing or
decreasing the x1 value introduce Ta–Ta distances shorter than
3.05 Å.

It is interesting to note that such short Ta–Ta distances found
by Arakcheeva et al. [30] in hexagonal tantalum bronzes with
variable compositions are attributed to distances between Ta5þ

and partly reduced tantalum cations. Thus, assuming that Ta
atoms in red and yellow in Fig. 8(c) correspond to Ta4þ , the
rhombohedral cell might contain 6 Ta5þ and 3 Ta4þ . Then,
balancing of electrical charge implies for instance 6 groups of
3 equivalent O2� sites in between Ta layers (giving rise to TaO6

octahedra and/or TaO4 tetrahedra) and 2 groups of 2 equivalent
O2� sites with an occupation factor of 0.75, along the three-fold
axis. The structure factor incorporating these groups should
remain equal to zero for hhl reflections with l¼2n þ1. The
trigonal phase would have in this case a stoichiometry Ta3O7

and the monoclinic-to-trigonal phase transformation will occur
via oxygen diffusion. It could also be a good reason explaining
that a similar phase transformation was not observed in bulk
Ta2O5 samples for which several thermal treatments at about
1000 1C under air with varying cooling rate from rapid cooling to
a slow cooling at 0.1 1 C min�1 have been tried [15]. In this case, a
phase transformation was nevertheless observed but it was a
second order incommensurate phase transformation occurring
very slowly on cooling from 1000 1C. XPS analyses were therefore
conducted in order to examine the potential presence of Ta4þ

cations.
Parallel angle resolved XPS (PARXPS) measurements were

performed on a customized Theta 300 spectrometer from Ther-
moFisher Scienti \ THORNc, using an Al monochromatic source.

Fig. 9(a,b) shows O 1s and Ta 4f XPS spectra with their curve
fitting lines for tantalum oxide thin films of monoclinic (a) and
trigonal (b) structures. The peak positions are very similar for
both structures. O 1s is at 531.1 eV for the monoclinic and 531 eV
for the trigonal; the Ta doublet 4f7=224f5=2 is at 26.4–28.3 eV for
the monoclinic and 26.3–28.2 eV for the trigonal. According to
Atanassova [31] who performed detailed XPS analyses on thin RF
sputtered and thermal Ta2O5 on Si for high density DRAM
application, such binding energies are typical of Ta and O
chemical states in Ta2O5. The presence of sub-oxides of tantalum,
as observed by Atanassova for very thin films a few nanometers
thick, should give rise to a peak broadening of Ta 4f to a lower
binding energy.

Therefore, on account of 22.5 O atoms for 9 Ta atoms, oxygen
sites could correspond to 3 groups of 3þ3 oxygen sites, which
through a translation 1

3 ð0, �1,1Þ of the origin, are equivalent to the
general Wyckoff positions 6b of R3c and 3 groups of 2 oxygen
sites with an occupation factor of 0.75, equivalent to the Wyckoff
positions 2a of R3c. If, as previously suggested, there are 1 group
of 3þ3 Ta and 2 groups of 2 tantalum sites with an occupation
factor of 0.75, we can assume that these 2 Ta sites are also partly
occupied by oxygen atoms, with an occupation factor of 0.25.
Therefore, the net volume expansion through the monoclinic-to-
trigonal transition would correspond to an introduction of
0.5 oxygen vacancy. As the cell volume is mainly due to the
assembly of O2� of large ionic radius (1.35 Å) compared to this of
Ta5þ (0.64 to 0.74 Å, depending on the coordinance), the value of
volume expansion of 1.0207 presently determined, is actually
close of a ratio of oxygen sites 23/22.5¼1.0222.
As last remark on this TEM study, we have found that the
structure of tiny fragments without (111) stacking faults is
systematically triclinic instead of trigonal. For instance, angular
departures up to about 1.31 from 901 were observed between 111
and 11 �2 lattice fringes. Since the structure was always trigonal for
fragments exhibiting a number of stacking faults, it seems that a
stress relaxation, possibly combined with an electric polarization,
occurs in this case.
4. Discussion and conclusion

The present results showed that a new trigonal structure of
Ta2O5 presents probably an interesting piezoelectric property.
Several crystallographic aspects of this phase appeared to be in
favor of such a property. A high density of electrical dipoles of
high momentum along the three-fold axis is likely related to the
elongated prolate rhombohedral cell shape. For instance, with
respect to piezoelectric perovskite compounds, the number of
dipole moments per unit volume could be double. High magni-
tudes of dipolar momentum could be related to the large expan-
sion coefficient of 4.5% along the three-fold axis observed through
the monoclinic-to-trigonal transition, which exhibit the unusual
property to occur with increasing symmetry on cooling. The non-
centrosymmetry of the trigonal phase appears to be very pro-
nounced. However, if a space-group, either R3c or R �3c is inferred
to results of X-ray and electron diffraction, the symmetry
observed on a special projection [2 �1 �1] by HRTEM is curiously
reduced to R3. We have verified that depending on particular
atomic site positions in R3, the structure factor can imply
reflection conditions corresponding to those of R3c. Nevertheless,
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observing a periodicity d111 instead of d222 on HRTEM images
seems to be induced by the electron beam. In this case, an
electrical field can be considered through a very thin sample as
the result of an electron beam energy loss by excitation of volume
plasmons. The electron beam entering the sample represents a
current density which polarize the medium, so that the electric
field resulting from this polarization interacts with the incoming
electron. It acts against the electron, so that it loses an energy per
path length unit [32].

It has been outlined that instead of a reversible monoclinic–
trigonal Ta2O5 phase transition, a bulk Ta2O5 material exhibit a
second order phase transformation through a very slow cooling
from 1000 1C [15]. It seems therefore that reasons for such a
change would be due to a difference in surface/volume energy
ratios between thin film and bulk materials and perhaps to the
energy of interface between Ta2O5 and the SiO2 layer of Si
substrates.

Preliminary results on birefringent and piezoelectric proper-
ties are presented in part II [33].
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