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Recent advances in oxide-based resistive switching devices have made these devices very promising
candidates for future nonvolatile memory applications. However, several key issues remain that affect
resistive switching. One is the need for generic alternative electrodes with thermally robust resistive
switching characteristics in as-grown and high-temperature annealed states. Here, we studied the
electrical characteristics of Ta,0;_, oxide-based bipolar resistive frames for various TaN, bottoms.
Control of the nitrogen content of the TaN, electrode is a key factor that governs variations in its oxygen
affinity and structural phase. We analyzed the composition and chemical bonding states of as-grown
and annealed Ta,0;_, and TaN, layers and characterized the TaN, electrode-dependent switching
behavior in terms of the electrode’s oxygen affinity. Our experimental findings can aid the development
of advanced resistive switching devices with thermal stability up to 400 °C.

A long-standing goal in the development of potential next-generation nonvolatile memory (NVM) devices is to
meet the demands of key memory markets, which include high scalability for high density integration and fast
operation speed. Among recently considered NVMs, those with resistive switching have shown promise for use
in nanoscalable resistive random access memory (ReRAM)! with an ideal 4F* memory size. Numerous materials
have been considered as storage media in ReRAM devices, including solid electrolytes, binary oxides, organic
materials, and perovskites’=°. Various binary metal oxides such as AlO,*, TaO,”"'%, ZrO,", TiO,'?, and HfO,!* have
been identified as main data storage media due to their excellent endurance of more than 10'? cycles'. Although
numerous studies have investigated the possibility of using these materials (with manipulation of material thick-
ness'®, electrodes'®', heat treatment'$, multi-layer frames'?, and doping?), oxide reactions at the metal electrode/
oxide interfaces in as-grown and annealed states still critically affect the characteristics of resistive switching?'.
This has restricted the choice of electrode because of the requirement for high temperature (~400°C) at the back
end of the line.

Interfacial reactions are widely believed to profoundly affect the characteristics of resistive switching®~.
Previous studies reported metal electrode-dependent resistive switching!®?>%, where electrodes with different
work functions and oxygen affinities yielded different resistive switching characteristics. For example, even for
resistive switching devices with the same metal oxide layer, the switching type and behavior were found to vary
depending on electrode type?. Although diverse resistive switching features are linked to the oxygen affinities
of electrodes governing the interfacial reaction between the electrode and oxide layer'’, the effect of varying the
oxygen affinities of the electrode materials has not yet been comprehensively examined.

In this work, we address the resistive switching characteristics of as-grown and annealed Ta,O5_,-based
ReRAM devices with bottom TaN, electrodes containing different amounts of nitrogen. Precise control of nitro-
gen content in TaN, during growth was used to achieve adjustable structural phases in the TaN, layer, ranging
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Figure 1. Nitrogen flow rate contribution to the structural/electrical characteristics of TaN, layers. (a)
Representative XRD 6-26 plots of TaN, layers for various nitrogen flow rates during growth. Corresponding
variation in (b) resistivity and (c) Ta/N composition determined by RBS analyses, where each colored line in
Fig. 1c represents Ta/N compositions in the grown TaN, layers, for three nitrogen flow rates: 0.4 sccm (red), 1.6
sccm (blue), and 3 scem (purple). Note that resistivity and N composition increased with increasing nitrogen
flow rate during growth.

from metallic body-centered cubic (bcc) TaN, or faced-centered cubic (fcc) TaN, to a mixture of fcc TaN, with
N-rich phases. Capacitance-voltage (C-V) and X-ray photoelectron spectroscopy (XPS) measurements at the
interfacial layer demonstrated diverse oxygen affinities, which resulted in discrete switching events. Experimental
findings suggest that low oxygen-affinity TaN, electrodes are essential for ensuring thermally stable resistive
switching responses in annealed states.

Results and Discussion

Structural and electrical characteristics of the TaN, layer. Representative X-ray diffraction (XRD)
patterns for Ta and as-grown TaN, layers for nitrogen flows in the 0-3 sccm range are shown in Fig. 1a. The pure
Ta layer exhibited a typical sharp (200) peak at ~33°, confirming the presence of a bec crystal structure (PDF card
No: 01-089-4763). The flow rate of 0.4 sccm resulted in a broad peak that may be associated with closely-packed
(110) faces at around 37°, possibly indicating the formation of bec TaN,* (PDF card No: 00-025-1278). However,
another possibility is that mixed phase (110) bcc Ta(N) and (101) hexagonal Ta,N may have been present. Further
increasing the nitrogen flow to the 1.2-2 sccm range yielded four clear peaks [(111), (200), (220), and (311)] in
the TaN, layer, implying the presence of fcc TaN, (PDF card No: 04-014-0112). The flow rate of 3 sccm appeared
to yield a nitrogen-rich fcc TaN, structure (PDF card No: 01-079-5806). Thus, suitable control of the nitrogen
content during growth induced the formation of various TaN, crystal structures?. These XRD findings were con-
sistent for all samples in our experiments. Figure 1b shows the resistance curves for the as-deposited TaN, layers
that were measured using a standard four-point method. Resistance tended to increase with increasing nitrogen
flow rate during growth and increased sharply for flow rates above 3 sccm. The resistivities of Ta, TaN, (0.4 sccm),
TaN, (1.6 sccm), and TaN, (3 sccm) layers were determined to be 0.18 mQcm, 0.26 mQcm, 0.34 mQcm, and 1.13
mQcm, respectively.

Previous studies have shown that, as the nitrogen content inside the TaN layer increases, crystallinity in the
(111) peak of TaN layer increases® or the lattice constant increases?, resulting in increased resistance of the TaN
layer.

Thus, in our experiments, we chose three different TaN, bottom electrodes to determine the electrode-type
dependence of resistive switching characteristics; for these chosen electrodes, the nitrogen flows during growth
were 0.4, 1.6, and 3 sccm. The 3-sccm-flow TaN, electrode was excluded from these experiments because of its
higher resistance. Figure 1c shows the Rutherford back scattering spectroscopy (RBS) analyses of TaN, (0.4 sccm),
TaN, (1.6 sccm), and TaN, (3 sccm) layers; nitrogen-to-tantalum stoichiometric ratios of 0.5, 1, and 1.3, respec-
tively, were identified.

Three samples were prepared: Pt/Ta,0;_, (20)/Ta (Sample A), Pt/Ta,05_, (20)/TaN, s (Sample B), and Pt/
Ta,0;_, (20)/TaN, (Sample C), where the numbers in parentheses are the nominal thicknesses of the correspond-
ing active layers in nanometers. Samples A, B, and C were designed to have Ta (bcc), TaN 5 (bee), and TaN, (fec)
layers, respectively, as bottom electrodes. Figure 2a shows the electrical forming I-V characteristics of Samples
A, B, and C, and typical schematics of resistive switching devices are shown in the inset of Fig. 2a. All samples
required a negative forming voltage for clear bipolar resistive switching. In addition, as seen in this figure, a rel-
atively high forming voltage was needed for the TaN, electrodes containing nitrogen, because of their inherent
resistivity induced by the nitrogen content in the Ta layer compared with the pure Ta electrode. Figure 2b shows
representative I-V curves for Samples A, B, and C for 100 consecutive cycles. All samples exhibited typical bipolar
resistive switching. That is, after forming, their resistive states switched to low resistance states (LRSs). When a
voltage sweep from zero in the negative direction was applied to the top electrode, a sudden reduction in resist-
ance, from the high resistance state (HRS) to the LRS, was observed. As the applied voltage was swept from nega-
tive values to zero, the LRS was maintained in all of the samples. When the applied voltage was swept from zero to
positive values, an increase in resistance from the LRS to the HRS was observed. As the applied voltage was swept
from positive values to zero, the HRS was maintained. During this resistive switching, Samples A and B exhibited
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Figure 2. (a) Electrical forming I-V characteristics of Samples A, B, and C, which were designed to have a
Ta, TaN 5, and TaN, layer as a bottom electrode, respectively. The inset in Fig. 2a schematically shows the
Pt/Ta,0;5_, /TaN, cell. Increasing the nitrogen content of the TaN, electrode increased the forming voltage.
(b) The three I-V curves show the bipolar resistive switching responses of Samples A, B, and C. Sample C
clearly exhibited a larger on/off ratio (>>10°) and larger set/reset voltage than Samples A and B. (c) Possible
switching behaviors of Samples A/B and C; arrows and circles represent bias-dependent oxygen ion drift and
corresponding conducting filaments and oxygen vacancies, respectively.

similar resistive switching characteristics, including similar set/reset voltages and on/off current ratios (~10").
However, Sample C clearly exhibited a larger set/reset voltage and a higher on/off current ratio (>10°) than
Samples A and B. This indicates that the characteristics of the bottom electrode of Sample C were different from
those of Samples A and B. However, even though Samples A/B and C exhibited different behaviors, the observed
bipolar resistive switching behavior can be understood in terms of the translocation of oxygen ions or vacancies?.

The two different resistive switching characteristics of Samples A and C can be explained by the VCM model®
(Sample B is excluded because of its similar switching behaviors to Sample A); these mechanisms are illustrated
in Fig. 2c. First, in Sample A, a negative forming voltage generated mobile oxygen ions in the Ta,O5_, layer. In
the presence of an electrical field, these mobile oxygen ions drifted toward the Ta bottom electrode and localized
near the Ta,O;_,/Ta interface because of the higher oxygen affinity of the Ta electrode. Simultaneously, oxygen
vacancies migrated to the top Pt electrode, enabling the formation of a conical filament within the Ta,O5_, film
that grew toward the Ta bottom electrode. The cell switched to LRS when the conducting filament extended
completely through the metal oxide material. Applying a positive bias to the top electrode released the oxygen
ions accumulated in the interfacial region, causing a gradual reset process associated with bias-dependent grad-
ual annihilation of the filament. Sample C exhibited a higher forming voltage than Sample A. This may be due
to the existence of a small number of oxygen vacancies inside the Ta,O;_, layer because of the relatively lower
oxygen affinity of the TaN, electrode used in Sample C; oxygen affinity will be discussed later. Thus, a positive
bias to the top electrode of Sample C easily ruptured the weakest pre-existing filamentary paths provided by a
high-voltage-electroforming process through Joule heating-assisted electrochemical dissolution of the filaments
rather than electro-chemical migration of oxygen®. Joule heating-assisted electrochemical dissolution process in
the weakest parts of the pre-existing filamentary paths of Sample C appeared to cause the sharp reset event with a
103-10* on/off ratio. An additional performance analysis of Samples A and C is provided in Figs S1 and S2.

Another study suggested that resistive switching in ReRAM devices was closely related to the oxygen affinity
and metal work function of the electrodes'”. To further investigate the difference between the oxygen affinities
of various TaN, electrodes, capacitance-voltage analysis was performed for Samples A, B, C, and D (Pt/TaO,/Pt).
After the C-V measurements, voltage linearity was estimated from the value of the quadratic parameter o, as
follows:
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Figure 3. Electrode-dependent capacitances and corresponding oxygen affinities of TaN, layers. (a) Variation
in capacitance (AC/C,) acquired at 100kHz as a function of dc voltage. (b) Quadratic voltage coefficient of
capacitance as a function of the bottom electrode type; results were subsequently fitted using the equation
provided in the main text. The observed variation in « reflects the formation of electrode-dependent thin
interfacial layers and the corresponding oxygen affinity of each TaN, bottom electrode. A low oxygen affinity
is indicative of a low redox reaction with an oxide active layer used in a memory cell. Note that Pt and Ta
electrodes clearly and expectedly demonstrate low and high values of o, a finding that can be ascribed to their
low and high oxygen affinities, respectively.

AC _CV) =Gy _ aV? + 8v
Co Co (1)

Here, C, is the capacitance at zero bias, V is the DC applied bias, and o and 3 are the quadratic and linear volt-
age coeflicients of capacitance, respectively. The linear term (3 captures the asymmetry of carrier depletion or
injection in the dielectric in the top and bottom electrodes. Variations in o have been correlated with the forma-
tion of electrode-dependent thin interfacial layers®'-*. In general, it is well-known that oxygen vacancies affect
resistive switching®, and the oxygen affinity values of various electrodes are strongly associated with o value. A
previous study also showed that the magnitude of o corresponds to the electrode oxygen affinity, which was con-
firmed based on the heat of formation energy for each electrode®. Thus, we determined the difference between
the oxygen affinities of various TaN, electrodes by measuring the o using C-V. Figure 3a shows the normalized
capacitance AC/C, as a function of the DC electric field applied to Samples A, B, C, and D. These curves yield o
from second order polynomial fits, as shown in Fig. 3b. The o is given as a function of the bottom electrode, and
variation in « reflects both the formation of electrode-dependent thin interfacial layers and the oxygen affinity
of each TaN, bottom electrode®. A low oxygen affinity is indicative of a low redox reaction, which is frequently
observed in oxide active layer-based ReRAM devices. As expected, the Pt and Ta electrodes in particular demon-
strated low and high « values, indicating low and high oxygen affinities, respectively. These C-V findings indicate
that increasing the nitrogen content of the TaN, electrode decreases o, corresponding to a lower oxygen affinity.
To further clarify the composition and chemical bonding states of Samples A, B, and C, chemical bonding
states associated with oxygen deficiencies were examined using XPS depth profile analysis. XPS spectra were
calibrated using the binding energy of the C 1s peak (285.5eV) as a reference, and the Ar sputtering etching rate
was ~0.2nm/s and ranged from 4 nm to 20 nm in the Ta,O;_, layer. Figure 4a—c show representative XPS binding
energy depth profiles for the N 15 core level, revealing a clear transitional region at the Ta,O;_,/ TaN, interface.
In this figure, the N 1s binding energy for each case was de-convoluted into two peaks, corresponding to a high
binding peak (Ta 4p) and a low binding peak (N 1s)°**". Diffusion of nitrogen atoms from the TaN, electrode
into the Ta,0;_, layer was observed. Nitrogen contents represented by N1s/Ta 4p peak area ratio were plotted as a
function of depth in the Ta,O;_, oxide layer (Fig. 4d) along with a conceptual sketch of the XPS measurements. As
shown in Fig. 4d, the content of N 1s for Sample C was larger than that for Sample B, but the diffusivity of nitrogen
atoms in Sample C was lower than that for Sample B. We assumed that the lower diffusion of N atoms from the
TaN electrode toward the Ta,O; layer in Sample C than Sample B was due to stronger binding between the Ta and
N elements in Sample C. Previous work showed that the fcc TaN, layer frequently serves as a diffusion barrier®®
because of strong binding between tantalum and nitrogen, thus improving the thermal stability of Sample C. As
described above, the resistive switching behaviors of Samples A and B likely arose from typical electrochemical
redox reactions induced by the higher oxygen affinities observed in the bottom Ta and TaN, ; electrode (observed
for conventional ReRAM devices). That is, under a negative applied voltage, oxygen ions migrated to the bottom
TaN;, electrode and were stored in the interfacial layer. In this situation, the bottom electrode serves as a reser-
voir for mobile oxygen ions. When oxygen ions were extracted near the interface of the Ta,O;_, layer, gradient
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Figure 4. XPS binding energy depth profiles and summarized nitrogen diffusivity for N 1s peaks. (a) Sample
A, (b) Sample B, and (c) Sample C, ranging from 4 nm to 20 nm into the Ta,O5_, layer. The N 1s spectra were
de-convoluted into two different peaks: Ta 4p and N 1s. (d) Summary of the variation in nitrogen contents with
depth in the Ta,O5_, oxide layer for N1s/Tadp peak areas ratio (a—c); the inset shows a schematic of the XPS
measurements. The TaN, electrode used in Sample C had a larger area ratio of N1s/Ta4p than that in Sample

B. However, the diffusivity of nitrogen atoms was greater for Sample B than Sample C, establishing unstable
resistive switching compared with Sample C.

oxygen vacancies formed in the Ta,O,_, layer and generated a conductive filament*. However, the low diffusivity
of Sample C containing the bottom fcc TaN, electrode limited the number of oxygen ions that migrated into the
bottom electrode from the Ta,0;_, layer. That is, because the ability of the TaN, electrode of Sample C to absorb
oxygen atoms was far lower than that of the Ta electrode of Sample A, oxygen ions did not migrate into the bot-
tom electrode from the Ta,Os_, layer. These results indicate the presence of an almost stoichiometric Ta,O5_,
layer in Sample C, reflecting a relatively high forming voltage for the formation of a conductive filament in the
Ta,0;_, layer, as seen in Fig. 2a. High forming voltage-driven filaments often reflect very low resistivity, which is
also known as the soft-breakdown process®. In this process, a very strong current flowing through filaments with
relatively low resistivity causes severe Joule heating, manifesting as a sharp reset event during the reset process*!.
This may explain why resistive switching devices with low oxygen affinity bottom electrodes exhibit sharp set/
reset resistive switching.

Contribution of annealing to resistive switching responses. Resistive switching measurements and
XPS analyses were also conducted for Samples A and C to gain insight into the differences between the resistive
switching characteristics of these samples after post-annealing at 400 °C for 1 h in air. Figure 5 shows bipolar
resistive switching responses for (a) Sample A (as-grown), (b) Sample C (as-grown), (c) Sample A (annealed),
and (d) Sample C (annealed). The annealed Sample A with an interfacial TaO, layer exhibited a decrease in initial
resistance, and resistive switching did not occur after 400 °C post-annealing; we attributed this to an increase
in the number of oxygen vacancies induced by the reaction of Ta layer with the oxygen in the Ta,Oj; layer. In
contrast, Sample C with a relatively low oxygen affinity had little reaction with the Ta,O; layer before and after
the thermal annealing process. Thus, the resistive switching for Sample C remained almost unchanged even after
post-annealing at 400 °C, providing evidence of thermal stability up to 400 °C (Supplementary Figure S2). Similar
results were observed upon thermal annealing in a nitrogen atmosphere. Detailed I-V characteristics of Samples
A and C are provided in Figure S3 (Supplementary Information). Together, these post-annealing observations
imply that the observed differences between the interfacial layers of Samples A and C are associated with oxygen
vacancies generated by the annealing process.
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Figure 5. Resistive switching characteristics of I-V curves for (a) Sample A (as-grown), (b) Sample C (as-grown),
(c) Sample A (annealed), and (d) Sample C (annealed). Annealed Sample A exhibited a decrease in initial
resistance and loss of resistive switching behavior because of the presence of a large amount of oxygen vacancies
after the annealing process. However, initial resistance and resistive switching behaviors of Sample C were almost
unchanged, demonstrating the robust thermal stability, where the amount of oxygen vacancies in the Ta,0;_, film
remained almost unchanged, even after post-annealing at 400 °C.

To elucidate the mechanisms underlying the annealing effect, a more thorough microstructural analysis of
Ta,05_,/interfacial layers of Samples A and C was performed by analyzing high-resolution (HR) transmission
electron microscopy (TEM) data, energy dispersive spectroscopy (EDS) line profiles, and XPS depth profiles.
Figure 6 shows XPS chemical state variation in the analyzed Ta,O;_, layers, where the O 1s XPS binding energy
spectra of the Ta,O;_, layers were recorded for (a) Sample A (as-grown), (b) Sample C (as-grown), (c) Sample A
(annealed), and (d) Sample C (annealed). XPS measurement was carried out with a 20-nm-thick Ta,O; sample,
where each device also had the same 20 nm thickness. About 10 nm (half of the entire thickness) was etched by
Ar plasma sputtering before XPS measurements. The O 1 spectra of the Ta,0;_, layers were de-convoluted to
obtain two peaks at 530.5eV at 532.0 eV*>-*, The first oxygen peak depicts oxygen bonded in stoichiometric
Ta, 0%, while the second oxygen peak indicates oxygen-deficient Ta,O;_,, reflecting the presence of unbonded
oxygen molecules (oxygen interstitials) or oxygen vacancies. Thus, the concentrations of oxygen vacancies in the
Ta,0;5_, films with/without the annealing process were estimated. As shown in Fig. 6e, the oxygen vacancy ratio
for Sample C remained almost unchanged, while an increase in the amount of oxygen vacancies after annealing
was observed for Sample A. This vacancy increase corresponded to a decrease in the initial resistance of the
Ta,0;_, layer, resulting in the absence of bipolar resistive switching after annealing, in good agreement with
the results obtained by analyzing the I-V curves in Fig. 5. The similar resistive switching responses of Sample C
before and after annealing imply that the fcc nature of TaN, in Sample C is not significantly affected by annealing.
Figure 7 shows the corresponding EDS analyses for Samples A and C before and after 400 °C annealing process,
along with typical cross-sectional TEM images that exhibit multiple stacked configurations with clear interfaces.
These experimental EDS results are consistent with TaN, electrode-dependent diffusion of oxygen atoms during
growth. As seen in Ta and O EDS profiles of Fig. 7 prior to and after annealing process, there seems to be an
interfacial reaction at the Ta,O5_,/Ta interface at Sample A. However, the interface of Sample C remains mostly
unchanged. Thus, the fcc TaN; electrode used in Sample C exhibited sufficient thermal stability in our work.

Conclusions

In summary, we investigated the resistive switching characteristics of as-grown and annealed Ta,0;_,-based
devices with suitable TaN, electrodes. Controlled variation of the nitrogen content of the TaN, electrode induced
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Figure 6. Oxygen vacancy ratio for as-grown/annealed Samples A and C. The O 1s XPS binding energy spectra
of the Ta,O;_, layer recorded for (a) Sample A (as-grown), (b) Sample C (as-grown), (c) Sample A (annealed at
400°C) and (d) Sample C (annealed at 400°C). The O 1s spectra were de-convoluted into two different peaks:
red and green peaks. (e) Summarized oxygen vacancy ratio for Samples A and C. The observed oxygen vacancy
ratio for Sample C remained almost unchanged, while that for Sample A revealed the presence of a relatively
large ratio after annealing.
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Figure 7. EDS line profiles and cross-sectional STEM images. (a) Sample A (as-grown), (b) Sample A (annealed
at 400°C), (c) Sample C (as-grown), and (d) Sample C (annealed at 400 °C). As seen in this figure, the interface
of Sample C remains mostly unchanged, reflecting weak inter-diffusion of oxygen, while Sample A exhibited
obvious enlargement of the oxygen diffusion layer at the interface, corresponding to strong inter-diffusion of
oxygen during growth and annealing.

variations in oxygen affinities and structural phases of the TaN, electrode. A systematic analysis of composition
and chemical bonding states for as-grown and annealed Ta,0O;_, and TaN, layers, along with TEM images, indi-
cated a reduction in the diffusion of oxygen ions, even after post-annealing. Experimental findings verified that
the TaN, (x=1) sample exhibited better electrical and thermal stability with a high on/off current ratio than the
other samples. Therefore, using an electrode with a suitable oxygen affinity may ensure thermally robust resistive
switching in future three-dimensional stacked x-y crossbar frames.
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Methods

Sample fabrication. Various Pt/Ta,0;_,/Ta, Pt/Ta,O5_,/TaNy s, Pt/Ta,0;_,/TaN}, and Pt/Ta,05_,/TaN, ;
resistive switching memory devices were fabricated on commercially available SiO,/Si substrates. The bottom
TaN, electrode was formed using a Ta metal target on SiO, substrates via reactive radio-frequency sputtering
under a processing pressure of 5 mTorr Ar/N, at various N, partial pressures. The Ar sputtering gas flow was
maintained at 20 sccm, while N, was varied from 0 sccm to 4 sccm for a series of Ta and TaN bottom electrodes.
In our work, nitrogen flow rates were intentionally varied to produce TaN, electrodes with different nitrogen
contents. A 20-nm-thick Ta,O5_, oxide layer was chosen as the main active medium for memory elements. Then,
50-nm-thick Pt top electrodes were formed by sputtering metal targets with a 50 pm x 50 pm cell size defined by
photolithography and a lift-off process.

Electrical characterization. DC electrical measurements were performed using a Keithley 4200 semicon-
ductor parameter analyzer (Keithley 4200 SPA, Keithley Instruments, Inc.). The four-probe method was utilized
to investigate the properties of TaN thin films. C-V measurements of oxygen affinity were performed using an
Agilent 4294 A Precision Impedance Analyzer (Agilent Technologies, Inc.). A positive voltage bias was applied to
the top electrode so that the bottom electrode (TaN,) was the cathode and the top electrode (Pt) was the anode.
Measurements were performed in air.
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