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Reduction of the forming voltage 
through tailored oxygen non-
stoichiometry in tantalum oxide 
ReRAM devices
Katharina Skaja1, Michael Andrä1, Vikas Rana1, Rainer Waser1,2, Regina Dittmann1 & 
Christoph Baeumer   1

In this study, we investigated the influence of oxygen non-stoichiometry on the resistive switching 
performance of tantalum oxide based memristive devices. Thin-films of tantalum oxide were deposited 
with varying sputter power and oxygen partial pressure. The electroforming voltage was found to 
decrease with increasing power density or decreased oxygen partial pressure, while the endurance 
remained stable and the resistance window ROFF/RON was found to increase. In-depth XPS analysis 
connects these observations to a controllable oxygen sub-stoichiometry in the sputter-deposited films. 
Our analysis shows that the decrease of the forming voltage results from an increase in carrier density in 
the as-prepared thin-films, which is induced by the presence of oxygen vacancies.

Memristive devices are an attractive emerging technology basis for nonvolatile memory (redox-based resistive 
switching random access memory, ReRAM)1–4 and for neuromorphic computing architectures5,6. The operation 
principle of these devices is based on a reversible resistance change of the dielectric layer in a simple capacitor 
structure. This resistance change is a result of voltage-driven migration of mobile donors, such as oxygen vacan-
cies3,4. After a so-called electroforming step, which creates conductive oxygen vacancy channels (the “filaments”) 
in an insulating matrix within the dielectric layer7–11, the device resistance can be switched between a high resist-
ance state (HRS) and a low resistance state (LRS).

The electroforming step is highly undesirable because of CMOS-incompatible high voltages and the 
time-consuming necessity of addressing every individual cell on a chip prior to operation. In addition, the sto-
chastic nature of the electroforming process induces a significant device-to-device variation, i.e., the absolute 
resistance values of the LRS and HRS differ from cell to cell on the same chip12. This variation is due to fluctua-
tions in filament size, shape, and location, and it is in fact often considered to be the biggest challenge that has to 
be overcome for a widespread implementation and use of ReRAM technology13.

Therefore, it is important to reduce the forming voltage. In the ideal case, the devices should be forming free, 
meaning that the forming voltage should fall into the same range as the switching voltages. In general, the forming 
voltage depends on the oxide thickness and initial resistance. Accordingly, the forming voltage can be reduced 
through a reduction of the active layer thickness14,15 and through an increase of the oxidizable metal thickness14. 
These methods, however, also lead to an undesirable increase of the leakage currents and, in turn, a decrease in 
the resistance window (ROFF/RON) as well as a degradation of reliability and retention properties.

Following an alternative approach, Sharat et al. showed that amorphous, oxygen deficient HfO2−x has a lower 
forming voltage than stoichiometric, polycrystalline HfO2

16,17 and Kim et al. demonstrated that defects created 
by ion-bombardment lead to forming free Ta2O5−x-based devices18. In both cases, it was argued that oxygen 
deficiency may be responsible for the reduced forming voltage, but an unambiguous correlation between oxygen 
stoichiometry and forming voltage in the absence of additional structural differences was found only recently 
for the case of ReRAM devices based on tantalum oxide with a high percentage of suboxides19. In this study, 
Sharath et al. found a decrease in forming voltage for MBE-grown layers fabricated in oxygen-poor atmospheres, 
where all valence states of Ta including metallic Ta were observed. This, unfortunately, also led to a decrease of 
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the resistance window for the case of forming-free devices. Understanding the effects enabling a reduction of the 
forming voltage is therefore mandatory to be able to maintain high resistance windows. At the same time, fabri-
cation of such devices must be performed using wide-spread, inexpensive and CMOS-compatible processes, such 
as sputtering, to allow for integration into logic or memory arrays.

In this report, we therefore investigate the possibility to tailor the sub-stoichiometry of the oxide layer by a 
variation of the sputter deposition parameters to reduce the forming voltage of tantalum oxide-based ReRAM 
devices while preserving a high resistance window. To this end, we varied the O2 flow rate and the sputtering 
power during deposition of tantalum oxide thin-films, resulting in various degrees of comparably small oxygen 
deficiencies (≤10%). The electronic structure and the influence of the stoichiometry variation on the forming 
voltage and the resistance window were investigated by in-situ photoelectron spectscopy and ex-situ electrical 
characterization. We find that a decrease in the oxygen content leads to an increase of the electronic carrier den-
sity. This, in turn, causes a reduction of the forming voltage. For the small sub-stoichiometries investigated here, 
the resistance window was found to remain high for all samples, suggesting that a sweet spot may be found in the 
trade-off between reduction of the forming voltage and decrease of the resistance window.

Results
15 nm Ta2O5−x thin-films were obtained through reactive DC-sputtering. The thin-films were deposited in a 
defined atmosphere of Ar and O2; the total pressure was set to 3.5 × 10−2 mbar. Power density and the Ar/O2 flow 
rates were varied to achieve different stoichiometries (Table 1). All Ta2O5−x thin-films were X-ray amorphous. The 
samples were transferred in-situ under UHV conditions from the sputter chamber to an XPS analysis chamber, 
see methods for details.

Figure 1 summarizes the XPS investigation of the Ta2O5−x thin-films. Representative O 1s and Ta 4f spectra 
for thin-films prepared with a power density of 1.20 W/cm2 and a relative O2 flow rate of 25% and 10% are shown 
in Fig. 1a and b. Slight differences in the O 1s peak height and Ta 4f peak shape can be detected. The reason for 
the differences in peak height becomes apparent from the determination of the elemental composition based 
on the integral intensity of the core level spectra shown in Fig. 1c and f. The relative O/Ta ratio varies with the 
preparation condition. Only the thin-film prepared with a comparably high O2 flow rate and a low power density 
corresponds to stoichiometric tantalum oxide, i.e. a O/Ta ratio of 2.5. All other samples exhibit varying degrees 
of oxygen deficiency. Intuitively, the oxygen content decreases with decreasing O2 flow rate20, but it also decreases 
with increasing power density. This behavior may be caused by an increased creation of oxygen vacancies through 
higher plasma energies (increase in UV-irradiation and particle-bombardment21,22). It may also be correlated to 
the deposition rate, which increases with the power density, resulting in a shorter time in which the samples stay 
at deposition conditions23.

To understand the shape of the Ta 4f spectra, we employed a peak model with several components. For the Ta 
4f doublet, we fixed the area ratio to 0.75 and the spin orbit splitting to 1.87 eV24,25. The Ta 4f7/2 for Ta2O5 is located 
at a binding energy of 26.8 ± 0.4 eV24 and the O 2s level at 23 eV26 was included. For fairly oxidized thin-films, 
this peak model leads to satisfactory fit of the experimental data (Fig. 1e). For comparably reduced thin-films, an 
additional Ta 4f doublet shifted 0.6 eV towards lower binding had to be added to the peak model. This component 
represents the reduced species TaO2 and the observed energy shift is in good agreement with literature25,27,28. This 
component is only visible for the sample prepared with an O2/Ar flow ratio of 10%, with a relative intensity of 
about 2%; for all other samples it is below the detection limit. Here we would like to note that in contrast to the 
highly reduced thin-films investigated in ref.19, we do not observe Ta in a valence state lower than 4+.

Having established a set of Ta2O5−x thin-films with known off-stoichiometry, we now turn to the investiga-
tion of the influence of the stoichiometry on the forming and switching characteristics of ReRAM devices using 
four selected stoichiometries. To this end, we fabricated 50 nm Ta/15 nm Ta2O5−x/70 nm Pt devices. Quasistatic 
voltage cycles were applied to the top electrode, while the bottom electrode remained grounded. A schematic of 
the device and measurement setup is shown in Fig. 2a, further information is presented in the methods section.

Before the ReRAM devices were resistively switched, the initial resistance of the cells was measured. All sam-
ples are highly insulating and have an initial resistance in the range of several GΩ (cf. Fig. 2c), close to the detec-
tion limit of the measurement setup. We observe a general trend of decreasing initial resistance with decreasing 
oxygen content.

In order to switch the initially highly insulating cells, an electroforming step is necessary. Therefore, all cells 
were formed with a first voltage sweep to positive voltages. A current limit of 300 μA was used to prevent hard 
breakdown. Afterwards the cells can be switched in counter-eightwise polarity29. In Fig. 2a the I-V-characteristic 
is shown for a cell with a O/Ta ratio of 2.34. A forming step enables switching between LRS and HRS with a Set 
voltage ≈−1.0 V (i.e., the voltage at which the current limit is reached during the Set sweep) and a Reset current 
of ≈3.7 mA (i.e., the maximum current during the Reset sweep). As a function of stoichiometry, the forming 

power variation variation of O2 content

power density O2/Ar power density O2/Ar

0.30 W/cm2 25.0% 1.20 W/cm2 25.0%

1.20 W/cm2 25.0% 1.20 W/cm2 14.3%

3.00 W/cm2 25.0% 1.20 W/cm2 10.0%

4.81 W/cm2 25.0%

Table 1.  Sputtering parameters for Ta2O5−x thin-films.
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voltages increase with increasing oxygen content, as illustrated in Fig. 2d. For O/Ta ≈ 2.5, we find a forming volt-
age of ≈7.4 V, which decreases to ≈5.7 V for O/Ta ≈ 2.34. The odd data point at O/Ta ≈ 2.35 lies within the same 
range. Note that the currents used here are comparably high because of the very large device size. For smaller 
devices, much lower switching currents can be achieved30.

Regarding the switching performance, we compared the extreme cases of almost stoichiometric Ta2O5 and the 
most oxygen deficient Ta2O5−x in Fig. 3 (O/Ta ratios of 2.5 and 2.34). On first sight, the I–V characteristics appear 
similar for both devices (Fig. 3a and b), but closer inspection reveals that the resistance windows are different, 
with an ROFF/RON ratio of approximately 500 and 2000 for samples with O/Ta ratios of 2.5 and 2.34, respectively.
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Figure 1.  (a) Exemplary O 1s XPS spetrum for thin-films grown with a power density of 1.20 W/cm2 and a 
relative O2 flow rate of 25% (black line) and 10% (red line). Inset: zoom-in to the peak, showing the difference 
in intensity. (b) Ta 4f spectra for the same sample. In both cases, the spectra were shifted to the same binding 
energy for easier comparison and normalized to the Ta 4f intensity. Inset: zoom-in to the low binding energy 
edge of the Ta 4f spectrum, showing the differences in peak shape. (c) O/Ta ratio in dependence of the power 
density. (d) Fit of the Ta 4f spectrum for the thin-film deposited with 25% relative O2 flow rate. (e) Fit of the Ta 
4f spectrum for the thin-film deposited with 10% relative O2 flow rate. Ta5+ (blue) and Ta4+ (pink) doublets as 
well as the O 2s level (green) were used for the fit (red line). (f) O/Ta ratio in dependence of the relative O2 flow 
rate.
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Figure 2.  (a) Schematic illustration of the device layout. (b) I–V characteristics for a Ta2O5 cell prepared 
with a power density of 4.81 W/cm2 (O/Ta = 2.34). (c) Stoichiometry dependence of the initial resistance. 
(d) Stoichiometry dependence of the forming voltage. All values were averaged for at least 20 cells for each 
stoichiometry.
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Further, we also characterized the retention and endurance behavior of our devices. The retention was found 
to be independent of the stoichiometry for the time scales investigated here, as shown for an exemplary device in 
Fig. 3c. Further characterization is beyond the scope of this work. The endurance was found to be sufficient for 
all stoichiometries investigated here. Exemplary endurance measurements for almost stoichiometric Ta2O5 and 
oxygen deficient Ta2O5−x confirm the observation of increased memory window for the oxygen deficient devices, 
i.e., the sample with the lower forming voltage (Fig. 3d–f). This is contrary to the trend observed before, where a 
decreasing resistance window was observed for decreasing forming voltage14,15,19.

Discussion
To understand the correlation between oxygen deficiency and forming voltage, we investigated the electronic 
structure of our samples in more detail through a more profound comparison of the XPS spectra. Figure 4a shows 
an overview of the different core level and valence band spectra for samples prepared with an O/Ta ratio of 2.24 
and 2.38, respectively. The energy scale is referred to the Fermi level EF of metallic tantalum. (Note that for the 
purpose of comparing the peak shape in Fig. 1, we had artificially shifted the spectra to identical peak positions, 
while we are now comparing their position on an absolute binding energy scale). For all spectra, a rigid shift 
towards higher binding energy is visible for the sample with lower oxygen content. This can be explained by a 
relative shift of the conduction band towards the Fermi level31,32, which is also correlated with an increased donor 
dopant concentration33.

In order to quantify the shift and the resulting carrier concentration differences, the energy shifts for the dif-
ferent thin-films was measured through the position of the valence band maximum (VBM), which was extracted 
from the zero-photoemission intensity intercept of a linear regression fit of the low-binding-energy edge of the 
valence band spectra34,35. An overview of all VBM fitting results is shown in Fig. 4b. With decreasing oxygen con-
tent, the VBM shifts monotonically towards higher binding energies.

Using this shift, we can determine the carrier density of the Ta2O5−x thin-films from the position of the con-
duction band EC, which is given by
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Figure 3.  (a) I–V characteristics for a Ta2O5 cell prepared with a power density of 0.30 W/cm2 (O/Ta = 2.5). 
(b) I–V characteristics for a Ta2O5−x cell prepared with a power density of 4.81 W/cm2 (O/Ta = 2.34). In both 
cases, ten sweeps from two representative devices are shown along with an average Reset loop, which was 
obtained by averaging more than 100 sweeps and nine devices for each stoichiometry. A total of 25 devices 
were measured for both stoichiometries. (c) Retention characteristic for a similar Ta2O5−x cell prepared with a 
power density of 1.2 W/cm2 (O/Ta = 2.39). (d) Endurance measurement for a Ta2O5 cell prepared with a power 
density of 0.30 W/cm2 (O/Ta = 2.5). (e) Endurance measurement for a Ta2O5−x cell prepared with a power 
density of 4.81 W/cm2 (O/Ta = 2.34). Every 100th measurement point is shown. (f) Cumulative distribution 
function (CDF) of the measurements shown in panels (d) and (e).
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Here, Eg is the energy of the band gap, which was reported to be 4.2 eV for amorphous tantalum oxide36,37. 
Possible reductions of the band gap with decreasing oxygen content19 are expected to be negligible for the small 
sub-stoichiometries investigated here. The electronic charge carrier concentration can then be expressed as38
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The effective mass mn
⁎ was reported to be 0.3 ⋅ me for Ta2O5−x

39. The calculated charge carrier concentrations as 
a function of the O/Ta ratio are shown in Fig. 4c. With decreasing oxygen content, the charge carrier concentra-
tion increases. This results in different amounts of n-type doping, thus indicating that the oxygen deficiency 
causes an increase in electrical conductivity, which is also consistent with the observed initial resistances.

During the forming step, a similar current of ≈2 μA is reached for all stoichiometries before a sudden jump 
to the current limit occurs. This characteristic forming current is reached at lower voltages for oxygen-deficient 
devices. Therefore, Joule-heating-activated ionic motion may be enabled at lower voltages for oxygen deficient 
samples, thus contributing to the reduced forming voltage. At the same time, the power during forming was found 
to increase gently from 1.6 mW to 2.1 mW with increasing oxygen content. This shows that the absolute amount of 
Joule heating was actually higher for stoichiometric samples. It thus appears likely that in addition to higher con-
ductivity and resulting higher amount of Joule heating for a given voltage, an additional mechanism contributes 
to the decrease in forming voltage. Possible scenarios include stronger confinement for sub-stoichiometric films 
(i), changes of the local electric field at the interfaces (ii) or a more direct contribution from the oxygen vacancies 
already present in the film (iii). In scenario (i), the confinement results in smaller filament diameters and, accord-
ingly, higher current densities. For case (ii), one might argue that the electric field enhancement at the interfaces 
could be a function of the stoichiometry, as the width of space charge zones strongly depends on the number of 
dopants. For scenario (iii) we follow the mechanisms proposed by Sharma et al., who suggested that during the 
pre-stage of electroforming, Poole-Frenkel or hopping-based mechanisms contribute to the sudden conductivity 
increase and confinement of the current transport to a single filament40. As these mechanisms strongly depend 
on the number of defects mediating the electronic transport, and therefore the number of oxygen vacancies, the 
non-stoichiometric films may show enhanced current filamentation and voltage non-linearity. These, in turn, 
accelerate the forming process for a given power. While the experimental proof for one of these mechanisms (or 
a combination thereof) has to remain subject of future research, they are in line with the observed increase in 
oxygen-vacancy-induced conductivity observed here.

The reason for surprising observation of enhanced memory window with decreasing forming voltage lies 
in the leakage current of our devices: As we are using rather subtle sub-stoichiometries (in contrast to previous 
reports using very high oxygen non-stoichiometry), the leakage current for the oxygen-deficient films is still 
much smaller than the HRS current, which appears to be limited by the filament resistance. Our reduced forming 
voltage, in turn, induces a lower current overshoot during the forming process, resulting in a higher resistance of 
the filament itself, and thus to an improved resistance window41. This is most likely a special case for our compa-
rably low sub-stoichiometries, indicating that in the trade-off between forming voltage and resistance window, a 
sweet spot may be found through stoichiometry optimization for specific applications.

In conclusion, our analysis of memristive devices based on Ta2O5−x thin-films shows that the reduction in 
forming voltage is caused by a decrease in the oxygen concentration, which can be controlled through appropriate 
choice of the deposition parameters. The oxygen vacancies lead to a relative shift of the conduction band towards 
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the Fermi level, which results in an increase in carrier density in the as-deposited oxide, as is apparent from the 
XPS analysis and electrical characteristics. Our results therefore yield the desired clear correlation between the 
oxygen defect structure and the device properties and may thus contribute to the achievement of forming-free 
devices while maintaining high resistance windows.

Methods
The sputter-deposition rates were determined by X-ray reflectometry and scale linearly with the sputtering power 
density. The samples were transferred in-situ under UHV conditions from the sputter chamber to a PHI 5000 
Versa Probe II XPS analysis chamber with AL Kα X-ray irradiation with a spot size of ≈100 μm. For all thin-films 
a survey scan and single core level spectra were taken at normal emission with a pass energy of 23.5 eV and 
under electron neutralization. No significant carbon signal nor other contaminants could be detected, confirming 
appropriate preparation and measurement conditions. The data were quantified and analyzed by using CasaXPS 
version 2.3.16 using Shirley background subtraction. The sensitivity factors (RSF) were calibrated to stoichio-
metric tantalum oxide powder. Error bars are calculated based on the reasonable assumption of a 1% precision.

Layer stacks consisting of a 50 nm tantalum bottom electrode and 15 nm Ta2O5−x active layer were deposited 
by reactive DC-sputtering. The total pressure was set to 3.5 × 10−2 mbar, the oxygen partial pressure was adjusted 
through a variation of the Ar/O2 flow rates. A detailed discussion of the impact of the Ar/O2 flow rate on the 
plasma kinetics is given by42. This was followed by ex-situ deposition of Pt electrodes by electron-beam evapora-
tion through a shadow mask. The top electrodes have a thickness of 70 nm and the pads have a size of 50 × 50 μm. 
Each wafer had 1700 individual cells. The electrical contact to the bottom electrode was enabled via wire bonding 
to a chip carrier; the top electrode was contacted with tungsten whisker probes. Quasistatic voltage cycles were 
applied to the top electrode using a Keithley 2611 SourceMeter32, while the bottom electrode remained grounded.

Before the ReRAM devices were resistively switched, the initial resistance of the cells was measured with an 
I-V-sweep from −0.5 V to 0.5 V, voltages sufficiently small so that they do not change the device electrically. The 
initial resistance values were extracted at a voltage of 60 mV.

For the endurance measurement, the resistance was measured at a voltage of 100 mV after a Set operation with 
300 μA and a Reset operation with 1.5 V or 2 V, with a pulse length of 0.2 ms. The difference between stoichiomet-
ric and oxygen deficient samples was consistent for all Reset voltages tested here. For the retention measurement, 
the current was measured at a voltage of 100 mV.

Data availability.  The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.
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