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Abstract

®

CrossMark

The atomic and electronic structure of nonstoichiometric oxygen-deficient tantalum oxide
TaO,, 5 grown by ion beam sputtering deposition was studied. The TaO, film content was
analyzed by x-ray photoelectron spectroscopy and by quantum-chemistry simulation. TaO, is
composed of Ta,Os, metallic tantalum clusters and tantalum suboxides. A method for evaluating
the stoichiometry parameter of TaO, from the comparison of experimental and theoretical
photoelectron valence band spectra is proposed. The charge transport properties of TaO, were
experimentally studied and the transport mechanism was quantitatively analyzed with four
theoretical dielectric conductivity models. It was found that the charge transport in almost
stoichiometric and nonstoichiometric tantalum oxide can be consistently described by the

phonon-assisted tunneling between traps.

Keywords: electronic structure, oxygen vacancy, photoelectron spectroscopy, quantum-

chemistry calculations, charge localization, charge transport

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

1. Introduction

Ta,Os films have a high dielectric permittivity in the range of
20-50 and they are used as an insulator in dynamic random-
access memories (DRAM) [1-4]. In addition, Ta,Os5 films are
used as a storage medium instead of silicon nitride in flash
memory elements [5]. Nonstoichiometric TaO,_, 5 films are
used as a storage medium in a new generation of fast-acting
nonvolatile resistive random-access memories (ReRAM)
[6-14]. ReRAM is considered both for stand-alone data sto-
rage applications and as an embedded non-volatile memory.
Among various oxide-based resistive switching elements,
TaO,-based devices exhibit excellent endurance (number of
switching cycles) [6], memory retention performance [13],
switching speed [14], and low power consumption [7]. The
change in the TaO, stoichiometry leads to a change in its
electronic structure, and knowledge of the subtleties of this
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process opens
properties.

The leakage current is one of the most important prop-
erties of dielectric films in any solid-state electronic device.
The leakage current magnitude for a given electric field and
temperature is determined by the charge transport mechanism
[15]. The tantalum oxide-based ReRAM is operating on
resistance changes of oxide layer in the metal-insulator-metal
(MIM) structure, as is commonly believed, due to forming
and disruption of a conducting filament, i.e. high metal-
enrichment local region TaO,. Despite a large number of
contributions focused on charge transport in high resistance
state (HRS) and low resistance state (LRS) of tantalum oxide-
based ReRAM memories [11, 16, 17], there are only a limited
number of studies of the nonstoichiometric tantalum oxide
conduction mechanisms before the forming process and their
connection with traps. The actual conduction model of TaO,

the possibility of controlling electrical
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before the filament forming is important for understanding of
the nature of the forming in ReRAM structures.

Trap ionization via the Frenkel mechanism is often pro-
posed to describe the charge transport in Ta,Os [18-20].
However, the preexponential fitting factor is not analyzed in
those studies, while it can be one of the criteria of the Frenkel
model applicability. It is the nonphysical low value of the
preexponential fitting factor that facilitated establishing that
the Frenkel model is not suitable to describe the charge
transport in SizN, and HfO, [21, 22]. Thus, the charge
transport mechanism of tantalum oxide films is a matter that
requires a detailed investigation. In [23] the charge transport
in Tay,Os is described in the framework of the numerical
model of trap-assisted tunneling of electrons through traps.
However, this complicated model makes a strong assumption
that there is a continuous spectrum of the defect density of
states in the bandgap, and the shape of this spectrum is not
defined. Recently it was shown that tantalum oxide con-
ductivity can be described within the phonon-assisted tun-
neling between traps model [24]. Notwithstanding that, other
possible conduction mechanisms were not considered.

Thus, though the charge transport in metal-enriched TaO,
was investigated previously, the details of the process and
connection with high concentrations of oxygen vacancies
were not established. At the same time, understanding the
charge transport mechanism in TaO, films and its connection
with electronic properties is important for the device opera-
tion and prediction of ReRAM reliability. The purpose of the
current work is the investigation of the electronic structure
and the revealing of the conductivity mechanism of non-
stoichiometric tantalum oxide.

2. Materials and methods

Two groups of samples were prepared for this study. The first
group consisted of the samples used for electron microscopy
and photoelectron spectroscopy, which were fabricated as
follows. Si (100) substrates with a resistivity of 4.5 €2 - cm
underwent cleaning by HF etching. Then TaO, films were
deposited by ion-beam sputtering deposition (IBSD) on these
substrates. During this process, the Ta target was sputtered by
the beam of Ar" ions and, simultaneously, high-purity oxy-
gen (O; > 99.999%) was introduced in the depositing
chamber. The oxygen partial pressure P(O,) was varied by the
gas flow controller for different samples, which allowed us to
obtain tantalum oxide films with differing [O]/[Ta] ratios (x),
varying from almost a stoichiometric composition (x ~ 5/2)
to nonstoichiometric types (x < 5/2), as presented in table 1.
The TaO, film thicknesses were about 50 nm. The second
group of samples, used for charge transport studies, repre-
sented TaN/TaO,(30 nm)/Ni MIM structures on Si/SiO,
substrates (see figure 1(a)) with the TaO, layer being depos-
ited in a manner similar to that described above for the first
group of samples. The TaO, layers for MIM structures were
synthesized by IBSD at 9.34 mPa, 6.05mPa, 3.91 mPa,
3.27 mPa and 2.66 mPa oxygen partial pressures.

Table 1. The used oxygen partial pressure in the depositing chamber,
phase composition of TaO, and the atomic ratio [O]/[Ta] obtained
from the integral XPS peak intensities and of core levels from the
comparison of experimental and theoretical VB XPS.

TaO, phase
composition, % at.
sample P(Oy), [O]/[Ta], [O]/[Tal,
# 1073Pa  Ta e TaO, Ta,Os from XPS from DFT
S1 9.09 0 0 100 2.77 2.50
S2 3.49 0 0 100 2.79 2.48
S3 2.81 5.8 10.3 83.8 2.59 242
S4 221 59 139 80.2 2.44 2.31
S5 1.71 6.7 183 749 2.22 2.19
S6 1.35 140 158 70.3 2.13 2.13
S7 1.08 183 19.6 62.1 1.99 2.00
S8 0.53 27.5 6.6 65.9 1.94 1.88

The surface morphology of TaO, films was studied by
field emission scanning electron microscopy (FESEM) using
a Zeiss 1540 crossbeam system. The x-ray photoelectron
spectra (XPS) were recorded on a SPECS (Germany) photo-
electron spectrometer using a hemispherical PHOIBOS-150-
MCD-9 analyzer and FOCUS-500 (Al K,, radiation, hy =
1486.74 eV, 200 W) monochromator. The peak binding
energy (BE) was calibrated by the position of the Cls peak
(BE = 284.8 ¢V) corresponding to the surface hydrocarbon-
like deposits (C-C and C-H bonds). The survey spectra were
taken at the analyzer pass energy of 50eV and the detailed
spectra (valence band + O2s + Tadf, Cls and Ols) were
registered at 20eV. A Shirley-type background was sub-
tracted from each spectrum. The line shape used for fitting the
Tadf spectra was the product of Lorentzian and Gaussian
functions. The concentration ratios of the elements on the
sample surface were calculated from the integral photoelec-
tron peak intensities, which were corrected with the theor-
etical sensitivity factors based on Scofield photoionization
cross-sections [25].

Ab initio quantum-chemistry calculations were carried
out using an orthorhombic modification of tantalum pent-
oxide A-Ta,Os. It was used instead of an amorphous material,
which is rather challenging in this type of calculation, because
its electronic structure was consistent with the electronic
structure of the amorphous tantalum oxide [26]. Moreover, it
was shown that the electronic structures of oxygen vacancies
in amorphous and A-Ta,Os; oxides are similar [27]. The
quantum-chemical calculations were made in terms of the
density functional theory (DFT) within the periodic supercell
model in the Quantum-ESPRESSO code [28]. Hybrid
exchange-correlation functional B3LYP was used to repro-
duce the correct tantalum oxide bandgap of 4.2 eV [29]. The
norm-conserving pseudopotentials with the configurations of
5d°6 s® for Ta and 2s22p4 for O were used, with a plane-wave
cutoff of 950 eV. The atomic ratio [O]/[Ta] was varied by
changing the supercell size from which the oxygen atoms
were removed. The supercell is constructed by translating the
14-atom unit cell along the crystallographic axes. The valence
band (VB) XPS was calculated by summing the projected
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Figure 1. (a) Schematic illustration of the TaN/TaO,/Ni structure used in charge transport measurements. (b) Frenkel model of Coulomb
traps ionization in an electric field. (c¢) Hill model of overlapping Coulomb traps. (d) Makram-Ebeid and Lannoo model of multi-phonon
ionization of isolated traps. (¢) Nasyrov—Gritsenko model of the phonon-assisted electron tunneling between nearby traps.

densities of states of the valence orbitals taken with the
weight factors equal to the corresponding photoionization
cross-sections, with Gauss function broadening with the full
width at half maximum (FWHM) of 0.6 eV.

The current—voltage characteristics of the MIM samples
were measured at temperatures ranging from 20 °C to 80 °C,
using a Keithley 6517a electrometer. Serial resistance for
TaO, was measured at a probe station M150 with an Agilent
E4980A. During these measurements, short and long cor-
rections as well as cable resistances were taken into account.

To reveal the tantalum oxide conductivity mechanism, we
examined the possible charge transport models where the con-
ductivity is limited by traps ionization. We analyzed four
models: Frenkel [30, 31], Hill [32, 33], Makram-Ebeid and
Lannoo (ME-L) [34], and Nasyrov—Gritsenko [35, 36]. Direct
tunneling injection and Fowler—Nordheim mechanisms were not
considered since they are temperature-independent. Schottky
injection mechanism was also excluded since it is a type of
Frenkel model but with an optical dielectric constant ., four
times smaller. We did not consider the trap-assisted tunneling
(TAT) of electrons through a traps mechanism as it is suitable for
thin films only (with a thickness of less than 10 nm). The space-
charge limited current (SCLC) model was omitted because it has
a power-law dependence of the current on the voltage and it
works only for small barriers at a metal-dielectric interface.
Ohm’s law cannot explain the exponential dependence of the
current on the voltage which we observed for Ta,Os-based
structures.

The current density j through the material containing
traps can be described by the equation [37, 38]:

j = eN*?P, (1)

where e is the electron charge, N is the trap concentration, and P
is the probability of electron emission from traps per second.
The Frenkel mechanism is the thermal ionization of an isolated
Coulomb trap in an electric field, which involves reducing the
energy barrier by applying an electric field (figure 1(b)) [30, 31]:

W — BeF 2)
kT ’

P =vexp (—
where W is the trap thermal ionization energy, v is an attempt-to-
escape factor (electron collisions frequency with the walls of the
potential well evaluated in the Frenkel model as W/h, where & is
the Planck constant), 3 = +/e3/7e ey is the Frenkel constant,
F is the electric field, k£ is the Boltzmann constant, 7 is the

temperature, €. is the dynamic dielectric permittivity and & is
the dielectric constant.

The Hill model of overlapping Coulomb traps
(figure 1(c)) is described by the equation [32, 33]:
w— L
P = 2vexp| - ———=2% sinh(e—Fs). 3)
kT 2kT

Here, s = N—1/3 is the distance between traps.
According to the ME-L model, the charge transport in a di-
electric is governed by multi-phonon ionization of isolated
traps (figure 1(d)). The trap ionization probability in that
model is described by the equation [34]:

W,
coth 2
2kT

W)pt - VVt
Won

n %h
2kT

P= Zexp(

« I vvopt - VV[
"\ Won sinh (W, /2kT)

)Pi(Wt + nWon) “

P =

4 _“2'"*W3/2} 5)

el
22w p( 3 heF

Here, W, is the thermal trap energy, W,y is the optical
trap energy, W, is the phonon coupled to the defect level
energy, and m”™ is the electron effective mass.

The Nasyrov—Gritsenko model is the model of phonon-
assisted tunneling between traps (PATT). In the PATT model,
the act of charge transfer occurs via the electron tunneling
between the neighboring traps with multi-phonon excitation
(figure 1(e)). In this model, electrons tunnel between the deep
traps without excitation in the conduction band, as is the case
with Mott hopping. This mechanism was shown to be
dominant for high trap densities. In this case, the trap ioniz-
ation probability is [35, 36]:

Wopt — Wi N 2m*
P= yexp(—iopl t)exp —7% 2m™ W
2kT h
X sinh (e_Fs), (6)
2kT
b N 2mhW, )

m*s [KT Wopr — Wo)
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Figure 2. FESEM images of the TaQO, films grown at different O, partial pressures: 1.08 x 1073 Pa (a), 1.35 x 1073 Pa (b) and

221 x 1073 Pa (¢).

The agreement of the theoretical and experimental
1g(j)-F curve is set by slope, temperature spread, and absolute
values. The temperature spread is determined uniquely
(regardless of other parameters) by the trap energy. The slope
is also set unambiguously: by ¢, for the Frenkel model, by
m”™ for ME-L and by N for the Hill and Nasyrov—Gritsenko
models. Thus, although various models contain 4-5 fitting
parameters, firstly, some of them are uniquely determined;
secondly, some parameters are interdependent; and thirdly,
there is a limited variation range for each parameter.

The trap concentration N range can be estimated using the
average distance between the traps s by the formula N = s .
Reasonable values of s range from interatomic distances to di-
electric layer thickness d (in our case d(max) = 50 nm). If s > d,
the probability of at least one defect detection in the film is less
than 1 and the current through the MIM structure will be limited
by direct tunneling, or injection by Fowler-Nordheim, or injec-
tion by Schottky mechanisms. Thus, the possible values of
N ~ 10"°-10**cm™>. The typically reported values of N for
Ta,Os are in the order of 10'*~10°°cm™ [5, 19, 20, 39, 40].
The expected value for trap energy W for Ta,Os is about 1 eV,
as with other high-x dielectrics such as HfO,, ZrO,, and Al,Os.
The reported W values for Ta,Os are about 0.7-0.85eV
[18, 20, 23, 41]. W, is typically the same as W, and W, is about
two times more than W,. The expected value of ¢, for Ta,Os is
4.4-5.1 and is defined from different optical experiments as
£ = n° [42, 43]. The expected m™ value for Ta,Os is in the
range of (0.3-0.7)mq (mq is the free electron mass) predicted
from the first-principles simulations of various Ta,Os allotropic
modifications [29, 44, 45]. The W, value is of the order of
10 meV (typically 20-60 meV) and its variation in this range has
a negligible effect on the I1g(j)-F slope, position and temperature
spread of 1g(j)-F curves. Finally, the v parameter is evaluated as
W /h and for Ta,Os it should be of the order of 10'*-10" s

3. Results and discussion

Figure 2 shows the FESEM images of the tantalum oxide
films grown at different O, partial pressures. Our earlier
investigations of IBSD-deposited HfO, films [46] using
FESEM images and XPS spectra analysis revealed the pre-
sence of 10-80 nm metal clusters distributed throughout the

film. Unlike in that case, the FESEM images of TaO, films
grown at different O, partial pressures and presented in
figure 2 do not reveal the presence of such clusters. None-
theless, as shown below, XPS spectra analysis of these films
points to the presence of a metallic Ta phase. Hence, we
assume that metallic Ta clusters do not appear in the FESEM
images of TaO, films because the resolution at which the
images were captured was insufficient for the clusters to be
distinguished. In other words, the FESEM images in figure 2
do not exclude the presence of metallic Ta clusters less than
20 nm in size.

The presence of metal tantalum phase in studied TaO,
films is proved by the XPS data of Ta 4 f levels in TaO, with
different compositions (figure 3). For the tantalum oxide
grown at the highest oxygen pressures, the XPS Ta 4f5/7/>
peak is observed at an energy corresponding to the stoichio-
metric Ta,Os and consists of the spin—orbit doublet Ta
4fs/27/2 with the 1.89 €V splitting. Decreasing the oxygen
pressure during the tantalum oxide synthesis results in the
appearance of new features in the Ta 4f spectra at the lower
binding energy side, which corresponds to a partially reduced
Ta (suboxides TaO,) and metallic tantalum. The XPS spectra
for such a film are well described, with three doublets having
Ta 4f;,, binding energies of 21.25¢€V related to metal Ta,
22.41 eV and 24.54 eV related to TaO,, and 25.95 eV related
to Ta,Os. This can be attributed to Ta'", Ta>", Ta>"/Ta*",
and Ta>", respectively [44], and it indicates the presence of
oxygen vacancies in the studied films. The atomic ratio [O]/
[Ta], as well as the phase composition of TaO, calculated
from the core level XPS data, are presented in table 1.

The dependence of the tantalum coordination number as
a function of parameter x was investigated in [47]. It was
found that in Ta,0s, the Ta coordination number is 6, which
corresponds to the structural unit Ta-O(6). For TaO,, the Ta
coordination number decreases to 5 (structural unit Ta-O(5)),
as oxygen atomic concentration decreases. The oxide struc-
ture in general can be described by the random mixture (RM)
or random bonding (RB) model [48]. In the RM model, TaO,
is a mixture of two phases of stoichiometric Ta,0Os, consisting
of Ta-O(6) structural units and metallic Ta. In the RB model,
TaO, consists of the same structural units Ta-O(6) with the O
atoms substitution to the Ta atom: Ta-Ta(r)0(6-v), v = 0, 1,
2, 3, 4, 5, 6. Thus, according to our XPS analysis, the
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Figure 3. Ta 4f photoelectron spectra of eight samples (S1-S8) of tantalum oxide films (black), synthesized under different partial pressures
of oxygen in the growth chamber, as well as the XPS spectra of metal tantalum and their deconvolution (colored).

structure of TaO,, enriched with metal, cannot be described
either by the RM model or by the RB model.

The Ta 4f photoelectron spectra confirm the samples’
oxygen depletion, although the numerical accuracy in deter-
mining the stoichiometry does not allow for quantitative
conclusions, because the accuracy in determining the stoi-
chiometry from the XPS data typically amounts to about 10%.
The oxygen depletion increase leads to increasing the pho-
toelectron peak at about 2eV above the Ta,Os VB top
(figure 4). The experimental VB XPS spectra of all samples
are in good agreement with the simulated ones for crystalline
Ta,Os with oxygen vacancies. The calculated bandgap peak
in the XPS spectra varies with the proportion to the O
vacancies concentration, i.e. by the atomic ratio [O]/[Tal.
Thus, we propose a method for determining the stoichiometry
from a comparison of experimental and theoretical VB pho-
toelectron spectra. The atomic ratio [O]/[Ta] in the theoretical
model, at which the calculated bandgap peak describes the
experimental one, corresponds to the atomic ratio [O]/[Ta] in
the studied film. The VB XPS spectra for S1 are described by
the theoretical spectra for perfect Ta,Os; S2, for the Ta,Os
168-at. cell with one oxygen vacancy Vq; S3, for the Ta,05
42-at. cell with one Vg; S4, for the Ta,Os5 56-at. cell with

three Vo; S5, for the Ta,O5 56-at. cell with five V; S6, for
the Ta,O5 42-at. cell with three V; S7, for the Ta,O5 28-at.
cell with two Vo, and S8, for the Ta,Os 28-at. cell with
five Vo.

One can see in table 1 that the atomic ratio [O]/[Ta]
defined from the integral photoelectron peak intensities of
core levels corelates with the [O]/[Ta] ratio defined from the
comparison of experimental and theoretical VB XPS. At the
same time, it can be expected that the method of determining
the [O]/[Ta] atomic ratio in the frame of the DFT simulation
has a higher numerical accuracy. Thus, we can determine the
value of x for the TaO, films used in the transport measure-
ments by knowing the dependence of the atomic ratio
[O]/[Ta] on the O, partial pressure in the IBSD growth
chamber (table 1). For the films synthesized at P(O,) at 9.34,
6.05, 3.91, 3.27 and 2.66 mPa, the [O]/[Ta] ratios should be
2.5, 249, 2.48, 2.47 and 2.4, respectively.

It was found that the experimental current—field (j—F)
characteristics of the TiN/Ta,Os/Ni structure, measured at
different temperatures, can be formally described by the
Frenkel, Hill, ME-L and Nasyrov—Gritsenko models
(figure 5). At j = 107%-1077 Acm ™2 and a contact area of
100 x 100 pym, the current magnitude is 0.1-1nA. So, the
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Figure 4. VB XPS of eight samples of tantalum oxide films synthesized at different O, pressures in a growth chamber (black), in comparison
with the calculated ones (blue) for \-Ta,Os with different atomic ratios [O]/[Ta]. S1: perfect crystal. S2: one V¢ in 168 atoms. S3: one Vg in
42 atoms. S4: three Vg in 56 atoms. S5: five Vg in 56 atoms. S6: three Vg in 42 atoms. S7: two Vg in 28 atoms. S8: five Vg in a supercell of

28 atoms.

W=1.15 eV
N=1.910"cm®

W=0.55 eV
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W=05evV W, =10eV [ W=0.85ev
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F (MV/cm)

05 06 07 08 09 10 1.4
F (MV/cm)

Figure 5. Experimental (symbols) and simulated (solid) j—F characteristics of Ta,Os at different temperatures. The simulated curves are in the
Frenkel model (a), Hill model (b), ME-L model (c) and PATT model (d). The parameters used for fitting in all models are presented in the

graphs.

noise at low current becomes comparable to the current value
itself at a semilog scale. The noise at high electric field
> 0.7MV cmfl) is small enough to observe a shift to a
higher current density region with the increase in tempera-
tures. In turn, it is the lg(j)-F curves spread over the tem-
peratures that allows the determining of the trap energy
values. The sensitivity of the spread value to the trap energy
parameters is high for all models due to the exponential
dependence. The accuracies of determining W and (W, —W))
are less than 3%—5%.

Fitting by the Frenkel model allows us to obtain the
reasonable physical values of N = 1.9 - 10 em ™, W =
0.55¢eV, and ¢,, = 5. However, the attempt-to-escape fre-
quency value necessary for fitting » = 10° s~ ' is many orders
of magnitude lower than the characteristic value v ~
W/h=13-10"s"". With v = 1.3 10"s! the trap con-
centration should be 4-10” cm . The anomalously small traps
concentration indicate that the Frenkel effect does not
describe the charge transport in Tay,Os. Similarly, the Hill
model of overlapping Coulomb traps is not suitable to
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Figure 6. (a) Experimental (symbols) and simulated in frame of PATT model (dashed lines) j—F characteristics of TaO, of different
composition at room temperature. The parameters used for fitting are presented in the graphs. (b) The dependence of the current j and defects

concentration N on x at a fixed field of 0.6 MV cm™".

describe the transport in Ta;Os. The agreement of calculation
and experiment in this case is achieved with the reasonable
values of N = 1.9 - 10"° cm73, W=1.15eV and ¢, = 4.2.
However, the fitting of the attempt-to-escape frequency value
is 10°s7".

The ME-L model of multi-phonon ionization of isolated
traps can be used to qualitatively describe the Ta,Os conductivity
only in strong fields. In this case, the agreement of calculation
and experiment is achieved at reasonable values of W, = 0.5¢eV,
Wope = 1.0V, Wy, = 60 meV and m" = 0.42 my, but with an
unacceptably low traps concentration of N = 1 - 108 cm ™. That
concentration corresponds to the distance between the traps
~2 pm, which is much larger than the film thickness. It is con-
cluded that the ME-L model is also not suitable to describe the
Ta,O5 conductivity.

The Nasyrov—Gritsenko PATT model adequately repre-
sents the experimental j—F characteristics, both qualitatively
and numerically. The fitting parameters v~ 105",
N=19-10"cm > W,=085eV, Wy, = 1.7€V, and m* =
0.42 m, have clear physical meanings. The W, = 0.85 eV value
is in good agreement with the reported trap energies in Ta,Os:
0.8eV [18, 41], 0.85 eV [20] and 0.7 eV [23]. The m" fits the
theoretical range of (0.3-0.7)my [29, 44, 45]. The W, = 1.7eV
value is close to the optical trap energy of 1.5 eV extracted from
the photoconductivity experiments [49]. It turns out that, for
tantalum oxide, the optical trap energy is equal to two thermal
trap energy values, as was earlier observed in Al,O5 [50], HfO,
[51], and Hf0,5Zr0,502 [52]

The j—F curves of five TaO, samples with different
[O]/[Ta] atomic ratios are also well described by the PATT
model, with the same values of W, W, and m™ (figure 6(a)).
The decrease of x leads to the eight orders of magnitude
increase in current density at 0.4 MV cm™'. The simulation
within the PATT model shows that this effect can be
explained by the trap density increase in the TaO, films from
1.9-10”cm™ for (almost) stoichiometric Ta,Os, to
1.9 - 10*' cm ™ for Ta0, 4> The calculated and experimental
1g(j)—F curves diverge at small electric fields for two reasons.

Firstly, the current is limited by the charges contact injection
from electrodes into traps in the dielectric. Secondly, the
PATT model is based on stationary currents and does not
consider the current relaxation due to carriers trapping in a
dielectric, which can have a significant impact on current—
field curves at low electric fields [39]. Therefore, the low-
fields part of the model does not necessarily describe the
experiment. We cannot state unequivocally why, for samples
with x = 2.47 and 2.48, the conformity of calculation and
experiment at the low field region is worse than for the
samples with x = 2.4 and 2.49. We draw our conclusions
based on the correspondence of simulation and experiment at
high electric fields. The F ranges in the 1g(j)-F curves for
Ta,05 and TaO, differ because the higher current is limited
by the TaO, film breakdown field, while the low current in
stoichiometric Ta,Os is limited by the sensitivity of our
experimental equipment.

The dependence of the current density j on x at the fixed
field is similar to the dependence of the theoretical defects
concentration N on x (figure 6(b)), and the graphics for var-
ious fixed fields coincide. This fact is an argument in favor of
the fairness of the PATT model in explaining leakage current
dependence on the traps concentration in TaO,. The depen-
dences j/(N) versus x are significantly stronger for a weak
oxygen depletion in TaO, than for highly oxygen-depleted
TaO,. This is a qualitatively expected result: when the x value
decreases, the contribution of metallic conductivity of TaO,
increases.

Thus, we show the direct dependence of the current
density through the TaO, film on its atomic radion [O]/[Ta].
Oxygen vacancies acting as traps permit explanation of the
low resistance values for SET and the RESET states for TaO,
ReRAM [53-56]. In these memories, the typical values of
SET resistance are 68 k€2, while the RESET values are of the
order of 200 k€2 to 300 kS2. For the discussed TaOx film with
the minimal value of x (figure 6(a)) and for the readout field
~1MVcem™!, the current densities are of the order of
10Acm ™2 For a memory cell of ~1pum? area, this
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corresponds to a resistance ~1 MS2. The low SET resistance
after the forming suggests that oxygen vacancies concentra-
tion much higher than 2 - 10°° cm ™ exists both in the stoi-
chiometric and nonstoichiometric tantalum oxide films of the
ReRAM device. Such a filament can be modeled as a per-
colation path comprising TaO, with a very high oxygen
vacancies concentration (much higher than for x = 2.4).
The maximum vacancies concentration in this work
(~2-10*°cm™) is far from the percolation threshold of
oxygen vacancies (~1.7 - 10**cm™® evaluated from the
typical value of metal percolation limit: ~40% of metal). The
oxygen deficiency at the level necessary for a percolation
(spanning of vacancies from one side of the TaO, film to the
other) is not practical for device fabrication. Thus, the pre-
sented results suggest that oxygen vacancies with a con-
centration close to the percolation threshold are created both
in the TaO, and Ta,Os5 layers of the stacked device during the
forming process. The electrical current is carried by hopping
the electrons between the Ta ions separating the vacancies.

4. Conclusion

The electronic structure and charge transport of tantalum
oxide films with different [O]/[Ta] atomic ratios were
investigated experimentally and in the frames of ab initio
simulation. According to photoelectron spectroscopy, TaO,
consists of Ta,0s, metallic tantalum clusters and tantalum
suboxides TaO,. The electron microscopy data showed that
the diameter of the metallic Ta clusters does not exceed
20 nm. A method for evaluating the atomic ratio [O]/[Ta] in
TaO, from a comparison of experimental and theoretical
valence band photoelectron spectra is proposed. Current—field
characteristics of Ta,Os5 at different temperatures have been
experimentally studied. The current-field characteristics of
Ta,Os at different temperatures were analyzed based on four
transport models: Frenkel, Hill, Makram—Ebeid—Lannoo and
Nasyrov—Gritsenko. It was shown that the charge transport in
stoichiometric and oxygen-deficient tantalum oxide can be
consistently described by the Nasyrov—Gritsenko model of
phonon-assisted tunneling between traps. The thermal trap
energy of 0.85eV and optical trap energy of 1.7eV were
established. The exponential increase of the leakage current in
TaO, with decreasing x is explained by the increasing oxygen
vacancy concentration corresponding to the smaller distance
between traps.
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