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1. Introduction

Resistive random access memory 
(ReRAM) devices have drawn much 
interest following the work of Williams 
and co-workers,[1] as based on the concept 
of a memristor proposed by Chua.[2] In 
this case the so-called memristance, which 
provides the relationship between the 
change in charge (time integral of the cur-
rent) and flux (time integral of the voltage), 
is not a constant as in linear elements, 
but a function of the charge, resulting 
in a nonlinear circuit element. Focus 
on filamentary-type resistive switching 
mechanisms emerged, where formation/
rupture of a conductive filament ensures 
successive switching in non-volatile metal-
insulator-metal memristor devices. In 
such devices, metal oxide structures are 
stacked between two electrodes, which 
can be either symmetric or asymmetric 
by using the same or different top and 
bottom electrodes, respectively. In the fila-
mentary resistive switching mechanism 
between a high-resistance state (HRS) and 

Although understanding filament formation in oxide-based memristive 
devices by theory has emerged, there are still fundamental unanswered 
questions. Importantly, for practical application of thin films the material 
in its amorphous state is to be considered, but mostly lacking so far, and 
details on sub-stoichiometry are also scarce. To gain insight into the optical 
and electronic properties of sub-stoichiometric amorphous tantalum oxide 
(TaOx), the electron energy loss spectrum (EELS) of model systems is char-
acterized theoretically and electron transport characteristics are analyzed 
in detail. Calculated blue-shifts by increasing sub-stoichiometry explained 
the measurements, potentially suggesting estimation of oxygen vacancy 
concentrations through EEL spectra. Electron transport results based on 
TaOx material models validated by EELS measurements show that oxygen 
vacancy filamentary paths are initiated at low bias upon increasing sub-
stoichiometry yet noting an interplay with the local amorphous structure. 
Contact resistances at interfaces of the TaOx switching layer and a tantalum 
scavenging layer or titanium nitride electrode are quantified, indicating 
the possibility for either oxygen vacancy- or metal cluster-based conduc-
tion mechanisms at the interface. The computational work, combined with 
experimental characterization for validation, provides a basis for investi-
gating effects of sub-stoichiometry on filament formation in TaOx thin film 
memristive devices.
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a low-resistance state (LRS) following the conducting filament 
forming stage, where a compliance current is used for control-
ling its size, operation depends on the migration of ions across 
the metal oxide in the so-called SET (RESET) stages upon appli-
cation of positive (negative) voltage in a bipolar ReRAM, or the 
same polarity voltage in a unipolar system. The rupture of the 
conducting filament causes a HRS and its re-formation results 
in a LRS. The devices provide high integration densities and 
low-power operation and can find utility for instance, as neuro-
morphic-type computing elements.

This area of research led to numerous reviews[3–6] (see citing 
and cited references). Indeed, memristive devices offer advan-
tages in enabling increased speed of operation, higher density, 
non-volatility, ease of integration, and low power. The under-
lying mechanism of operation varies, depending on the oxide 
layer and the electrodes, where oxygen vacancies play an impor-
tant role.[7,8] In valence change memory cells, resistive switching 
is attributed to the formation and rupture of oxygen vacancy 
(VO)-based conductive filaments. However, although a basic 
understanding of the resistive switching in this case was estab-
lished to some extent, as reviewed by Yang and co-workers,[9] 
specific details are still a topic of debate. Better understanding 
of the mechanism will enable realizing more fully the potential 
of a ReRAM as a highly scalable, commercially viable device.

Among the metal oxides, sub-stoichiometric tantalum oxide 
(TaOx) emerged as a promising candidate[10,11] for ReRAM appli-
cations because of its endurance,[12] speed of operation,[13] and 
in providing multiple resistance levels due to triple switching 
regimes,[14] therefore selected for this study. The high endur-
ance of TaOx-based ReRAM devices was attributed to a stable 
amorphous phase and adaptive lattice rearrangements of its 
oxygen vacancies.[15] Note that it was recently demonstrated by 
synchrotron-based X-ray photoemission electron microscopy 
that there is no indication of a metallic Ta filament in TaOx 
memristive devices.[16] In addition, adding an interfacial layer is 
assumed to provide a reservoir of oxygen defects and improve 
the reliability of resistive switching devices.[17]

Theoretically, to explain the mechanism of resistive switching 
and suggest potential improvements in addressing the encoun-
tered challenges, first-principles computational studies were 
reported, for instance for Ta2O5,[18] TiO2,[19] HfO2,[20] and NiO,[21] 
assuming crystalline structures in all cases. The effect of intro-
ducing dopants to tune oxygen vacancy formation in transition 
metal oxide resistive memory materials was also investigated 
by first-principles calculations for crystalline and amorphous 
Ta2O5 model systems,[22] as well as for crystalline structures, for 
example, ZrO2.[23] Indeed, to provide reasonable understanding 
of the switching phenomenon by atomic-level calculations, 
a realistic representation of the oxide in its amorphous state 
is necessary. Previously we investigated the effects of oxygen 
vacancies in amorphous material models of Ta2O5,[24–27] and this 
approach was also utilized to examine the phase separation of 
Ta2O5  and TaO2,[28] however without consideration of filament 
formation characteristics. Moreover, although phenomenological 
modeling of memristive devices has been employed,[29] such as 
in considering the electric field and oxygen vacancy concentra-
tion in a TaOx-based device[30] or in modeling thermodiffusion,[16] 
establishing the atomic-level characteristics for amorphous 
thin films that influence the parameters in the models used is 

lacking. As was previously noted, the applied phenomenolog-
ical equations represent only an educated guess and different 
behavior can be observed upon changing the device setting.[31]

In this study, we address several questions on filament for-
mation in amorphous TaOx at the atomic level. To validate the 
model systems employed, we characterized the electron energy 
loss spectrum (EELS) of the materials theoretically (the struc-
tures considered are shown in Figure S1, Supporting Informa-
tion) in comparison to our experimental EELS measurements. 
We employed a rigorous approach, where many-body calcula-
tions were benchmarked in comparison to a density functional 
theory (DFT)-based method. EELS measurements for TaOx were 
previously reported,[32,33] however in the latter case the measure-
ments were conducted for a ReRAM device that operated inside 
a transmission electron microscopy (TEM) system. As our goal 
was to study the intrinsic behavior of the material, we com-
pare our results to ref. [32] as well. Encouragingly, we demon
strated consistency with experimental data considering the 
simplified material models, and moreover we rationalized the  
calculated and experimentally observed blue-shift upon increase 
of sub-stoichiometry. We investigated filament formation for 
sub-stoichiometric amorphous structures by electron transport  
calculations, as based on the experimental validation, in part, of 
the material models by EELS. The intrinsic electron transmis-
sion results are explained in detail by the formation of trans-
mission paths, where sub-stoichiometric TaOx demonstrated 
generation of oxygen vacancy filaments at low bias voltage. 
Effects of the interface with a tantalum (Ta) scavenging layer or 
directly with a titanium nitride (TiN) electrode were studied by 
deriving appropriate interface model systems for crystalline and 
amorphous TaOx including detailed analyses of the conduction 
mechanisms at the TaOx/Ta and TaOx/TiN interfaces.

2. Results and Discussion

Our EELS measurements were performed on bulk Ta, TaOx, 
and the TaOx/Ta interface (the device structure and material 
regions corresponding to the EELS profiles are summarized in 
Figure S2a–c, Supporting Information, and the low-loss regions 
from the individual layers in Figure S2d, Supporting Informa-
tion). The EELS data was extracted from the sub-stoichiometric 
films rather than the TiN/Ta/TaOx/TiN device, whose resistive 
switching was previously reported.[34] The distinct difference in 
the measured profiles extracted from the TaOx and Ta regions 
are in agreement with those reported in an earlier study using 
reflection EELS.[32] Calculated spectra are shown in Figure 1a,b,  
including our EELS profile measurements and the results from 
ref. [32]. EEL spectra were first calculated for crystalline cTa and 
cTa2O5, where small unit cell sizes enabled employing the many-
body G0W0 (GW henceforth) method (G-Green’s function, which 
describes the particle in an interacting system and W-screened 
Coulomb interaction; computational details are summarized in 
the Experimental Section) in comparison to corresponding amor-
phous systems and experimental data. Note that a typical fea-
ture for the valence-loss spectrum is a broad peak at the plasma 
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constant, valence electron density, electron charge, permittivity 
of vacuum, and the effective mass of the electron, respectively, 
indicating proportionality to the density of the valence electrons 
and inverse proportionality to the electron effective mass) that is 
repeated with decreased intensity at 2Ep, 3Ep, etc.

In Table 1, we list the peak positions, full width at half max-
imum, and peak intensities relative to the first peak, with three 
major peaks in addition to a shoulder in the low-energy region 
(typically <50 eV) of the EEL spectra. Our GW calculations dem-
onstrate that there are three visible peaks at approximately Ep, 2Ep, 
and 3Ep for the cTa and cTa2O5  spectra, in agreement with our 
measurements. In examining the peaks in the EEL spectra for cTa, 
we find that the predicted first and second EELS peaks agree well 
with measurements, but the third peak is higher in energy. The 
full width at half maximum (FWHM) is smaller than the meas-
ured value for the first peak, and the relative intensities are weaker 
than our measurements. For the four peaks of cTa2O5, we note a 
weak peak at low energy (7.9 eV), as also observed in our meas-
urement and by Vos et al.[32] The calculated and measured strong 
peaks are consistent in energy and intensity. The first strong peak 

at 22.3  eV is broad, with a FWHM value of ≈20  eV, consisting 
of three sub-peaks in agreement with measurements in energy, 
FWHM, and line shape. The second peak at 44.9 eV agrees with 
measurements in position and FWHM, while the calculated  
third peak demonstrated higher energy than the measured data 
but the FWHM is close to our measurement and ref. [32]. The 
predicted relative intensities are larger than our characterization 
values, but smaller than previously measured,[32] depending on 
the experimental samples considered. The GW EELS results for 
cTa and cTa2O5  agree with our measurements reasonably well, 
correctly predicting the number of peaks in the experimental 
energy region, in particular the peak energies for the shoulder 
and first two peaks. Discrepancies are attributed to the crystalline 
rather than amorphous Ta and Ta2O5 atomic structures employed. 
However, our GW results provide a theoretical benchmark in com-
paring to DFT results employing the Heyd-Scuseria-Ernzerhof 
(HSE)  hybrid range-separated exchange correlation functional.

Calculations of EEL spectra at the GW level for amorphous 
Ta48O120−x (≈160 atoms) are not feasible computationally and we 
therefore benchmarked calculations that employ the random 

Figure 1.  GW EEL spectra (black line) for a) cTa and b) cTa2O5. a) Our and ref. [32] EELS measurements on Ta are shown in red and green lines, 
respectively. b) Our measurements on Ta2Ox and the Ta2Ox/Ta interface, and from ref. [32] for Ta2O5, are shown in red, green, and blue, respectively. 
c) HSE EELS results for aTa48Ox with varying sub-stoichiometry.

Adv. Electron. Mater. 2023, 9, 2200828
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phase approximation using HSE for cTa and cTa2O5 (Figure S3, 
Supporting Information, and discussion in Supporting Infor-
mation). Similar energies were calculated for the first peak by 
using HSE or GW, thus showing that the HSE results predict 
Ep reasonably well, and this primary EELS peak at ≈20 eV was 
used for studying aTa48O120−x. The results for aTa48Ox with  
varying sub-stoichiometry (Figure 1c and Figure S3, Supporting 
Information) suggest that the structural phase affects primarily 
details of the EEL line shape, but the peak positions result  
primarily from the stoichiometry.

With increase of the sub-stoichiometry in amorphous TaOx 
we observe a blue-shift in the calculations, where the first lower 
energy dominant peaks of the EEL spectra for aTa48O120−x were 
at 15.3, 15.9, 15.5, 18.8, and 19.6  eV for aTa48O120, aTa48O119h, 
aTa48O119l, aTa48O96, and aTa48O84, respectively (see Figure  1). 
The blue-shift is consistent with previous experimental charac-
terization, where the first EELS peak shifted to higher energy 
with VO increase.[33] To explain this behavior, we considered 
as examples aTa48O120  and aTa48O84  with 0% and 30% VO, 
respectively. The real and imaginary parts of the dielectric func-
tion are shown in Figure S4a, Supporting Information (black 
lines for aTa48O120  and blue lines for aTa48O84), having corre-
sponding Ep values of 15.3 and 19.6 eV that reproduce the EELS 
peak energies (Equation  (6) in the Experimental Section). The 
valence electron plasma energies are shown by solid arrows in 
Figure S4a, Supporting Information, indicating that the real 
part is zero and the imaginary part is small. With the introduc-
tion of VO in aTa48O120, the number of valence electrons n (total 
number of valence electrons in the supercell divided by the 
supercell volume) decreases, noting that the supercell volume 
will also decrease when optimized with large sub-stoichiometry. 
The electron density decreases for 20% and 30% VO in TaOx 
(Figure S4b, Supporting Information), accompanied by an 
increase in Ep, but increases for a single VO, which could be 
attributed to a structural change. As increasing the sub-stoichi-
ometry will decrease the energy gap and increase the metallic 
character that tends to decrease me, the net effect leads to an 
increase of Ep. This observation could possibly provide a tool to 
characterize the VO density in amorphous TaOx. We also note 
that the effect on the peak energy for varying amorphous struc-
tures with the same Vo concentration, specifically aTa48O119h 

versus aTa48O119l, is weaker compared to vacancy concentra-
tion effects. For example, the peak energy difference between 
aTa48O119h and aTa48O119l is 0.4  eV, while the energy differ-
ence between aT48O49  and aT48O119l is 3.3  eV. The aTa48O120, 
aTa48O119h, aTa48O119l, aTa48O96, and aTa48O84 material systems 
have TaOx, x values of 2.5, 2.48, 2.48, 2.0, and 1.75, with energy 
shifts relative to aTa48O120  of 0, 0.19, 0.58, 3.51, and 4.28  eV, 
respectively. The shift increased to 3.51 eV for x of 2–2.5, and 
to 4.28 eV for x of 1.75, thus making it practical in characteriza-
tion of x.

Next, we discuss the electron transport characteristics in 
aTa48O120−x, and in the first stage the intrinsic electron trans-
port, where the effect of the electrodes is not considered, cor-
responding to the transport in the bulk material. To understand 
variations in the amorphous structure that lead to varying trans-
port characteristics for a given VO concentration we considered 
aTa48O119l, aTa48O119m, and aTa48O119h, having a single VO. 
We generated 140  structural models by sampling 14  quantum 
molecular dynamics (MD) configuration snapshots from ten 
independently quenched structures of aTa48O119, where each 
structure contains a single oxygen vacancy.[24] From this popu-
lation of structures, we selected three independently quenched 
structures to exemplify the low-, high-, and mid-level of con-
ductivity. The sub-distributions of conductivity from these three 
structures cover the entire range of conductivity in the popula-
tion with minimal overlap. Specific snapshots from each of the 
three structures were selected as representative configurations: 
(low) aTa48O119l, (medium) aTa48O119m, and (high) aTa48O119h. 
The transmission results are shown in Figure 2a–c. A unit cell 
was used for the electrode and a 1 × 1 × 2 supercell was used for 
the transport channel, which includes two-unit cells along the 
z-axis. For aTa48O119l (see Figure S5, Supporting Information) 
and aTa48O119m, the transmission channels at 1.44 and 0.45 eV 
below the conduction band channels resulted in transmis-
sion values of 0.43  and 0.80, respectively, while for aTa48O119h 
there is no transmission channel in the energy gap, indicating 
the extended nature of the oxygen vacancy and the system is 
metallic.

The calculated conductance values at zero gate voltage 
(300  K electron temperature) for aTa48O119l, aTa48O119m, and 
aTa48O119h, were 1.22  ×  10−16, 3.02  ×  10−9, and 7.49  ×  10−6  S, 

Table 1.  Peak positions (in eV), FWHM values (in eV), and relative intensity to the first peak (I) for cTa and cTa2O5.

cTa Peak 1 Peak 2 Peak 3

E E FWHM E FWHM I E FWHM I

Theory 14.1 22.6 2.7 41.5 4.4 0.31 58.5 14.1 0.31

This work (exp.) 15.3 24.8 5.8 38.6 2.5 0.51 48.1 9.2 0.73

Ref. [32] (exp.) 13.2 21.2 6.3 41.2 5.8 0.50 49.0 7.2 0.55

cTa2O5 Peak 1 Peak 2 Peak 3

E E FWHM E FWHM I E FWHM I

Theory 7.9 22.3 20.3 44.9 5.2 0.74 59.5 10.2 0.81

This work (exp.) TaOx 7.9 22.3 20.3 41.0 4.8 0.64 50.9 7.4 0.65

This work (exp.) TaOx/
interface

8.6 22.3 21.5 40.0 4.4 0.61 48.1 7.5 0.68

Ref. [32] (exp.) 7.9 23.3 22.3 42.5 5.4 0.9 53.2 9.1 1.06

Adv. Electron. Mater. 2023, 9, 2200828
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respectively, indicating larger transport efficiency from 
aTa48O119l, aTa48O119m, to aTa48O119h. The resistivity R for 
aTa48O119 (0.8% VO) was calculated as 1.28 × 1015, 5.17 × 107, and 

2.07  ×  104  µΩ  cm for aTa48O119l, aTa48O119m, and aTa48O119h, 
respectively. Measured resistivities of TaOx by a recent experi-
ment were 9.1 × 1011, 1.2 × 1010, 4.5 × 105, and 7.4 × 104 µΩ cm 

Figure 2.  Transmission at zero bias for a) aTa48O119l, b) aTa48O119m, and c) aTa48O119h. In (a–c), the transmission for stoichiometric aTa48O120 is shown 
in dashed red lines for comparison. Transmission paths are depicted in (d) for aTa48O119l and in (e) for aTa48O119m. In (d) and (e), red and blue balls 
denote O and Ta, respectively; Ta atoms that are the nearest neighbor to VO are shown as large brown balls. The blue arrows are for forward transmis-
sion and the red for backward transmission. The arrow’s thickness is proportional to the transmission amplitude. For clarity, electron transmission 
paths without the atomic structures are shown in the right panels of (d) and (e).

Adv. Electron. Mater. 2023, 9, 2200828
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for 0%, 14%, 25%, and 42% VO, which could be a statistical 
average over measurements.[16] The measured large resistivity 
for VO < 10% is thus qualitatively consistent with the predicted 
larger resistivity for aTa48O119l. The resistivity for aTa48O119m 
and aTa48O119h is significantly lower compared to aTa48O119l, 
as expected, where the resistivity of aTa48O119h is on the same 
order of the measured resistivity for 40% VO.[16]

The relatively lower and higher transport efficiency in 
aTa48O119l versus aTa48O119m is consistent with the transmis-
sion paths of the defect transmission channels. The results 
in Figure 2a,b show new channels in the transmission gap in 
aTa48O119l and aTa48O119m (black lines) as compared to aTa48O120 
(red line). These channels originate from the single vacancy in 
aTa48O119l and aTa48O119m, namely so-called defect transmission 
channels. Since the defect transmission channels assume the 
characteristics of the vacancy, its transmission paths will reveal 
the scattering behavior of the defect structures. Thus, we chose 
these channels to discern the different transport characteristics 
in aTa48O119l versus aTa48O119m. In the transmission paths, the 
transmission coefficient T(E) is split into Tij(E) local bond con-
tributions.[35] A positive value of Tij is visualized as an arrow 
from i to j, and a negative value from j to i. A negative value 
corresponds to backscattering along the bond. The transmis-
sion path for the defect channel at E = −0.69 eV for aTa48O119l 
is shown in Figure 2d, where three Ta atoms surrounding the 
vacancy form a trimer and the forward transport path from left 
to right (in blue) splits into two. One of the paths continues 
to the end of the scattering region, comprising the major for-
ward path, but the second path is weak in transmission and 
comprises a minor forward path. Backscattering occurs at the 
Ta atoms neighboring VO, leading to a backward path (in red). 
The backward path and the major forward path form a loop, 
and although there is net transmission forward from left to 
right, it is weak, so that there is a relatively small probability for 
electron traveling from left to right through the material. On 
the other hand, in the transmission path for the defect channel 
at E = −0.18 eV for aTa48O119m (Figure 2e), two forward paths 
from left to right are illustrated, and backscattering does not 
lead to a backward path. Thus, while the electron transmis-
sion in a path forward is partially cancelled by a weak backward 
transmission path for aTa48O119l, the higher transmission effi-
ciency for aTa48O119m stems from two forward electron trans-
mission paths and no backward path. Close examination of 
the local amorphous structure reveals that in aTa48O119l a Ta 
trimer rather than a dimer surrounds VO, which could inhibit 
the transmission to some extent. The local amorphous struc-
ture determines the electron scattering behavior, resulting in 
an increased number of transmission paths in the higher con-
ducting aT48O119, highlighting the importance of understanding 
the local amorphous structure.

To understand the effects of varying the VO concentration 
in TaOx, we consider aTa48O96  and aTa48O84. Multiple vacancy 
states in the energy gap for aTa48O96 are indicated in the −2.5 to 
0  eV energy region (see density of states [DOS] in Figure 3a), 
and band decomposed charge densities for the vacancy bands 
show the VO distribution (Figure  3b,c). Correspondingly, 
Figure 3d shows the DOS for aTa48O84, where the vacancy states 
are in the −2.9  to 0  eV energy region, and the vacancy band-
decomposed charge densities are depicted in Figure  3e,f. As 

discussed below, VO filaments contribute to the transmission 
paths at 0.2  V bias for aTa48O96  and aTa48O84 (black ovals in 
Figure  3b,c,e,f). The illustration of the dominant paths in the 
upper region comprising of VO is depicted by brown Ta atoms 
neighboring oxygen vacancies, as determined from the oxygen 
vacancy locations for aTa48O96 (Figure  3b,c) and aTa48O84 
(Figure 3e,f).

In amorphous TaOx, e.g., aTa48O96  and aTa48O84, VO accu-
mulate and assemble, while in a crystalline structure, extended 
oxygen vacancies would typically comprise of specific struc-
tures (e.g., see ref. [21]). Indeed, spherical-like filaments of dif-
ferent sizes were recently observed.[16] The estimated filament  
cross  sections for Ta48O96  and aTa48O84 (Figure  3) are about 
5.3  and 6.4  Å, namely 30–50% of the supercell length. These 
relatively large filament cross  sections in model system  
calculations could explain, in part, observed large filament 
cross sections, for example, 100 nm in Ta2O5-based memristive 
devices.[16] Our results quantify an approach for analysis of the 
effects sub-stoichiometry on the electron transport, where the 
interplay with the amorphous oxide structure has to be consid-
ered as well.

The transmission under a bias of 0.2  V for aTa48O96  and 
aTa48O84 is shown in Figure 4. A peak near zero for aTa48O96 in 
the energy region between the Fermi energy of the left ( F

Lε )  
and right electrode ( F

Rε ) has transmission of 2.3  ×  10−3 
(Figure  4a) and current of 7.4  nA. The transmission at 0.2  V 
for aTa48O84  for the peak near energy zero between F

Lε  and 
F
Rε (Figure  4b) has transmission of 3.5  ×  10−2  and current 

of 117.6  nA. At finite bias, electrons with energies in the bias 
window, specifically for EF

L
F
Rε ε≤ ≤  at an electron tempera-

ture of 300  K, give rise to electric current.[36] Thus, in the 
transmission spectra in Figure  4a,b only the transmission 
peaks between the two dashed lines contribute to the current. 
Studying the transmission eigenstate at the peak, it (Figure 4c) 
demonstrates that the state density decays from left to right, as 
expected, with the dominant transmission path in the upper 
region at the right-hand side of Figure 4c, generated by oxygen 
vacancies. Similarly, for aTa48O84, the state density decays from 
left to right (Figure 4d). Note that Ta atoms neighboring oxygen 
vacancies tend to shorten the Ta–Ta distance. Values of the cal-
culated resistivity (300  K electron electrode temperature) for 
aTa48O96 (20% Vo) and aTa48O84 (30% Vo) were 4.2  ×  104  and 
7.9 × 103 µΩ cm, respectively, which are comparable to the meas-
ured resistivity values of 4.5 × 105 and 7.4 × 104 µΩ cm for TaOx 
thin films with 25% and 42% Vo concentration, respectively.[16] 
The calculated resistivities are smaller than measured values, 
which could be due to the simulated representative amorphous 
structures from MD samples. Statistical averages over MD sam-
ples would potentially improve the agreement with experiment.

As the device is switched between the HRS and LRS states 
through changes in the stoichiometry, we also used the structures 
aTa48O96 (20% Vo) and aTa48O119m, which represens an aver-
aged resistivity of the aTa48O119 (0.8% Vo) structures, enabling  
to model the resistivity of the high-resistance and low-resistance 
states, respectively. Experimentally, it was found that resistive 
switching leads to the formation of a conductive filament with 
an oxygen vacancy concentration of about 20%.[16] The resis-
tivity ratio between aTa48O119m and aTa48O96 is 5.17 × 107/4.2 × 1
04 = 1.23 × 103, in agreement with the measured value between 
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the HRS and LRS states (≈103) for the programmed graphene/
Ta2O5/Ta device.[16]

With the inclusion of a scavenging Ta layer or a TiN electrode 
directly, we investigated the interfaces between the Ta2O5  sur-
face along the z-axis and the Ta[100] and TiN[100] surfaces. 
Experimentally, Ta[100] is a stable metal surface,[37] while DFT 
calculations on TiN indicated that TiN[100] is the most stable 
and TiN[111] the least stable surface.[38] Nonetheless, TiN-based 
electrodes and gate contacts are typically polycrystalline, whose 
constituting grains have different sizes and expose multiple 
facets, which depend on the conditions and techniques used 
to grow the sample.[39] Here, we chose the Ta[100] and TiN[100] 
surfaces to minimize the strain at the interface. To build the 
interface, we generated slabs of Ta[100] and TiN[100] with four 
layers, as well as a unit cell of a Ta2O5  slab, considering both 
crystalline and amorphous structures, that is, cTa48O120  and 
aTa48O120. A vacuum region was added perpendicular to the 
interface to avoid image interactions. Initial interface structures 

indicated lattice mismatch values of 3.5%, 1.9%, 4.5%, and 1.9% 
for cTa48O120/Ta, cTa48O120/TiN, aTa48O120/Ta, and aTa48O120/
TiN, respectively. The crystalline interfaces were then optimized 
by DFT, while ab initio MD followed by DFT was employed for 
the amorphous interfaces. The atom-relaxation region included 
two layers of the metal surface and for the crystalline interface a 
layer of the cTa48O120 surface.

In analyzing the optimized structures, we note that for 
the cTa48O120/Ta interface, oxygen atoms from cTa48O120  form 
OTa bonds to the Ta surface and similarly to the TiN inter-
face, forming OTi bonds. Simulations for aTa48O120/Ta led to 
oxygen diffusion from aTa48O120  to the Ta surface, and some 
Ta diffusion from the Ta surface to aTa48O120 (see Figure S6a, 
Supporting Information). These results were qualitatively repro-
duced by empirical MD (not shown), but the ab initio MD simu-
lations showed enhanced atom migration. The diffused oxygen 
atoms prefer interstitial positions on the Ta surface, generating 
oxygen vacancies in aTa48O120, while Ta diffusion causes Ta 

Figure 3.  aTa48O96 and aTa48O84: DOS in (a) and (d), as well as vacancy band decomposed charge densities in (b) and (e)—top view and (c) and 
(f)—side view, respectively. In (a) and (d), DOS for aTa48O120 are in dashed red lines and the DOS from vacancies in black dashed lines. In (b,c) and 
(e,f), a dashed black oval indicates an oxygen vacancy region.

Adv. Electron. Mater. 2023, 9, 2200828
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accumulation at the aTa48O120 side. Similarly, for the aTa48O120/
TiN interface, the simulations led to Ta and O diffusion from 
aTa48O120 to TiN, and diffusion of Ti and N atoms from TiN to 
aTa48O120 (Figure S6b, Supporting Information). This diffusion 
causes substitution of Ti by Ta and N by O in TiN. Note that the  
diffusion of Ti and N into aTa48O120 could be reduced, and thus 
the Ta scavenging layer would promote VO filament generation. 
We note that classical MD simulations were previously employed 
to study oxygen diffusion in amorphous stoichiometric tantalum 
oxide[40] and found an activation energy of 1.55–1.60 eV in rela-
tively good agreement with experiment, confirming relative facile 
diffusion, lower than in the crystalline structure.

To gain insight into the effect of the interface on the trans-
port efficiency, the optimized interfaces were used to build 
junction system models, consisting of a left electrode of 
cTa48O120  or aTa48O120, a right electrode of Ta[100] or TiN[100], 
and a central scattering region that includes the left electrode 
extension, the right electrode extension, and the cTa48O120/
Ta[100] and cTa48O120/TiN[100] interfaces or the aTa48O120/
Ta[100] and aTa48O120/TiN[100] interfaces (see Figure S7a–d, 
Supporting Information). We indicate in Figure S7c, Sup-
porting Information, the left and right electrodes and central 
region, and the left and right electrode extensions in the central 
region. The local DOS (LDOS) at zero bias in the central region 
for these interface model systems are shown in Figure 5, where 
the band structure of the insulating layer of cTa48O120  and 
aTa48O120  is on the left-hand side and that of the metal on the 
right-hand side. The band gap is indicated by the black area 
(no DOS), bounded by the valence band maximum (VBM) and 

the conduction band minimum (CBM) in the LDOS for each 
interface. We find that due to charge transfer at the interface 
the bands of Ta48O120 are bent down toward the Ta48O120/metal 
interface, resulting in small or negligible electron Schottky bar-
riers (0.8 eV for cTa48O120/TiN and nearly 0 for the other cases), 
indicating Ohmic contacts. Here, the band bending magnitude 
Φ can be defined as the energy difference between the VBM at 
the Ta48O120 extension and at the interface. Electrons are trans-
ferred from the metal to Ta48O120, and local fields at the interface 
cause the bending down of the Ta48O120 bands. The cTa48O120/
Ta, aTa48O120/Ta, and aTa48O120/TiN interfaces indicate a similar 
Φ, while cTa48O120/TiN has a smaller Φ (see Figure 5). The pre-
dicted Ohmic contact at the aTa48O120/Ta interface agrees with 
observations for a graphene/Ta2O5/Ta device, where the low 
work function of the Ta electrode forms an Ohmic contact to 
the Ta2O5 switching layer, whereas the high work function-gra-
phene electrode forms a Schottky barrier.[16]

The system’s Fermi level is near the center of the band gap 
in the Ta48O120 extension. If Ta48O120 is n-doped, the Fermi level 
will shift up closer to the Ta48O120 CBM, and the corresponding 
electron Schottky barrier will be zero. If Ta48O120  is p-doped, 
the Fermi level will shift down closer to the VBM and the cor-
responding hole Schottky barrier will be about Φ. Experimen-
tally, a small Schottky barrier of 0.75 eV was measured for the 
Ta2O5/Ta interface.[41] The measured finite Schottky barrier 
due to Fermi level pinning could be caused by the complexity 
at the interface in a realistic system, for example, a combina-
tion of crystallographic facets and defects at the surfaces. From 
the transmission spectra at zero bias, energy barriers of 1.0 and 

Figure 4.  Transmission upon 0.2 V applied bias for a) aTa48O96 and b) aTa48O84. Transmission eigenstates for the transmission channel (E = 0 eV for 
aTa48O96 and 0.02 eV for aTa48O84) in the bias window for c) aTa48O96 and d) aTa48O84. On the main transmission paths, brown balls denote Ta atoms 
neighboring oxygen vacancies. The transmission is 2.3 × 10−3 for (c) and 3.5 × 10−2 for (d).

Adv. Electron. Mater. 2023, 9, 2200828
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0.36  eV for cTa48O120/Ta and cTa48O120/TiN, and of 0.61  and 
0.81  eV for aTa48O120/Ta and aTa48O120/TiN, respectively, were 
calculated (see Figure S8a,b, Supporting Information). The 
energy barrier in the valence band causes stronger quenching 
of the transmission than in the conduction band, inducing 
electron and hole asymmetry in the transmission. Correspond-
ingly, the interfaces quench the conductance more at the 
valence band than at the conduction band (see Figure S8c,d, 
Supporting Information). Our results indicate that transport 
efficiency improvements by oxygen vacancies at the amorphous 
interfaces are caused by atomic diffusion. We also notice that 
upon a Ta layer inclusion, the amorphous interface tends to 
reduce the energy barrier (1.0  vs 0.62  eV for cTa48O120/Ta vs 
aTa48O120/Ta, respectively) and thus decrease the contact resist-
ance. We find that VO generation and Ta accumulation at the  
interface of aTa48O120/Ta could be consistent with a recent anal-
ysis.[42] Upon replacing aTa48O120 (no vacancy) by aTa48O96 (20% 
VO) or aTa48O96 (30% VO), the oxygen vacancies in amorphous 
TaOx are expected to diffuse toward the interface, which further 
increases the number of vacancies at the interface. Therefore, 
the band is expected to be bent further, which reduces contact 
resistance for electron transport. The Schottky barrier for elec-
tron transport is nearly zero for the cTa48O120/Ta, aTa48O120/Ta, 
and aTa48O120/TiN interfaces, and about 0.8  eV for cTa48O120/
TiN interface. As a result, electron transport in the former inter-
faces is over the barrier, while for the latter interface electron 

transport through tunneling at low bias occurs. On the other 
hand, the energy barrier for the hole has a finite but a small 
value for the four interfaces. The transport across the interfaces 
is through tunneling at low bias, and over the barrier at a rela-
tively high bias.

3. Conclusions

In summary, to gain atomic-level insight into the filament con-
duction mechanism of TaOx thin films upon sub-stoichiometry, 
we report on a theoretical characterization of EEL spectra, 
where both crystalline and amorphous TaOx model systems 
were considered. In employing the many-body GW method for 
cTa and cTa2O5 we demonstrate, encouragingly, agreement with 
our EELS profile measurements, which enabled benchmarking 
calculations for amorphous structures by DFT. Our results for 
the amorphous model structures, including varying percent-
ages of oxygen vacancies, are consistent with our experimental 
data, and moreover demonstrate the potential applicability of 
EELS to characterize the oxygen vacancy concentration in fila-
ments due to the blue-shift with increased sub-stoichiometry. 
For a given VO, we show decrease in the resistivity due to 
changes in the local amorphous structure, for example, from 
a Ta trimer to a dimer surrounding the vacancy, thus affecting 
the electron transmission path. In modeling the effects of an 

Figure 5.  LDOS at the central region of a) cTa48O120/Ta[100], b) cTa48O120/TiN[100], c) aTa48O120/Ta[100], and d) aTa48O120/TiN[100] junctions.

Adv. Electron. Mater. 2023, 9, 2200828
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increased number of oxygen vacancies, we find initiation of fila-
ments in the amorphous structures through vacancy assembly, 
consistent with transmission calculations at low bias. Mod-
eling the interface with a Ta scavenging layer or directly with 
the TiN electrode as based on interface systems for crystalline 
and amorphous model systems derived by ab initio MD simu-
lations, indicates oxygen vacancy generation and Ta accumu-
lation at the interface through atom diffusion, showing that a 
Ta cluster-based mechanism in filament conduction cannot be 
ruled out at such an interface. Our results provide a basis for 
investigating effects of sub-stoichiometry on filament forma-
tion in thin film TaOx memristive devices.

4. Experimental Section
Computational Details: DFT calculations were performed with 

the Vienna ab initio simulation package,[43,44] applying the projector 
augmented-wave potential. The Kohn–Sham equations were solved 
using a plane wave basis set, with an energy cutoff of 420  eV. The 
Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional was 
used[45] unless indicated otherwise. All atomic geometries were fully 
relaxed until forces were less than 0.01  eV  Å−1. A Gaussian smearing 
width of 0.05  eV was used for k space integrals. k-point samplings 
of 15  ×  15  ×  15, 6  ×  6  ×  10, and 3  ×  3  ×  3  were employed for the Ta, 
Ta2O5, and aTa48O120−x, as based on a previous work,[24] respectively. The 
range-separated HSE06  functional[46,47] was employed in the electronic 
structure calculations to account for the PBE underestimation of the 
Ta48O120−x band gap predictions.

The DFT optimized cTa primitive cell was based on the stable α-Ta 
phase with a body-centered cubic crystal structure, shown in Figure S1a, 
Supporting Information. The calculated lattice constant of 3.3276 Å was 
in agreement with the measured value of 3.3057  Å.[48] For the crystal 
structure of Ta2O5 (cTa2O5), the previously suggested model was used,[49] 
where the building blocks of the orthorhombic structure were octahedral 
TaO6  and pentagonal bipyramidal TaO7  polyhedra. The DFT optimized 
cTa2O5 unit cell (Figure S1b, Supporting Information) had cell dimensions 
of 7.41, 6.26, and 3.93 Å, consistent with previous work with values of 7.13, 
6.03, and 3.82 Å.[49] For amorphous Ta48O120−x (Figure S1c–h, Supporting 
Information), previous structures derived by ab initio MD and DFT were 
used.[24] To model sub-stoichiometric tantalum oxide, structures with 
neutral vacancies were considered, specifically aTa48O119 (0.8%  VO), 
namely aTa48O119l, aTa48O119m, and aTa48O119h, which represent low, 
medium, and high electric conductivity, respectively.[24] Structures 
from ref. [24] were used for multiple-oxygen vacancy systems as well, 
specifically aTa48O96 (20% VO) and aTa48O84 (30% VO).

The imaginary part of the interband dielectric function was given by 
the Cartesian tensor[50] as

4 lim 1 22,inter
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  were the cell-periodic orbitals at k
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. In 
the calculation of 2,interεαβ , k
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 was restricted to the irreducible wedge of 
the first Brillouin zone. The real part of the interband dielectric tensor 
was obtained from Kramers–Kronig transformation[51,52] given by
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where P denoted the principal value of the integral.

The imaginary part of the intra-band dielectric function 
( εintra = ε1,intra  + iε2,intra) was given by[53] 
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where f nk( )ε  was the DFT occupation number and gk
  was the 

weighting factor, accounting for the summation performed only over 
the irreducible part of the Brillouin zone, summing to unity. The total 
dielectric function was expressed as ε = εintra + εinter = ε1 + iε2.

The EELS was calculated by
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where i,j = x,y,z. An average value was taken, defined by

L L L Lxx yy zz /3( )= + + � (7)

To improve the accuracy in the calculation of EELS, the many-body 
GW method was employed for crystalline cTa and cTa2O5.

Electron transport modeling was carried out with the non-equilibrium 
Green’s function formalism combined with DFT, based on the Landauer–
Buttiker approach,[56] previously implemented by Brandbyge et al.[57] In a 
simulated device, the system was divided into a left (L) electrode, central 
region, and right (R) electrode. Under an applied bias (Vb), the chemical 
potential in each electrode shifted as

V
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eV
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2

and 0
2L b L

b
R b R
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where µL(0) and µR(0) were the chemical potentials at zero bias for the L 
and R electrodes, respectively. The transmission was given as a function 
of the energy E and bias Vb
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GR and GA were the retarded and advanced Green’s functions, 
respectively; Γ was the contact broadening for the electrodes. The 
current was calculated from the transmission by
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The conductance was calculated by
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where TL (TR) was the electron temperature (here TL = TR), and
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the derivative of the Fermi function. Assuming that the effect of the gate 
potential was a shift of the relative positions of the electrode Fermi levels in 
the transmission, conductance as a function of the gate potential (or energy) 
was calculated by linear response theory. The transmission per spin is 
reported. Calculations were performed with the Quantum Atomistix Toolkit 
(ATK) program,[36,58] using the PBE functional[45] and FHI pseudopotential,[59] 
with a double-ζ polarization basis set for all atoms. A density mesh cut-off 
of 75 Ha for grid integration was used. Dirichlet boundary conditions were 
used in the transport direction and periodic boundary conditions in the 
other two directions, employing a Poisson solver.

To model the amorphous interfaces by ab initio MD, a melt-and-
cooling approach[24,26] was used at a NVT ensemble using the Nosé–
Hoover thermostat with a Nosé mass of 2.0. 300  eV cutoff energies, 
Γ-point sampling, 3  fs step intervals. An energy convergence tolerance 
of 1 ×  10−3 eV was used at each MD step in the simulations. The initial 
aTa48O120/Ta (aTa48O120/TiN) structure was first sustained at 3900  K for 
11.7 ps for melting, and subsequently equilibrated in the relaxation region. 
The structure was then cooled to 300 K using a 2 ps stepwise protocol, 
resulting in a cooling rate of 150  K  ps−1  for 12  steps, subsequently 
optimized at the DFT level. For comparison, MD with an empirical 
force-field was also performed, with an NVT ensemble and Langevin 
thermostat for the annealing process and Nosé–Hoover thermostat for 
the cooling process. The initial aTa48O120/Ta structure was sustained for 
50 ps at 3900 K, and subsequently cooled to 300 K using a continuous 
cooling procedure with a cooling rate of 14 K ps−1, then optimized by the 
modified embedded atom method potential[60] in ATK.[36,58]

Experimental Synthesis and Characterization: Amorphous TiN/Ta/
TaOx/TiN films were grown using reactive PDV in Sandia’s MESAFab, 
using a process similar to that described in. ref. [34]. In this case, 
deposition was performed at the high oxygen pressure end of the 
spectrum, creating stoichiometric films as deposited. However, it was 
expected that some of the oxygen was gettered from the film due to 
the adjacent Ta layer. Reactive sputtering was used to fabricate TaOx-
based memristor stacks[34] that consisted of a TiN bottom electrode, 
a TaOx layer, a Ta layer, and a TiN top electrode, all sputter-deposited 
on top of a blanket tungsten layer. The TiN/Ta/TaOx/TiN stack was 
deposited in two separate chambers of the physical vapor deposition 
tool without breaking vacuum. A warm-up wafer was run between 
those two depositions in order to condition the chamber prior to 
depositing each different film. Figure S2a, Supporting Information, 
shows a high angle annular dark-field imaging-scanning transmission 
electron microscopy image wherein the individual layers in the device 
region were identified, including a Ta scavenging layer. An examination 
of the overall structure by elemental mapping by energy-dispersive 
X-ray spectrum imaging, shown in Figure S2b, Supporting Information, 
clearly demarcated the top and bottom electrodes corresponding to the 
Ti rich regions, and the memristor/exchange layers corresponding to 
the Ta and O regions. Analysis of the individual elemental line profiles 
(obtained from summed counts parallel to the interfaces) is shown in 
Figure S2c, Supporting Information, revealing that the O-profile was 
nearly constant at the memristor region and was graded (as intended) 
in the getter region.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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