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Local atomic order of the amorphous TaO, thin
films in relation to their chemical resistivity
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The experimental and theoretical studies of the local atomic order and chemical binding in tantalum oxide
amorphous films are presented. The experimental studies were performed on thin films deposited at the
temperature of 100 °C by atomic layer deposition on silicon (100) and glass substrates. Thin films of
amorphous tantalum oxide are known to exhibit an extremely large extent of oxygen nonstoichiometry.
Performed X-ray absorption and photoelectron studies indicated the oxygen over-stoichiometric
composition in the considered films. Surplus oxygen atoms have 1s electron level with binding energy
about 1 eV higher than these in reference Ta,Os oxide. The density functional theory was applied to find
the possible location of additional oxygen atoms. Performed calculation indicated that additional atoms
may form the dumbbell defects, which accumulate the dangling oxygen bonds in orthorhombic
structure and lead to increase of oxygen 1s level binding energy. The presence of this kind of oxygen—
oxygen bonding may be responsible for increase of amorphous film chemical resistivity which is very

rsc.li/rsc-advances important in many applications.

Introduction

Thin films of tantalum oxide (TaO,) are considered to be
promising materials for many applications from microelec-
tronics,"® nano-coatings® to the biotechnology.” Thanks to the
large values of dielectric constant, electrical resistance and
outstanding tolerance to the high voltage breakdown, they have
been applied as dielectrics in metal-insulator-metal memory
devices, thin film capacitors for radiofrequency applications, or
metal-oxide-semiconductor transistors. Amorphous TaO, (a-
TaO,) may form non-stoichiometric materials, including sub-
oxides, as well as oxygen over-stoichiometric compositions.

The study performed in the presented paper aimed to elab-
orate technology of applying films of a-TaO, in a regenerable
optical fiber biosensor.** The required material should be
resistant to environmental threats or even play a role of
protective coating. TaO, seems to be a good candidate for oxide
nanocoating of high chemical stability.*® To be chemically
robust, the material should be amorphous rather than in Ta,Os
crystalline form.*"* Moreover, the chemically robust TaO, films
used for the mentioned above fiber sensor already proved to be
oxygen over-stoichiometric.®

Recently, also oxide-based resistance switching devices have
attracted considerable attention. They exhibit high scalability,
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fast switching speed and low power consumption. Therefore,
they have high potential in applications in the next-generation
resistive random access memory (RRAM) devices.”>** The
amorphous TaO, (x < 2.5) based resistance switches have been
widely reported in the literature (e.g., Pt/TaO,/Ta0,/Pt"*?*°) and
have shown high switching speed, long endurance and low
operation bias voltage, compared to RRAM devices using other
materials. It is believed that the switching mechanism of
resistance switches based on O-deficient materials can be
ascribed to the diffusion of O ions or vacancies. This issue was
comprehensively discussed theoretically [e.g. ref. 17 and 18].
The electrical, optical and chemical properties of the materials
critically depend on their local composition and structure. The
direct relation of leakage current in TaO, capacitors to their
amorphous structure and increase in number of oxygen atoms
in the first shell has been demonstrated.** Therefore, most of
the applications and discussion in the literature concentrate on
sub-oxides and the role of O vacancies or other defects to
explain the observed properties in O-deficient materials.**™® A
tentative assumption of the formation of virtual oxygen vacancy
has been commonly introduced for qualitative explanation of
the observed sub-oxides but it cannot explain over-oxides.'"**
There is not much work devoted to the studies of a-TaO,
materials with the excess of oxygen (x > 2.5). The effort to
explain broad oxygen non-stoichiometry by the variation of
coordination number (CN) of oxide ions (O>7) in polyhedra
around Ta have been reported.* Authors present extended X-ray
absorption fine structure (EXAFS), X-ray photoelectron spec-
troscopy (XPS), Raman scattering and Rutherford back
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scattering studies. The simple network structure of corner-
sharing considered usually in Ta,Os; was modified in this
work by adding the edge-sharing, or plane-sharing possibility.
This approach resulted in the variation of the type and the
density of dangling bonds or double bonds to complete the
polyhedra network to minimize the electronic defects. The
authors postulated that large non-stoichiometry was attained by
the formation of lower than TaO; coordinated polyhedra.”

In order to understand and make use of chemical resistivity
of a-TaO, based materials, an investigation into the origins of
these phenomena is necessary. Therefore, in the presented
studies we are looking for the possible explanation of
outstanding chemical resistivity of the over-stoichiometric a-
TaO, films. Two a-TaO, films of different thickness, grown at
low temperature on different substrates in the same techno-
logical process and showing high resistance in alkaline envi-
ronments, were investigated in relation to crystalline Ta,Os
reference to explain their chemical resistivity. There is still
controversy about crystal structure of Ta,Os [e.g. ref. 22-26].
However, the significance of local Ta,Os5 structure rather than
long-range order and crystal symmetry, for the properties of this
material was postulated.”® The best experimental method to
estimate the atomic local structure is EXAFS. Below we present
the results of detailed analysis of the EXAFS spectra of reference
stoichiometric Ta,Os and a-TaO, films. Knowing that the Ta-O
bonds in the considered materials are strongly asymmetric we
present the EXAFS results up to third coordination shell taking
into account this anisotropy (in contrast to the results presented
in ref. 21 where only average distance and average number of
atoms in the first shell were presented).

The chemical binding of elements and stoichiometry of films
surface was studied by XPS. For the applications at the ambient
condition the surface of as received films (exposed to the air
already in technological process) is important, therefore, no
surface cleaning was performed.

Most of the reported theoretical works is dealing with the O-
deficient materials and consider the possible location of O-
vacancies. The a-TaO, films with excess of oxygen atoms are
studied in our paper and presented DFT simulations indicate
the possible location and binding of the redundant oxygen.

Experimental

Thin films were deposited at the temperature of 100 °C by
atomic layer deposition (ALD) in the same process on silicon
(100) and glass. The details of the ALD process are described in
ref. 9. For each substrate, layers with two thicknesses (62 nm
and 202 nm) were prepared. The crystalline commercial Ta,O5
powder delivered by Johnson Matthey (offered as a spectro-
scopic-quality standard) was used as XAS and XPS stoichio-
metric standard supporting quantitative analysis of films.
X-ray absorption spectra for films were collected at BLS8
beamline NSRC (Thailand) using Ge(220) monochromator®’
and for reference powder at XAFS Elletra (Italy) beamline
(11.1R) using Si(111) monochromator. The reference powder

was measured in transmission mode, while films in
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fluorescence mode. The XRD studies confirmed that deposited
films were amorphous.®

XPS measurements were done using a Scienta R4000 hemi-
spherical analyser. The X-ray source was Scienta MX650
monochromator with a power of 300 W and Al K, radiation
(1486.7 eV). The full width at half maximum (FWHM) of the 4f;,
Au line measured at the same experimental condition was
0.64 eV. The energy scale was calibrated by setting the C 1s line
at the position 285.0 eV. To avoid significant sample charging,
the neutralization gun was used. Samples were measured as
received.

Theoretical

The density functional theory (DFT) calculations with periodic
boundary conditions were performed for Ta,Os orthorhombic
structure*® Both stoichiometric and the one with single O add-
atom per unit cell (ie. Ta,Oss formula) were considered.
Gradient PBE functional was employed in all DFT calculations.*
Geometry optimization was performed with plane wave-
pseudopotential DFT code QUANTUM ESPRESSO.** Ultrasoft
pseudopotentials (downloaded from http://www.quantum-
espresso.org) were applied,® plane-wave energy cutoff was set
to 40 Ry. Both atomic positions and cell parameters were opti-
mized, with convergence threshold for gradient norm and
energy set 10~ * and 10~° in atomic units, respectively. Brillouin
zone was sampled with 2 x 4 x 2 k-point mesh. Consequently,
in order to get insight into energies of core O 1s states, single
point all electron calculations were achieved with CRYSTAL
code,* which employs Gaussian basis set (pob-DZVP basis set
for O is attached with code, for Ta valence electron basis set,
with effective core potential, were taken from CRYSTAL website
http://www.crystal.unito.it/Basis_Sets).

Results and discussion
X-ray absorption spectra

The comparison of X-ray absorption near edge structure
(XANES) of Ta L; spectra is shown in Fig. 1. The only difference
seen is the increase of the first resonance amplitude in films as
compared to the reference (red curve). It can be related to the
over-stoichiometry and additional unoccupied states formed in
the films. In the case of 62 nm film on glass the small shift (0.3
eV) in direction of higher energy of the spectrum edge is

Talg m—— Talg e,
254 62/Si 25. (——202/Si
62/glass| |—— 202/glass,

Intensity (a.u.)
Intensity (a.u.)

980 9870 9880 9800 900 9910 0 9860 9870 9880 0890 9900 9910 9620
Energy (V) Energy (V)

Fig. 1 XANES spectra at Ta Lz edge for 62 nm film (left) and 202 nm
(right).
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observed. Due to the fact that Ta metal was not simultaneously
measured it can be in the error of energy scale calibration.

The EXAFS analysis of the Ta L; edges was performed to
examine the local atomic order around Ta in the films as
compared to the reference Ta,Os powder. The coordination
spheres with O and Ta atoms up to 5.0 A for reference powder
and over 4.0 A for films, respectively, were considered,
depending on the quality of experimental spectra. The fittings
were performed using Athena and Artemis packets® in R space
simultaneously with k¥* and &* weights. The data were Fourier
transformed in the range from 3.3 to 9.3 for films with 62 nm
thickness and from 3.0 to 10.2 for 202 nm films with Hanning
window.

There is still ongoing discussion about the crystal structure
of stoichiometric Ta,05.”*>>*® To generate the scattering paths
for EXAFS analysis in FEFF6 program we have considered
several structures and the best agreement with experiment was
obtained for the orthorhombic one, referred in literature as
Ba,>**® after optimization at DFT level. This result is somewhat
intriguing, as B, phase was predicted to be the least stable
Ta,Os5 polymorph in DFT calculation.”* However, one should be
aware that EXAFS technique see the local environment of the
central atom (within about 5 A in the studied case), not the long
range ordering of the sample. Therefore, as we do not claim that
our reference powder sample is built of f,-Ta,Os crystallites, it
is clear that at least the local neighbourhood of Ta atoms in the
samples resemble this of orthorhombic , phase. Moreover, it is
believed now that the long range order is not so important for
understanding physical properties of this material like the short
range order."” Within B, structure Ta atoms occupy two non-
equivalent positions, one inside only corner sharing TaOg
octahedra, and the other within both corners and edge sharing
octahedral units (see Fig. 7).

To generate the proper scattering paths we have used the
aggregate procedure available in the Artemis.*® In the fitting
only single scattering paths listed in Table 1 were used. In the
best fit shown in Fig. 2 the number of atoms in each scattering
paths was kept as generated in FEFF6 program for ortho-
rhombic structure and S, factor was set to 1. Nevertheless, the
distances of atoms differ from the crystallographic ones more
than the estimated errors of fitting given in the parentheses in
Table 1. All experimental paths are shorter than theoretical
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Fig. 2 EXAFS analysis of the Ls Ta edge in radial distance of the
coordination spheres up to 5.0 A in reference Ta,Os powder. The
measured spectra — red, fit — dotted black, fitting window — dashed
blue line; inset: data and fit in wavenumber k (left). Comparison of the
Fourier transform spectra of the reference and 202 nm films (right).

ones, except the last three paths of second oxygen shell (no. 12-
14) which are slightly longer but the fitting uncertainties are
larger here than for other paths. The small disorder (Debye-
Waller) parameters ¢~ indicate low chemical disorder in the
reference powder. Despite the fact that distances of some sub-
shell resulted from FEFF6 calculations do not differ much we
decided to use all of them because they differ in scattering
strengths (from 100% to 12%). The EXAFS fitting reported in
ref. 34 for Ta,O5 shows 3 oxygen scattering paths, where path
no. 1 has negligible contribution to the fit with the o> well above
reasonable physical value (0.173). Comparing to our fit we have
got more asymmetric bonds length with first oxygen atom close
to Ta and similar distances for paths no. 2. The path no. 3 is
shorter than in our fitting. Authors of ref. 34 did not consider
further scattering paths. Our detailed XAS studies confirmed
that short range order of atoms in the orthorhombic structure
optimized at DFT level provides very good fit to the EXAFS
spectra. This is the first experimental confirmation that the
short range order existing in Ta,Os5 resembles that foreseen in
orthorhombic phase. We also have performed EXAFS analysis
using other proposed Ta,Os structures, including vy-Ta,Os
phase predicted to be more stable at DFT level.** For the B,
structure the obtained bond lengths were consistently shorter
in respect to the theoretical model (except for the farthest
paths). While for the y structure some bonds were shorter and
some were longer even within the same coordination shell
introducing high distortions into the model. Moreover, in case
of the B, structure these changes were smaller, staying closer to

Table1 Results of the EXAFS analysis of the Ta Lz edge for the reference Ta,Os powder. No. — number of given path. CN — number of atoms in
the particular path in crystallographic model. R - distan(ie of path in A for mode[}and experiment. The parameter ¢ was kept the same for paths
of given atoms kind (no. 1-5 oxygen paths 0.0032(3) A2, Ta shell 0.0031(16) A%, no. 9—11 oxygen paths 0.0132(32) A2, and no. 12-14 paths

0.007(2) A%). R factor 0.003

No. Model Exp. No. Model Exp. No. Model Exp.

o) CN R(A) R(A) Ta CN R(A) R(A) o) CN R(A) R(A)

1 1 1.85 1.80(1) 6 2 3.70 3.47(1) 9 4 4.18 4.13(1)

2 2 1.94 1.89(1) 7 4 3.74 3.64(1) 10 10 4.22 4.18(1)

3 1 2.09 2.01(2) 8 2 3.89 3.84(2) 11 2 4.30 4.26(1)

4 2 2.19 2.04(1) 12 3 4.41 4.48(6)

5 1 3.25 2.98(1) 13 4 4.46 4.48(6)
14 2 4.92 4.93(6)

This journal is © The Royal Society of Chemistry 2019
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the initial model and the resulted R factor, used to measure the
quality of fit, was smaller. Therefore, the B, structure was used
in the further studies. The analysis of stoichiometric Ta,O5 was
the starting point to analyse the amorphous films.

The comparison of the Fourier transforms of the reference
and films spectra is shown in Fig. 2 (right). The amplitude of the
first coordination shell in films is higher than in reference,
indicating the possible over-stoichiometry and the distances of
shells are different. The results of the best fits to EXAFS spectra
of amorphous films are collected in Table 2 and presented in
Fig. 3 and 4 for films with thickness 62 and 202, respectively.

Analysing parameters obtained from EXAFS data fitting the
considerable increase of the number of oxygen atoms in the first
oxygen shell with respect to reference Ta,Os can be noticed.
These atoms are located in four sub-shells (without path no. 3)
for 62 nm films and only in three sub-shells for 202 nm films
(without paths no. 1 and 3). Slightly more atoms were found in
those films grown on Si than on glass. In the case of the
amorphous structure static displacement (chemical disorder)
has considerable contribution to the Debye-Waller disorder
factor and in the EXAFS fitting the estimated CN can have large
error, what leads to the higher CN value than the actual one."
To deal with this correlation we kept one disorder parameter for
each path in a given shell. The effort to introduce lower CN
leads to not acceptable low disorder parameter. Moreover,
further shells were also considered. The EXAFS analysis is
usually more accurate for the nearest shells. Therefore, subse-
quent way of setting the parameters was adopted: (1) in the first
oxygen shell and Ta shell the CN were used as fitting parame-
ters, (2) for the further oxygen shells, the CN was set to the
numbers given by the crystallographic model. In this case
changes in the CN are hidden in the disorder parameter. During
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Fig. 3 EXAFS analysis of the Lz Ta edge in 62 nm films on Si (left) and
glass (right) substrates. The measured spectra — red, fit — dotted black,
dashed blue — window. Insets, data and fits in wavenumber k.

the fitting several different parameter configurations were
considered. Here, we had described the approach that gave
good results for the simplest model.

Summarizing, within a-TaO, films, in the first oxygen shell
more oxygen atoms are located than in crystalline phase.
Moreover, this number is slightly lower for films grown on glass.
For Ta shell the number of atoms was increased by ~1 atom
(what is in the limit of fitting uncertainties) but in different
distances (sub-shells) and with different occupancy of the sub-
shells than in the model. For the second oxygen shell the
distances of subshell mostly differ for path no. 9. It is worth
noting that error in estimation of CN and distances increases
with distance from absorbing atoms. The disorder parameters
are higher for 202 nm films as compared to 62 nm films.
Judging from the number of detected paths in O shell and value
of disorder parameters the 202 nm films have the higher level of
amorphisation than those of 62 nm. The oxygen-tantalum
bonds differ in the length more than fitting uncertainties
indicating that the formed polyhedrons are not regular.

Table 2 Results of the EXAFS analysis of Ta Lz edge for films. In the column with structural model (DFT) only single scattering paths for

orthorhombic Ta,Os Ba structure optimized at DFT level were considered. In each path the kind of scattering atom (SA), the bond length R (A), the
number of atoms (CN), and the disorder parameter (¢2) is indicated. No. — number of scattering path. Fitting uncertainties are given in the
parentheses. Parameter Eq used in fitting was shared by all the paths in a given model

Structural model

(DFT) 62 nm/Si 62 nm/glass 202 nm/Si 202 nm/glass
No. SA R(A) CN R(A) CN a® R (A) CN o R(A) CN o R (A) CN o?
1 0 1.8 1 1.81(1) 1.6(1) 0.003(1) 1.83(1) 2.6(1) 0.005 (1)
2 0 194 2 1.98(1) 5.0(1) 2.01 (1) 4.1(1) 1.94 (04) 5.5(4) 0.009(1) 1.94(03) 5.5(3) 0.009 (1)
3 0 209 1
4 0 219 2 225(1) 2.6(1) 2.23(1) 1.5(2) 219(2) 1.7(3) 221 (1) 2.0(3)
5 0 325 1 314(4) 1.2(5) 3.01(1) 1.7 (3) 2.94(1) 3.2(6) 3.52(3) 2.1(7)
Sum O 7 10.4 9.9 10.4 9.6
6 Ta 370 2 3.72(1) 5.0(5) 0.005(1) 3.74(1) 3.6(2) 0.003(2) 3.32(2) 2 0.009 (1) 3.18(1) 3.5(5) 0.007 (1)
7 Ta 374 4 3.74(1) 4.0(4) 3.60 (1) 2.0 (4) 3.43(2) 2 3.43(1) 4
8 Ta 3.89 2 3.89(1) 3.3(4) 3.67(3) 4 3.77(2) 2
Sum Ta 8 9 8.9 8 9.5
9 O 418 4 421(4) 4 0.015(3) 3.99(3) 4 0.015(7) 4.20(2) 4 0.013 (2) 4.23(1) 4 0.019 (3)
10 O 422 10 4.26(4) 10 4.23(2) 10 425(2) 10 428(1) 10
11 O 430 2 438(3) 2 430 (5) 2 4.33 (2) 437(1) 2
12 O 441 3  449(5) 3 4.41(5) 3 457(8) 3 457(1) 3
13 O 446 4  453(5) 4 4.52(5) 4 457(6) 4 457 (4) 4
Sum O 23 23 23 23 23
Ep = 5.6 €V Eo = 5.6 €V Ey = 6.0 eV Ey = 6.0 eV
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Fig. 4 EXAFS analysis of the Lz Ta edge in 202 nm films on Si (left) and
glass (right) substrate. The measured spectra — red, fit — dotted black,
dashed blue — window. Insets, data and fits in wavenumber k.

Moreover, CN in each path is changing in the films. It may be
realized by different number of polyhedrons forming the
network of the corner-sharing, the edge-sharing or the plane-
sharing what leads to different average number of oxygen
atoms around Ta.

Comparing our results with these reported in ref. 21 for a-
TaO, film with wide range of x we will focus only on relation to
the samples with x > 2.5. The XANES spectra of L; Ta edge,
similarly as in our spectra, show only slight increase in ampli-
tude of first resonant indicating the increase of the density of Ta
5d unoccupied states. In the EXAFS analysis, the authors of ref.
21 have shown radial distribution function together with the
resulted average CN and Ta-O bond lengths only for the first
shell without details of performed analysis. They observed
increase of CN with increase of x which saturated at x = 2.45 at
the level of 6.75. In crystalline B, Ta,Os the CN is 6, if one takes
into account the oxygen at the distance up to 2.5 A, therefore
they observed also the increase of CN in over oxidised films.
Regarding the average Ta-O bond, in contrast to their obser-
vation, we do not find the considerable shrinking of the bond
with the increase of CN even after averaging the all sub-shells
(e.g. 2.03 A in reference and 2.01 A in 202 on glass film).

X-ray photoelectron spectroscopy

The described above short range order in a-TaO, realized by
different polyhedral network leads to the variation of the type
and the density of dangling bonds needed to minimize the
electronic defects. To examine the chemical bonding of oxygen
and tantalum atoms in these amorphous films with excess of
oxygen the analysis of XPS spectra was performed using CASA
program.® Due to the fact that the studied films are applied for
covering the sensors working in the normal atmospheric
conditions we examined them as received without cleaning. The
shape of spectra was simulated by applying Gaussian-Lor-
entzian functional - GL(30) after Shirley background subtract-
ing. For the reference sample O 1s line two components were
necessary to fit the spectrum (Fig. 5 left), whereas in all films to
get a good fit the third component has to be added (Fig. 5 right)
as can be seen e.g. for 202 nm on glass film. The three
components of O 1s in tantalum oxide nano-coating have been
observed before in amorphous films.® The observed shift by
about +1 eV was related to C-O bond and not discussed.® The
carbon surface contamination in reference powder was at the

This journal is © The Royal Society of Chemistry 2019
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Fig.5 XPS of O 1s for reference Ta,Os powder (left) and for 202 nm on
glass amorphous film (right).

same level as for films and such component was not observed.
Moreover, the shift of O 1s line in metal oxide by about +1 eV is
assigned to a change in oxide chemistry [e.g. p. 715 ref. 36], but
O bond to C usually has energy shift higher than 2 eV [e.g. p. 674
ref. 36]. The numerical results of the XPS spectra fitting are
collected in Table 3. Adding third component to the reference
does not improve the spectrum fitting. The main component of
O 1s has binding energy (BE) 530.4 £ 0.1 eV in agreement with
Handbook of XPS Monochromatic spectra®® for Ta,Os. The third
component shifted by about 2 eV from main line was attributed
to OH and CO groups absorbed at the surface® and was present
in all samples. The second component was present only in films
and was shifted from the main line by 1.1 eV in all films spectra.
The content of this line was at the level of 15 to 17% of O 1s line
area. The part related to surface contamination was at the level
of ~10% and was not changing much with the time of films
exposition to the air. In the case of reference powder after 48
hour exposition to the air the surface contamination increases
from 10 to 35%. This evidences the chemical resistance of
amorphous films. The reference powder was measured imme-
diately after 3 hours drying in the furnace at 700 °C.

From the analysis of the surface composition of as received
films, the ratio O:Ta was estimated (Table 3) in reference
powder and films. Taking into consideration the full area of O
1s and Ta 4f lines, this ratio was equal to 1.85 for the reference,
2.0 and 2.6 for 62 nm film, and 2.7 and 3.0 for 202 nm on Si and
glass, respectively. Considering only parts without surface
contamination these relations were 1.7 for reference, 1.8 and 2.5
for 62 nm and 2.5 and 2.7 for 202 nm films on Si and glass,
respectively. The ratio resulting from chemical formula should
be 2.5. Therefore, for reference sample it is smaller. This can be
related to the presence of oxygen defects in the Ta,O5 powder,
what is postulated in several papers [ref. 11, 22 and 25 and
references therein] and related to the high leakage current
observed for this material. The relative sensitivity factor (RSF)
used in CASA program may also be different than in our spec-
trometer. Nevertheless, the possible error related to RSF is the
same in case of the reference and films. The observed experi-
mentally increase of O : Ta ratio comparing to reference, indi-
cates considerable enrichment of the surface in oxygen, ie.
over-stoichiometry of the films. This confirms the results of
Rutherford backscattering spectroscopy reported for the same
films® and is in agreement with XAS finding.

To analyse the chemical binding of the tantalum the Ta 4f
lines were considered. We did not find pronounced differences
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Table 3 Parameters from analysis of O 1s line for investigated films. % — the area percentage of each component, FWHM — full width at half
maximum of Gaussian—Lorentzian functional GL(30) used to fit spectra. BE — binding energy of each component. O/4f Ta — the ratio of oxygen
to tantalum content calculated using all O components and 4f Ta line. 1 + 2/4f Ta — the ratio calculated taking only component 1 and 2 of O 1s
line. The used relative sensitivity factor (RSF) for O 1s — 2.93 for 4f — Ta 8.62

Sample
62 nm/Si 62 nm/glass 202 nm/Si 202 nm/glass
Line % FWHM, eV BE, eV % FWHM, eV BE, eV % FWHM, eV BE, eV % FWHM, eV BE, eV
1-0 1s 74.4 1.30 530.4 70.0 1.28 530.5 72.2 1.33 530.3 72.5 1.39 530.3
2-0 1s 15.4 1.30 531.5 15.6 1.28 531.6 171 1.33 531.4 16.5 1.39 531.4
3-01s 10.2 1.60 532.7 14.3 1.8 532.7 10.7 1.5 532.7 11.0 1.80 532.8
Sample
62 nm/Si 62 nm/glass 202 nm/Si 202 nm/glass
Line O1s Ta 4f o/af O1s Ta 4f o/af O1s Ta 4f o/af O1s Ta 4f O/af
0O/4f Ta 66.8 33.2 2.0 72.5 27.5 2.6 73.3 26.7 2.7 75.1 24.9 3.0
1+2/4fTa 60.0 33.2 1.8 67.9 27.5 2.5 65.4 26.7 2.5 66.8 24.9 2.7

between chemistry of these lines in reference and films (Fig. 6).
The shift between spin-orbit doublet was 1.88 eV in agreement
with reference data for Ta,0s.%® No low energy components were
detected. The tantalum stoichiometric oxides comprise
compounds of tantalum with various oxidation states between
+2 and +5, like TaO, Ta,03, TaO, and Ta,05.*” The most ther-
modynamically stable state of tantalum in oxides is 5" (ref. 38
and 39) and this ionic state was found in the analysed films. The
only difference in 4f lines was slightly bigger FWHM of the
doublet lines in the case of reference (1.2 eV and 1.1 in films)
and small change in the ratio of 4f;/, to 4fs, area, which was
1.16 and 1.27, respectively.

Theoretical

In order to get qualitative understanding of the physical origin
of observed additional component in O 1s line of films, the DFT
calculations were performed for optimized B, orthorhombic
structure®® without and with half additional oxygen atom per
formula. We checked the orbital energies of O 1s states, relaying
on the assumption that negative orbital energy approximates
electron binding energy. The results are presented in Fig. 7. The
O 1s states for crystallographic O sites 2 and 4 have, in the
stoichiometric Ta,Os, similar orbital energies and O in sites 1

S0
—cps .
s moy Tadf
4x10° ———d4f52 6x10°-
—— background
—fit

5x10° .

o Ta df - TayOs —cps
—af772
4152
—— background
—fit

62/Si a-TaO,

3x10*

Counts/second

S a0

2x10°

4 @ 3 288 2 20 2 % w2 0 28 2% 24 2 X
Binding Energy (eV) Binding Energy (¢V)

Fig. 6 XPS of Ta 4f for reference Ta,Os powder (left) and for 62 nm on
Si amorphous film (right).
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and 3 have lower BE (Fig. 7 upper panel). Upon the insertion of
additional O atom, formation of dumbbell defect was predicted
by realization of oxygen bonds between site 5 and 4b (Fig. 7
bottom panel). It results in additional feature at the higher BE
and more localized main peak. This is in agreement with
experimental XPS spectrum. The FWHM for reference main O
1s line was 1.8 eV and for films 1.3 eV (Table 3). Nevertheless,
the line was not that much asymmetric in reference as it results
from calculations (Fig. 5). It should be stressed that similar DFT

-512 -508 -504

Energy (eV)

-512 -508 -504

Fig. 7 The DFT optimized structures along with the density of states
(DOS) for O 1s: discrete, atomic-like levels (calculated at I" point in
Brillouin zone) depicted with impulses and DOS curve plotted with
0.25 eV Gaussian broadening. The stoichiometric orthorhombic
structure (top left) and related DOS (top right) and the one with
additional O atom (bottom left) and related DOS (bottom right) are
shown. Different O crystallographic sites labelled as O1-04, atoms
involved in dumbbell defect as O5 and O4b.
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results were obtained for a few other Ta,05 polymorphs (e.g. for
v-Ta,0Os phase predicted to be more stable at DFT level,> but
gives less convincing fits to EXAFS data), i.e. DFT predicted that
O add-atom insertion leads to the formation of dumbbell defect
and that O 1s binding energies for dumbbell atoms are shifted
by 1-2 eV toward higher values. Therefore, we believe that the
explanation of the origin of second XPS peak in Ta,Os., samples
proposed here is plausible.

Conclusions

XAS and XPS studies performed for amorphous TaO, films
confirmed the oxygen over-stoichiometric composition as well
in bulk (XAS) as at the surface (XPS). Several crystal structures,
considered in the literature for Ta,Os, were investigated as
a reference in performed studies. The orthorhombic structure
gives very good agreement with experimental EXAFS Ta L; data
up to 5 A from Ta absorbing atoms with the smallest distortion
of the starting model. The FEFF6 calculation distinguished 5
single scattering paths in the first oxygen shell in this structure
with 7 oxygen atoms, Ta shell has 8 scattering atoms and the
second oxygen shell up to 23 atoms. To fit the experimental data
only the distances of the atoms have to be modified. They, as
usually in EXAFS, appear shorter than these resulting from
crystallographic data. The XAS analysis of films indicated the
increase of the number of oxygen atoms in the first Ta coordi-
nation sphere from 7 up to 10.4, differently in each film. This
can be realized by change of the level of oxygen sharing which is
somehow ordered in crystalline form but may be much less
ordered in amorphous films. The absence of Ta-O-Ta bending
and Ta-Ta vibration in over-stoichiometric films, observed in
Raman spectra, supports this conclusion.”® Moreover, the
anisotropy of Ta-O bonds and number of scattering paths is
decreased in the films. These changes have no influence on Ta
4f line binding energy but additional component of O 1s line
was detected in XPS studies which was interpreted on the base
of DFT calculation as resulting from additional oxygen atoms
forming dumbbell defect. The presence of this oxygen-oxygen
bonding may be responsible for increased chemical resistivity
of amorphous films in comparison with crystalline forms.
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