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Abstract—Optical properties of amorphous nonstoichiometric tantalum-oxide films of variable composition
(TaO,, x = 1.94—2.51) in the spectral range of 1.12—4.96 eV, obtained by ion-beam sputtering-deposition of
metallic tantalum at different partial oxygen pressures (0.53—9.09 x 10~ Pa), have been investigated. It is
shown by spectral ellipsometry that the character of dispersion of the absorption coefficient and refractive
index in TaO, of variable composition suggests that light-absorbing films with dispersion similar to that in
metals are formed at oxygen pressures in the growth chamber below 2.21 x 1073 Pa, whereas transparent films
with dielectric dispersion are formed at pressures above 2.81 x 103 Pa. According to the data of quantum-
chemical simulation, the absorption peak at a photon energy of 4.6 eV in TaO, observed in the absorption-
coefficient dispersion spectrum is due to oxygen vacancy. The peak in the Raman-scattering spectra of TaO,,
films with metallic dispersion at frequencies of 200—230 cm ™! is presumably related to tantalum nanoclusters.
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INTRODUCTION

Tantalum-oxide (Ta,Os) films are characterized by
high permittivity (20—50) and used as insulators in the
storage capacitors of dynamic storage devices [1—4].
In addition, Ta,Os films are used as storage medium
instead of silicon nitride in flash memory [5]. The use
of nonstoichiometric tantalum oxide (TaO,  5,) films
as storage medium in nonvolatile high-speed resistive
flash memory is of great interest [6]. A change in the
chemical composition (stoichiometry) of TaO,
changes its electronic structure, which makes it possi-
ble to control the physical (optical and electric) prop-
erties of the layer. The purpose of this study was to
analyze the optical properties of nonstoichiometric
TaO, < 5, films by spectral ellipsometry, Raman-scat-
tering spectroscopy, and quantum-chemical simu-
lation.

EXPERIMENTAL
Samples

The samples for study were prepared by ion-beam
sputtering deposition (IBSD). A series of TaO, films of
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variable composition (x < 5/2) 10—50 nm thick were
grown on KEF-4.5 Si(100) substrates (#-Si:P with a
resistivity of 4.5 Q cm). Before the growth, a native
oxide layer was removed from the silicon substrates in
a hydrofluoric acid (HF) solution. The sputtering was
performed using a metal tantalum (Ta) target. The tar-
get was sputtered by Ar* ions with an energy of 1.2 keV
with simultaneous inlet of high-purity oxygen ([O,] >
99.999%) into the chamber. Partial oxygen pressure
Fy, in the growth zone was varied in the range of 0.53—
9.09 x 10~ Pa, which made it possible to form TaO,
films of variable compositions, both stoichiometric
(x= 5/2) and nonstoichiometric (x < 5/2) (Table 1).
The x value was determined using the previously
obtained calibration curve of the dependence of x (x =
[O]/[Ta] is the ratio of elemental atomic fractions
obtained based on X-ray photoelectron spectroscopy
(XPS)) on the oxygen pressure [7].

The comparative analysis within ellipsometric
measurements was performed using metallic tantalum
samples (tantalum foil of TVCh grade) 8 X 8 X 0.5 mm
in size preliminarily subjected to mechanical polishing
and cleaning in boiling toluene.
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Table 1. Synthesis conditions, composition, and optical properties of the TaO, films

Film thickness, nm, | Optical properties of TaO, according
3 x in TaO,, according according to to ellipsometry data (at £= 1.96 eV)
Sample no. Fo, x10°, Pa to the XPS data |spectral-ellipsometry
data n o % 10% cm™!
T1 0.53 1.94 24.3 3.614 0.510
T2 1.08 1.99 11.2 3.057 0.406
T3 1.35 2.13 11.7 2.792 0.307
T4 1.71 2.22 46.7 2.692 0.242
T5 2.21 2.44 53.1 2.530 0.137
T6 2.81 2.53 44.4 2.476 —
T7 3.49 2.51 50.2 2.246 —
T8 9.09 2.59 53.0 2.089 —
Met. — — - 1.734 0.414
Ellipsometry where W, (W) and A, (A ) are the experimental

For ellipsometric analysis of the system, we used
the data obtained by an ELLIPS-1891-SAG spectral
ellipsometer (Rzhanov Institute of Semiconductor
Physics, Siberian Branch, Russian Academy of Sci-
ences) [8]. The spectral dependences of ellipsometric
angles W(£) and A(F) were measured in the photon-
energy range of 1.12—4.96 eV. The spectral instrumen-
tal resolution was ~0.01 eV, the recording time for one
spectrum did not exceed 20 s, and the angle of inci-
dence of light on the sample was 70°. The four-band
measurement technique with subsequent averaging
over all four bands was used.

Recorded spectra W(E),,, and A(E),,, were used
afterward for solving the inverse ellipsometry problem
(IEP) and fitting the calculated spectral dependences
of ellipsometric angles W(E).. and A(E). to the
experimental ones in accordance with the fundamen-
tal equation of ellipsometry

; R
e®tan¥ = =2,
R

S

(1)

where R, and R are the complex reflectances for waves
polarized in the plane of incidence and perpendicular
to it, which depend on the optical constants and layer
thicknesses.

For ellipsometric calculations, we used the optical
model of single-layer reflecting system; the film thick-
nesses and dependences n(E) and o £) were calcu-
lated as follows.

(i) Transparent films (T6—T8). The fitting of the
spectral dependences of the polarization angles in the
entire spectral range for m spectral points was per-
formed using minimization of the error function:

m

Z[(Aexp - Acalc)2 + (\Pexp - lI"calc)zls

i=1

o = (2)

=1
m
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(calculated) values of ellipsometric angles ¥ and A,
respectively. The thickness and dispersion relation
n(kE) for transparent TaO, films were found simultane-
ously; dependence n(F) was calculated based on the
Cauchy polynomial dependence [9, 10]:

n(?»)=a+A

7\.2
where a, b, and c are the fitting coefficients.

(ii) Light-absorbing films (T1-T5). The » and o
values were found independently at each spectrum
point. The thicknesses of opaque TaO, films were
determined using separate multiple-angle measure-
ments on an LEF-3M ellipsometer at the angles of
incidence of light on the sample of 50°, 60°, and 70°;
the wavelength was A = 632.8 nm.

+§, 3)

The silicon optical characteristics were taken for
the calculations from the Adachi database [11].

Raman Spectroscopy

The structural properties of the initial TaO, films
were investigated by Raman-scattering spectroscopy.
Raman spectra were recorded at room temperature in
backscattering geometry; the excitation was performed
using the Ar*-laser line with a wavelength of 514.5 nm;
the polarization of the scattered light was not ana-
lyzed. We used a T64000 spectrometer (Horiba Jobin
Yvon). The spectral resolution did not exceed 2 cm™.
An attachment for microscopic investigations of
Raman light scattering was applied. The laser-beam
power was 2 mW on the sample surface. To minimize
the structure heating under the laser beam, the sample
was placed slightly below the focus (the focal spot size
was ~8 m).
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Quantum-Chemical Calculations

The quantum-chemical simulation of the elec-
tronic structure of tantalum oxide was performed in
the Quantum-ESPRESSO program package within
the density functional theory in the model of periodic
supercells [12]. The calculations were performed for
the orthorhombic A-Ta,0s; phase because, for this
crystalline modification, the electronic structures of
the bulk and oxygen vacancies are the same as for
amorphous tantalum oxide [13, 14]. In the A-Ta,O,
structure, Ta atoms have the coordination number of
6, while O atoms are of three types: with twofold and
threefold coordinations in the Ta atomic plane and
with twofold coordination in the oxygen atomic plane.
The twofold-coordinated O vacancy in the Ta plane
has the minimum energy of oxygen-vacancy forma-
tion. We used the hybrid Becke—Lie—Yang—Parr
exchange-correlation functional B3LYP. The wave
functions of valence electrons were expanded in basis
of the plane waves with a cutoff energy of 950 eV; the
core was taken into account via norm-retaining pseu-
dopotentials. The cutoff energy was chosen so as to
obtain convergence with respect to the total cell energy
of no worse than 0.006 eV/atom. The calculations
were performed using the electronic configurations
[Xe]5d26s%6p° for Ta and [He]2s*2p* for O. Oxygen
vacancies were formed by removing oxygen from the
supercell obtained by 2 X 2 x 3 translation along the
crystallographic axes of 14-atom unit cells with subse-
quent relaxation of all atoms with the force-conver-
gence threshold of 0.04 eV/A.

RESULTS AND DISCUSSION

Dispersion of Optical Constants
Based on the Spectral- Ellipsometry Data

Figure 1 shows the spectral dependence of the TaO,
absorption coefficient. The absorption edge of stoi-
chiometric Ta,O5 (sample T8) is at 4.2 eV. This value
was previously determined for Ta,Os in [15]. Enrich-
ment of TaO, in metal is accompanied by a low-energy
shift of the fundamental absorption edge. The absorp-
tion edge for sample T7 is at 2.5 eV, whereas for sample
T6 it shifts to ~2.0 eV. The spectral dependence of the
TaO, absorption coefficient has a complex character.
At a high degree of oxygen depletion, the TaO, disper-
sion spectra exhibit specific features similar to those
for metallic tantalum. The absorption peak at 4.6 eV
occurs in sample T6. In samples TS5 and T4, one can
observe kinks at an energy close to 4.6 eV.

To reveal the nature of the absorption peak at 4.6 eV
in sample T6, we performed quantum-chemical simu-
lation of the electronic structure of an isolated oxygen
vacancy with the minimum formation energy in the
168-atom A-Ta,Os supercell. The calculated spectra of
the partial density of electronic states (PDES), which
are closest to the oxygen vacancy of Ta atoms, show
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Fig. 1. Spectral dependence of the absorption coefficient
of TaO, films of variable composition and metallic Ta.

that the vacancy forms an occupied defect state in the
band gap at 2.4 eV above the top of the valence band
(Fig. 2). The defect state is formed mainly by Ta 5d
electrons with a significant contribution from Ta 6s
and Ta 6p. The calculated spectrum predicts the pos-
sibility of optical transitions at the O vacancy with
energies of 4.5 and 4.65 eV from the defect level in the
band gap to Ta 6p/Ta 6s and Ta 5d states in the con-
duction band, respectively. The energies of these tran-
sitions are in agreement with the experimental optical-
absorption peak at 4.6 eV of amorphous TaO, for sam-
ple T6. It is noteworthy that the calculations also pre-
dict transitions with energies of 3.65 and 5.27 eV. The
TaO, optical-absorption spectra exhibit no specific
features for these photon energies most likely due to a
small value of the transition matrix elements.

Figure 3 shows the dispersion of the refractive
index of TaO, of variable composition. The films with
a low content of excess metal exhibit normal disper-
sion. The refractive index increases with an increase in
the photon energy. The TaO, films with a high content
of excess metal are characterized by anomalous dis-
persion. The refractive index decreases with an
increase in the photon energy at low photon energies,
whereas at high photon energies it increases. In the
films strongly depleted of oxygen, the behavior of the

No. 6 2018
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Fig. 2. Partial density of electronic states (PDES) of Ta
atoms, which are closest to the neutral O vacancy, in the
168-atom A-Ta,Os supercell: Ta 5d (solid curve), Ta 6p
(dashed curve), and Ta 6s (dotted curve). The top of
valence band E, is at the zero energy.

spectral dependence of the refractive index at photon
energies in the range of 3—5 eV is close to that for the
metal. In the low-energy region, at photon energies of
less than 3 eV, the refractive index in the metal
decreases from 2.8 to 1.0. In the TaO, samples strongly
depleted of oxygen (T1-T5), the refractive index
increases (in contrast to the metal) in magnitude in the
photon-energy range of 3.0—1.3 eV. Determination of
the reasons for the phenomenon observed calls for fur-
ther investigations.

Raman Spectroscopy

Figure 4 shows the Raman spectra of the TaO, film
(gray curve, sample T1, Table 1) and silicon substrate
(black curve). The main signal in the Raman spectra
related to the silicon substrate is the 520.6-cm~! line
corresponding to the long-wavelength optical phonon.
For improved readability, the vertical scale is bounded
and this peak is cut off. In addition, the spectrum of
single-crystal silicon has specific features related to
two-phonon scattering: two acoustic phonons
(~300 cm™), optical and acoustic phonons (~650 cm™"),
and two optical phonons (~970 cm™").

The TaO, film is semitransparent in the visible
spectral range at the thickness under consideration,
and its spectrum also exhibits the signal from the sub-
strate. The narrow peaks at frequencies lower than
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Fig. 3. Spectral dependence of the refractive index of the
TaO, films of variable composition.
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Fig. 4. Raman spectra of the TaO,, film (T1) and Si sub-
strate.
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Fig. 5. Raman spectra of the TaO, films (T1-T4). The
contribution from the Si substrate is subtracted.

150 cm™~! are the result of inelastic light scattering from
molecules contained in air. The TaO, film spectrum

also includes specific features at ~200 and ~800 cm™".
Raman spectra of amorphous Ta,Os5 are known to
contain specific feature related to the maximum in the
density of vibrational states in range from 600 to
1000 cm~! [16—20]. This corresponds to the vibra-
tional frequencies of tantalum—oxygen bonds. The
~800-cm™! peak in the spectrum of sample T1 is likely
due to scattering from vibrations of these bonds.

To reveal the nature of the peak in the acoustic
spectral region (~200 cm™!), we measured the Raman
spectra of the films prepared at different partial oxygen
pressures. Figure 5 shows the Raman spectra of the
TaO, films (samples T1-T4, see Table 1), from which
the silicon-substrate spectrum is subtracted. The
spectra obtained exhibit specific features in the fre-
quency range of ~200 cm~'. This specific feature was
also observed in [16] upon decreasing oxygen content
in the TaO, films with different stoichiometric com-
positions. This feature may presumably correspond to
the contribution from phonons, localized in tantalum
nanoclusters, or surface phonons at the boundary of
tantalum clusters. One can see that this acoustic peak
increases and shifts with a decrease in the partial oxy-
gen pressure. Only sample T4 stands out from the gen-
eral dependence. This question requires further inves-
tigation. Thus, the occurrence of the acoustic “shoul-

KRUCHININ et al.

der” can be related to the presence of tantalum clusters
in the films.

Thus, the optical properties and structure of tanta-
lum-oxide (TaO,) films of variable composition were
studied by spectral ellipsometry and Raman spectros-
copy. Depending on the oxygen content, the TaO,
films have dispersions of optical constants n(£) and
ou(E) similar to those in metals (which can be due to
the presence of Ta clusters) or are transparent films
(a(E) = 0) with dispersion of n(E) of the normal
dielectric type. A peak at an energy of 4.6 eV is
observed in spectra o £E) for the TaO, films slightly
enriched in metal. According to the data of quantum-
chemical simulation, this peak is due to optical transi-
tions at the oxygen vacancy. The peaks at ~800 and
200—230 cm™! in the Raman spectra indicates the
presence of the Ta,Os stoichiometric phase and Ta
metal clusters in the TaO,, films.
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