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Abstract
The atomic and electronic structure of nonstoichiometric amorphous tantalum oxide (TaOx) films
of different composition has been investigated by means of electron microscopy, x-ray
photoelectron spectroscopy, Raman and infrared spectroscopy. The dispersion of the absorption
coefficient and refraction index has been studied by spectral ellipsometry. The optical spectra
were interpreted using the results of a quantum-chemical simulation for crystalline orthorhombic
TaOx. It was found that the presence of oxygen vacancies in the oxygen-deficient TaOx film
show an optical absorption peak at 4.6 eV. It has been established that TaOx consists of
stoichiometric Ta2O5, metallic Ta clusters less than 20 nm in size, and tantalum suboxides TaOy

(y<2.5). The model of nanoscale potential fluctuations of TaOx bandgap in the range of
0–4.2 eV is proposed and justified. The design of the flash memory element based on the effect
of localization of electrons and holes in Ta metallic nanoclusters in the TaOx matrix is proposed.

Keywords: tantalum oxide, nanoscale potential fluctuations, ellipsometry, x-ray photoelectron
spectroscopy, Raman scattering, density functional theory, ReRAM

(Some figures may appear in colour only in the online journal)

Introduction

Stoichiometric tantalum oxide (Ta2O5) films have a high
value of dielectric constant (κ in the range of 20–50), and
they are used as dielectrics in the storage capacitors of
dynamic memory devices [1–4]. Recently Ta2O5 are exam-
ined as a storage medium in charge trap flash (CTF) memory
devices [5]. Oxygen vacancies in oxides and nitrogen
vacancies in nitrides (for example in Si3N4 films) are used as
traps in those devices. It is believed that oxygen vacancies
play a key role in dielectric reversible switching between
states with low and high resistance under current pulse
(resistive effect). Intensive studies aimed at the development
of resistive random-access memory (ReRAM) are carried out
now. ReRAM have attracted great attention due to their

simple structure, low power consumption, high-speed opera-
tion, high-density integration, multibyte switching. A number
of binary metal oxides have been investigated for ReRAM
applications. Nonstoichiometric tantalum oxide (TaOx) is one
of the promising materials for ReRAM [6–8]. It was sug-
gested that oxygen vacancies are responsible for the charge
localization in Ta2O5 and TaOx [9, 10]. Recently we have
shown that charge transport in ReRAM based on metal sub-
oxides was interpreted in terms on electron percolation in the
suboxides [11–13]. Percolation in metal suboxides is related
to nanoscale potential fluctuations due to chemical composi-
tion (stoichiometry) fluctuations.

Variation of the chemical composition, or stoichiometry, of
TaOx results in a modification of its electronic structure; this
knowledge opens up a possibility for exerting control over the
physical (optical and electrical) properties of the material. The
dependence of the Ta coordination number as a function of
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stoichiometry parameter xwas investigated in [14]. In Ta2O5, the
Ta coordination number is 6, which corresponds the structural
unit TaO(6) octahedrons. Oxygen atoms are coordinated with
two or three tantalum atoms. The structure of nonstoichiometric
metal-enriched TaOx can be described in framework of the
random mixture (RM) or random bonding (RB) models [15]. In
the RM model, TaOx is treated as a mixture of two phases: the
stoichiometric phase Ta2O5 and the metallic Ta. In the RB
model, TaOx is assumed to consist of TaO(ν)–Ta(6-ν) structural
units, ν=0, 1, 2, 3, 4, 5, and 6, in which Ta atoms statistically
substitute O atoms in each TaO(6) structural unit.

The purpose of the present work was the justification of
nanoscale potential fluctuation model in nonstoichiometric
tantalum oxides. To reach this purpose the studies of the
atomic and electronic structure of TaOx by means of x-ray
photoelectron spectroscopy (XPS), spectral ellipsometry,
Raman spectroscopy, IR-spectroscopy, were carried out.
Quantum-chemical simulations were performed to calculate
energy level of oxygen vacancies in crystalline tantalum
oxide for interpretation of experimental data.

Methods

The ion-beam sputtering-deposition (IBSD) technique was
used to deposit onto the surface of phosphorous-doped Si
(100) wafers with resistivity 4.5 Ohm·cm a series of TaOx

films of different stoichiometries x with thicknesses in the
range from 10 to 50 nm. Prior to the film growth, the silicon
substrates were cleaned in a solution of hydrofluoric acid
(HF). For sputtering, a metallic tantalum target was used. The
target was sputtered with 1.2 keV Ar+ ions. Simultaneously,
high-purity oxygen was let into the chamber (O2>99.999
atomic %). The partial oxygen pressure (P(O2)) in the growth
zone was varied within the interval 0.5÷9.1× 10−3 Pa; as a
result, tantalum oxide films with different compositions x (or
Ta/O ratios) were grown: from near-stoichiometric compo-
sition (x≈5/2) to nonstoichiometric TaOx (x<5/2) (see
table 1). Eight samples (T1–T8) of various stoichiometry

were grown (see table 1). The P(O2) decreased from sample
T8 to sample T1.

For studying the surface morphology of TaOx films, the
method of field emission scanning electron microscopy
(FESEM) implemented on a Zeiss 1540 Crossbeam system
instrument was employed. The XPS spectra of TaOx films
were measured on a SPECS (Germany) photoelectron
spectrometer using a hemispherical PHOIBOS-150-MCD-9
analyzer and FOCUS-500 monochromator (Al Kα radiation,
hν=1486.74 eV, 200W). The spectra were registered at the
analyzer pass energy of 20 eV. The sampling depth is about
6.6 nm. The line shape used for fitting the Ta 4f spectra was
the product of Lorentzian and Gaussian functions. A Shirley-
type background was subtracted from each spectrum. The
[O]/[Ta] atomic ratio for samples were calculated from the
integral photoelectron peak intensities, which were corrected
with the theoretical sensitivity factors based on Scofield
photoionization cross sections.

For ellipsometric analysis, ELLIPS-1891-SAG spectral
ellipsometer (ISP SB RAS) was used [16]. The measurements of
the spectral dependences of the ellipsometric angles Ψ and Δ

were performed in the range of wavenumbers 250–1100 nm.
The spectral resolution of the instrument was 2 nm, the record
time of one spectrum did not exceed 20 s, and the angle of light
incidence onto the sample was 70°. A four-probe measurement
procedure with subsequent averaging of measured data over all
the four zones was used. For determination of the thickness of
transparent TaOx films, multi-angle measurements performed on
an LEF-3M ellipsometer at some chosen angles of light inci-
dence onto the sample (50, 60, and 70°) were employed; the
light wavelength in those measurements was λ=632.8 nm. The
recorded spectra of Ψ(λ)exp and Δ(λ)exp were then used for
solving the ellipsometry inverse problem and for fitting the
experimental spectral dependences of ellipsometric angles
Ψ(λ)calc and Δ(λ)calc with the dependences calculated in accor-
dance with the fundamental equation of ellipsometry.

For the ellipsometric calculations, the following optical
models were used in the present study: the model of a semi-
infinite reflecting system and that of a single-layer reflecting
system. The adjustment of the spectral dependences of polar-
ization angles throughout the whole spectral range for m spec-
trum points was implemented by minimization of the function:

m
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. 1
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In the calculations, the optical characteristics of silicon were
borrowed from the database compiled by Adachi [17]. The
dispersion dependence n(λ) for TaOx films was represented with
a polynomial Cauchy dependence [18, 19]:
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where a, b, and c are adjustment coefficients.
Structural properties of TaOx films were investigated by

means of vibration spectroscopy (Raman and infrared (IR)
absorbance). Raman spectra were registered at room temp-
erature in back-scattering geometry. For excitation, the
514.5 nm line of an Ar+ laser was used. No polarization

Table 1. TaOx films synthesis conditions, composition (atomic ratio
[O]/[Ta]) according to XPS data, and optical properties according to
ellipsometry data.

Optical properties of TaOx,
E=1.96 eV

Sample
P(O2),
10−3 Pa

x=[O]/
[Ta] n

α, (cm−1),
×10−6

T1 0.53 1.94 3.614 0.510
T2 1.08 1.99 3.057 0.406
T3 1.35 2.13 2.792 0.307
T4 1.71 2.22 2.692 0.242
T5 2.21 2.44 2.530 0.137
T6 2.81 2.59 2.476 —

T7 3.49 2.79 2.246 —

T8 9.09 2.77 2.089 —

Мет. — — 1.734 0.414
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analysis for scattered light was performed. A Horiba Jobin
Yvon T64000 spectrometer was used for measuring Raman
spectra with a spectral resolution better than 2 cm−1. A spe-
cial facility for microscopic Raman studies was also
employed. The laser-beam power falling onto the sample was
2 mW. For minimization of the heating of the structures under
the laser-beam, the sample was placed somewhat below the
focus in a situation in which the laser-spot size was equal to 8
μm. The samples were studied using Fourier transform
infrared (FTIR) absorption spectroscopy, the spectrometer
FT-801 having a spectral resolution of 4 cm−1 was used.

Quantum-mechanical simulation of the tantalum oxide
electronic structure was carried out in Quantum-ESPRESSO
program package in framework of the density functional theory
in the periodical supercell model [20]. The calculations were
made for the orthorhombic λ-Ta2O5 because for this crystal
phase the electronic structure of the material bulk as well as that
of O vacancies was the same as the electronic structure for
amorphous tantalum oxide [21, 22]. In the structure of λ-Ta2O5,
Ta atoms are six-fold coordinated ones and O atoms occur as
atoms of three types: two- and three-fold coordinated ones in the
plane of Ta atoms, and two-fold coordinated ones in the plane of
O atoms. The minimum formation energy of oxygen vacancies
is that for the two-fold coordinated O in the Ta plane. The hybrid
Becke–Lee–Yang–Parr exchange-correlation functional was
used. The wavefunctions of valence electrons were decomposed
in plane-wave basis set with 950 eV cutoff energy, with the core
being considered through normconserving pseudopotentials. In
the calculations, the following electronic configurations were
used: Ta: [Xe]5d36s26p0 and O: [He]2s22p4. The cutoff energy
was chosen such that to obtain a convergence not worse than
0.006 eV/atom in terms of total energy. Oxygen vacancies were
produced by the removal of O atom from 168-atom supercells
obtained by 2×2×3 translation of a 14-atom unit cell along
the crystallographic axes with subsequent relaxation of all atoms
with force convergence threshold 0.04 eV·Å−1.

Results

XPS spectra of the Ta 4f levels in TaOx films of different
composition as well as the results of curve-fitting analysis are
shown in figure 1. XPS Ta 4f peak consists of the single spin–
orbit doublet Ta 4f5/2,7/2 with the 1.89 eV splitting for the
tantalum oxide grown at the highest P(O2) in the growth zone
and it is observed at an energy corresponding to the Ta2O5

[23]. New peaks in the Ta 4f spectra at the lower binding
energy are observed for films synthesized with lower P(O2),
which corresponds to a partially reduced oxide and metallic
Ta. The XPS for our TaOx film are described by three
doublets that can be attributed to Ta1+, Ta2+, Ta3+/Ta4+, and
Ta5+, respectively [23]. The Ta 4f7/2 binding energy of
21.25 eV related to metal Ta, 22.41 eV and 24.54 eV related
to TaOy, and 25.95 eV related to Ta2O5. Thus, the high-,
intermediate- and low-energy XPS Ta 4f doublets are due to
stoichiometric Ta2O5, nonstoichiometric suboxides (herein-
after referred to as TaOy<2.5) and metallic Ta, respectively.

The atomic ratio x=[O]/[Ta] are presented in table 1.
We assume that nonstoichiometric films differ from each
other in the relative content of Ta2O5, TaOy and Ta. The
quantitative accuracy in determining the oxide stoichiometry
from the XPS data typically amounts about 10%. For this
reason, the overestimated values of x>2.5 are observed for
T6, T7, T8 samples, which should be close to stoichiometric
Ta2O5 while the T6 is slightly depleted in oxygen. The
inflated value of the oxygen content in our tantalum oxide
films is most likely due to the presence of adsorbed oxygen on
the films surface.

The similar result was previously obtained for non-
stoichiometric IBSD hafnium oxide films [24]. However, in
that case the FESEM images revealed the presence of
10–80 nm metal clusters spread throughout the film. FESEM
images of the TaOx films look quite homogeneous on the
scale shown in the figure 2. It seems that metallic Ta clusters
in TaOx were indistinguishable because the sizes of those
clusters were much smaller than the sizes we could see with
the help of FESEM. Figure 1 suggests that the sizes of
metallic Ta clusters in the TaOx films did not exceed 20 nm.

The spectral dependence of the optical absorption coeffi-
cient α of TaOx films is shown in figure 3. The sample T8 is a
dielectric whose fundamental absorption edge corresponded to
the 4.2 eV, being coincident with the Ta2O5 bandgap [25].
Enrichment of TaOx with the metal is accompanied with a red
shift of the fundamental absorption edge. In sample Т7, the
absorption edge was located at 2.5 eV, and in sample Т6 it was
shifted to 2.0 eV. The spectral dependence of the absorption
coefficient of TaOx exhibited an intricate behavior. At a high
enrichment of TaOx with metal, features resembling those for
metallic tantalum were observed. In sample Т6, an absorption
peak at 4.6 eV was observed. In sample Т5, a kink of the
derivative was observed at about 4.6 eV energy. On increasing
the metal enrichment degree, the absorption coefficient α grew
in magnitude, and at partial oxygen pressures of 1.35×10−3 Pa
(sample T3) and 1.08×10−3 Pa (sample T2) the absorption
spectrum started displaying an absorption peak at about 3.1 eV.
Possible emergence of absorption peaks will be discussed below.

The dispersion of the refraction index n in TaOx films of
different composition is shown in figure 4. In the films with a
low content of excessive Ta (T6–T8), a normal dispersion is
observed: the n increases with increasing the photon energy.
In TaOx films with a high content of the excessive Ta (T1–
T3), an anomalous dispersion is observed. At low photon
energies, a decrease of n with increasing photon energy is
observed. At high photon energies, the n increases in value
with increasing the photon energy. In the films T1–T3, at
photon energies in the range from 3 to 5 eV the spectral
dependence of the n was close to that for the metal. In the
low-energy region, at photon energies smaller than 3 eV, the n
in the metal decreases from 2.8 to 1.0. In TaOx samples T1–
T5, unlike in the metal, the n decreases in value as the photon
energy increases from 1.3 to 3.0 eV. Elucidation of the rea-
sons for the observed contradiction calls for further studies.

For revealing the absorption peaks nature, we have car-
ried out a quantum-chemical simulation of the electronic
structure of the isolated O vacancy. The calculated spectra of

3
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the projected density of electronic states from the Ta atoms
closest to the O vacancy show that the vacancy forms an
occupied defect state in the bandgap at 2.4 eV higher than the
valence-band top (Ev) energy (figure 5) [26]. The defect state
is formed predominantly by Ta 5d electrons with substantial
contributions of Ta 6 s and Ta 6p. The calculated spectrum

predicts the possibility of optical transitions at the O vacancy
with energies 4.5 and 4.65 eV from the defect level in the
bandgap to the Ta 6p/Ta 6 s and Ta 5d state in the conduction-
band, respectively. The energy of those transitions agrees
with the experimental 4.6 eV peak of the optical absorption
spectra of TaOx slightly enriched with the metal for the T6

Figure 1. XPS Ta 4f levels of TaOx films of different compositions (orange lines) and their fitting with a superposition of Gaussian functions
in the energies of the Ta 4f level (the red, violet, and blue lines refer to the various phases, the black line being the sum of the ‘colored’
components).

Figure 2. FESEM images of TaOx films grown at different partial oxygen pressures P(O2): 1.08×10−3 Pa (a), 1.35×10−3 Pa (b) and
2.21×10−3 Pa (c).

4
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sample. Thus, this peak originated from the optical transitions
in O vacancies. Interestingly, the calculations also predict
transitions with energies 3.65 and 5.27 eV. In the optical
absorption spectra of TaOx, no features at those quantum
energies were observed, most likely, due to the small values
of the matrix elements for these transitions. The above-men-
tioned 3.1 eV peak (figure 3) in the absorption spectra of
samples T2 and T3 can be attributed to the possible excitation
of O vacancies (see figure 5) or with the excitation of O
polyvacancies.

Measured Raman spectra of the TaOx films and the Raman
spectrum of a silicon substrate are shown in figure 6. Evidently, a
very intense signal due to silicon substrate is observed; this is a
line due to the 520.6 cm−1 long-wave optical phonon. For clarity,
the vertical scale is plotted logarithmic. Besides, features origi-
nating from two-phonon scattering phenomena, namely those
due to events involving two acoustic phonons (2TA ∼300 cm−1,
LA+TA ∼425 cm−1), optical plus acoustic phonon (O+A
∼600–700 cm−1) and two optical phonons (2LO ∼800 cm−1

and 2TO ∼970 cm−1) were observed in the spectrum of single-
crystal silicon. TaOx films are semi-transparent ones in the visible
light, and their spectrum also exhibits a signal due to the sub-
strate. In the absorbing films (samples T1–T6, table 1), a weak
signal due to the substrate is observed. In the transparent films
(T7 and T8), the signal due to the substrate was somewhat

Figure 3. Spectral dependence of absorption coefficient in TaOx

films of various compositions.

Figure 4. Spectral dependence of refraction index n in TaOx films of
different compositions.

Figure 5. The overall PDOS from the tantalum atoms closest to the
neutral O vacancy in the 168-atom supercell of λ-Ta2O5: Ta 5d (red
curve), Ta 6p (green curve) and Ta 6 s (blue curve). The energy is
reckoned from the valence-band top.

5
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stronger because the film in that case acted as an anti-reflection
coating. The narrow peaks with wavenumbers greater than
150 cm−1 resulted from the inelastic scattering of light by
atmospheric molecules. It is seen that the features at about 200
and 800 cm−1 were also present in the spectra of TaOx films. In
the spectra of amorphous Ta2O5, features due to the density of-
state maximum observed in the density of vibrational states in the
range of wavenumbers 600 to 1000 cm−1 were present [27–30].
The latter features correspond to the frequencies of Ta–O bond
vibrations. Likely, the peak at ∼800 cm−1 is due to the light
scattering by the vibrations of those bonds. The Raman signal of
the film can be examined after subtraction of the signal due to
substrate.

The Raman spectra of TaOx films after subtraction of the
contribution due to silicon substrate are shown in figure 7. In the
spectra, features at wavenumbers ∼200 cm−1, ∼480 cm−1,
∼600 cm−1, and ∼800 cm−1 are observed.

Takashi Tsuchiya et al [27] also observed the majority of
those Raman features as well as their evolution with decreasing
the oxygen content of TaOx films of different stoichiometric
compositions. The peaks at about 800 cm−1 were induced by the
Ta–O valence (stretching) vibrations in the case in which the
tantalum atoms were five-fold coordinated ones (i.e. each tanta-
lum atom was surrounded by five O atoms). According to the
assumptions of [27], in the case in which the tantalum atoms are
six-coordinated, the Ta–O valence vibrations are manifested as

peaks with wavenumbers ranging from 600 to 700 cm−1. Evi-
dently, in the case of interest those features were only observed in
the spectra of samples T5–T8, their intensity being lower than
that of the peaks at ∼800 cm−1. Thus, the tantalum in our films
with x�2.3 was predominantly five-fold coordinated. An
exception is the film T8, in which the features at ∼600 and
∼800 cm−1 were weak, yet a peak at ∼480 cm−1 was observed.
In [27], a close feature at wavenumber ∼500 cm−1 was observed
(peak E in Takashi Tsuchiya study, figure 4(a)). However, this
feature was always observed simultaneously with more intense
peaks at ∼650 cm−1, presumably due to the Ta–O valence
vibrations in the case in which the tantalum atoms were six-
coordinated ones. In the case of interest, for film T8 the peak at
∼480 cm−1 was a prevailing one. It can be assumed that this
peak originated from the vibrations of Ta–O bonds, in the case in
which the coordination number of tantalum atoms exceeded six.
From the table, it is seen that the experimental values of the
stoichiometry parameter x for the films in samples T7 and T8 was
2.79 and 2.77, and it is in those films where the feature at
∼480 cm−1 was observed. The assumption that no tantalum
atoms with coordination numbers in excess of six were present in
such films calls for further study.

Let us turn now to the feature at ∼200 cm−1. In the
literature, no explicit hypotheses about the nature of this peak
are available. In [27], it was suggested that could be a

Figure 6. Raman spectra of TaOx films (T1–T8) and Si substrate. Figure 7. Raman spectra of TaOx films (T1–T8) after subtraction of
the contribution due to the Si substrate.

6

Nanotechnology 29 (2018) 425202 V A Gritsenko et al



contribution due to the vibrations of Ta–Ta bonds. However,
those peaks were almost absent from the spectra of the films
with the highest tantalum contents (T1–T3). We believe that
that peak could be a contribution due to phonons localized in
tantalum nanoclusters or, alternatively, it could be a contrib-
ution due to the interfacial phonons at the boundaries of
tantalum clusters. It is seen that, on decreasing the partial
pressure due to oxygen, this acoustic peak increased in
amplitude and exhibited a shift. The only exception from the
observed regularity was the sample T8. This matter calls for
further study. For the time being, the emergence of the
acoustic ‘shoulder’ at ∼200 cm−1 can be tentatively attributed
to the tantalum clusters present in the films.

Figure 8 shows the IR absorption spectra of TaOx films.
The virgin Si substrate was used as a reference when mea-
suring FTIR absorbance spectra. The spectra are dominated
by a main line at about 670 cm−1 which (according to Raman
spectra) could be associated with the Ta–O vibrations, band D
in [27]. It should be noted that in samples T2 and T4 (metal-
rich materials) there is absorption background in all studied
range. It can be due to absorption in metallic clusters. In
samples T5 and T7 (more oxygen) the Ta–O vibration peak is
more pronounced. The large width of the peak indicates that
in the films there are regions with different local stoichio-
metric compositions.

Thus, the data obtained indicate nanoscale fluctuations in
the stoichiometric composition of the TaOx films, which sti-
mulates attempts to construct a structural model of films
different from well-known RB and RM. Rather, it is some
intermediate model.

The intermediate model of structure and nanoscale potential
fluctuation in TaOx

The Ta2O5 consists of TaO(6) structural units. The replacement
of one O atom with a Ta atom results in the formation of a
TaTaO(5) structural unit, whereas the replacement of two, three,
or four O atoms with two, three, or four Ta atoms yields TaTa(2)
O(4), TaTa(3)O(3), or TaTa(4)O(2) structural units, respectively.
Hypothetically, in a similar manner, TaTa(5)O, and TaTa(6)
structural units can be formed. However, the replacement of more
than four O atoms with Ta atoms turns out to be impossible
because of Ta atomic radii 2.09 Å too high (for comparison radii
of the O atom is 0.48 Å). In the RB model, TaOx consist of a
mixture of TaTa(υ)O(6-υ) structural units with υ=0, 1, 2, 3, 4,
5 and 6. Such a model fails to describe the TaOx structure. In the
RM model, TaOx presents a mixture of Ta2O5 and Ta. The
experiment points to the presence of Ta2O5 and Ta in TaOx;
however, XPS and Raman scattering data point to the occurrence
of TaOy suboxides involving TaTa(υ)O(6-υ) structural units as
well. Thus, neither the RB nor the RM models adequately
describes the structure of TaOx. The TaOx consists of TaTa(υ)O
(6-υ), υ=0, 1, 2, 3, 4, 5 and 6 structural units; however, the
distribution of the structural units in the material is not a random
one like the distribution that appears in the RB model. We call
proposed model structure as intermediate model.

According to the XPS, spectral ellipsometry and Raman
data, TaOx consists of Ta2O5, Ta and TaOy suboxides. TaOy

may appear at the Ta2O5/Ta interface, in the volume of Ta2O5

and in the volume of the Ta. A two-dimensional representation
of the TaOx atomic structure in the intermediate model as well as
the band diagram of TaOx are shown in figure 9. The electron
affinity of Ta2O5 is χ=3.3 eV. The work function of metallic
Ta is 4.4 eV. Spatial fluctuations of the chemical composition
give rise to the local spatial fluctuations of the bandgap energy in
TaOx. Thus, Eg in TaOx varies in the range from 0 to 4.2 eV. The
conduction-band edge position Ec, with respect to the electron
energy in vacuum E0, varies in the range from 3.3 to 4.4 eV.
These quantities define the maximum fluctuation scale (1.1 eV)
of Ec in TaOx. The energy position of Ev with respect to the E0,
varies in the range from 4.4 to 7.5 eV. The height of the potential
barrier for holes at the Ta/Ta2O5 interface defines the maximum
fluctuation scale (3.1 eV) of the valence-band top position Ev in
TaOx. According to the FESEM structural measurements, the
typical spatial scale of potential fluctuations in TaOx falls into
the range less than 20 nm (see figure 1).

The proposed model of potential fluctuations is based on
the nonstoichiometry of TaOx. Local spatial fluctuations of the
potential lead to local spatial variations in the bandgap in the
range 0–4.2 eV. As a result, potential wells are formed for
electrons and holes. Similar local spatial fluctuations of potential
are observed in heavily doped semiconductors. In this case, the
potential fluctuations are due to spatial fluctuations of

Figure 8. IR absorbance spectra of TaOx films (Si substrate was a
reference sample).
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concentration of charged donors and acceptors, so, the potential
fluctuations have an electrostatic nature, while the width of the
bandgap remains unchanged. The TaOx is quasineutral, the
average electric charge is zero in every local volume. So, unlike
to heavily doped semiconductors, in TaOx at each point of space
the electric field for an electron and a hole has the opposite
direction (figure 9). In the proposed model of nanoscale potential
fluctuations, the conductivity of TaOx is due to the contribution
of both electrons and holes. The electronic conductivity of TaOx

is due to electrons that are excited from the Fermi level to the
electronic percolation level. The hole conductivity of TaOx is due
to holes that are excited from the Fermi level to the hole per-
colation level (figure 9).

The possibility of using TaOx as a storage medium in CTF
memory

The operating principle of state-of-the-art flash memory
devices is based on the accumulation (localization) of elec-
trons or holes at deep traps in silicon nitride [31, 32]. The
lifetime of electrons and holes in localized states should be up
to 10 years at temperature 85 °C. According to figure 9,
metallic tantalum nanoclusters in a Ta2O5 matrix act as deep
potential wells (traps) for contact-injected electrons and holes.
Thus, there arises a possibility to use nonstoichiometric
metal-enriched TaOx, as the storage medium in flash memory
elements, instead of silicon nitride (figure 10). The depth of
the potential wells due to metallic Ta for electrons and holes
in TaOx is 1.1 eV and 3.1 eV, respectively (figure 9). Thus, it
can be expected that the potential wells due to metallic Ta in
TaOx will can ensure a giant retention time, or giant lifetime
of electrons/holes in localized states.

The advantage of TaOx-based flash memory compared
with silicon nitride-based memory is based on the fact that
TaOx has a higher dielectric constant (20) than the dielectric
constant of silicon nitride (7). It was shown by Zhu et al [33]
that memory based on tantalum oxide, due to higher dielectric
constant, has a higher range of information retention time.

The flash memory element is similar to the traditional
field-effect transistor in which, instead of the gate dielectric, a
three-layer dielectric is used (figure 10). The Si substrate is p-
type, the source (S) and drain (D) areas are n-type (figure 10).
A thermally grown 3.5 nm thick SiO2 layer functions as the
tunnel dielectric. Over the tunnel oxide, a 10 nm thick storage
layer of TaOx is provided. Over the storage dielectric, a low-
conducting blocking high-κ dielectric is used. As the latter
dielectric, Al2O3 is appropriate for use [31]. Tantalum nitride
TaN is normally used in state-of-the-art flash memory ele-
ments as a conducting gate.

Conclusions

In the present study, the structure of nonstoichiometric metal-
enriched tantalum oxide films of different compositions were
investigated by means of electron microscopy, XPS and optic
methods. It was found that TaOx films consist of Ta2O5, metallic
Ta clusters, and tantalum suboxides enriched with tantalum
TaOy<2.5. The presence of Ta2O5 in our samples was confirmed
by the observation of the Raman peak at about 800 cm−1. The
presence of metallic Ta clusters was also confirmed by the ana-
lysis of Raman spectra as the involvement of peaks at 200 cm−1.
According to electron microscopy data, the sizes of the metallic
Ta nanoclusters in our samples were less than 20 nm.

Thus, the structure of TaOx cannot be described within
the framework of the RM model, nor can it be understood
within the RB model. Based on our data, the intermediate
model for the TaOx atomic structure was proposed and jus-
tified. Local spatial fluctuations of the chemical composition
of TaOx lead to spatial fluctuations in the bandgap. The
localization of electrons and holes in TaOx occurs in Ta
metallic nanoclusters. A new flash memory element is pro-
posed, in which the TaOx layer acts as a storage medium.

Figure 9. The intermediate model of nanoscale potential fluctuations
in nonstoichiometric TaOx. Two-dimensional model for the atomic
structure of TaOx (on top) and it energy diagram with the Ta/Ta2O5

interface (below): the blue solid line shows the electron energy with
respect to one in vacuum E0, and the dash-and-dot line shows the
position of Fermi level EF in Ta. a  is the characteristic spatial
scale of potential fluctuations. Ee and Eh are the percolation levels
for electrons and holes; We and Wh are the barriers for excitation of
electrons and holes from the Fermi level to the electron and hole
percolation levels, respectively.

Figure 10. A flash memory element using TaOx as the storage medium.
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