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The switching mechanism of valence change resistive memory devices is widely

accepted to be an ionic movement of oxygen vacancies resulting in a valence change

of the metal cations. However, direct experimental proofs of valence changes in mem-

ristive devices are scarce. In this work, we have employed hard X-ray photoelectron

emission microscopy (PEEM) to probe local valence changes in Pt/ZrOx/Ta memris-

tive devices. The use of hard X-ray radiation increases the information depth, thus

providing chemical information from buried layers. By extracting X-ray photoelec-

tron spectra from different locations in the PEEM images, we show that zirconia in

the active device area is reduced compared to a neighbouring region, confirming the

valence change in the ZrOx film during electroforming. Furthermore, we succeeded

in measuring the Ta 4f spectrum for two different resistance states on the same device.

In both states, as well as outside the device region, the Ta electrode is composed

of different suboxides without any metallic contribution, hinting to the formation of

TaOx during the deposition of the Ta thin film. We observed a reduction of the Ta

oxidation state in the low resistance state with respect to the high resistive state. This

observation is contradictory to the established model, as the internal redistribution of

oxygen between ZrOx and the Ta electrode during switching would lead to an oxi-

dation of the Ta layer in the low resistance state. Instead, we have to conclude that

the Ta electrode takes an active part in the switching process in our devices and that

oxygen is released and reincorporated in the ZrOx/TaOx bilayer during switching.

This is confirmed by the degradation of the high resistance state during endurance

measurements under vacuum. © 2018 Author(s). All article content, except where

otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5026063

Redox-based memristive devices (ReRAM) are considered as one of the most promising emerg-

ing memory technologies, even allowing multibit operation, logic-in-memory, and neuromorphic

computing applications.1–3 In these devices, the resistance of an oxide layer sandwiched between

two metal electrodes can be modified by an external electrical stimulus between two or more resis-

tance states. The underlying mechanism, which is called the valence change mechanism, is widely

accepted to be a nanoscale redox reaction, induced by the movement of mobile donor-type defects

such as oxygen vacancies.1,2 Despite the increasing knowledge about the microscopic mechanisms

over the past years, many open questions remain due to the fact that the relevant chemical changes are

confined to nanoscale filaments and/or to the electrode-oxide interface. A variety of spatially resolved,

spectroscopic techniques such as photoelectron emission microscopy (PEEM),4–6 transmission

X-ray spectroscopy,7–9 and electron energy loss spectroscopy10,11 have been employed to study

the electronic structure of active filaments in ReRAM devices.12 By employing soft X-ray PEEM,
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a change of the metal valence state during resistive switching has been proven for SrTiO3
5,6,13 and

Ta2O5.14 The drawback of this technique is that the mean-free path of photoelectrons excited in the

soft X-ray regime is on the order of a few nanometers. This problem has been tackled by peeling-off

of the top electrode prior to the spectroscopic measurement15 or by the use of electron-transparent

graphene electrodes.5 Thanks to its larger probing depth (>10 nm), hard X-ray photoemission spec-

troscopy (HAXPES) provides an excellent, nondestructive approach to probe chemical changes of

interfaces buried inside layered heterostructures and thereby allows the investigation of ReRAM cells

with conventional metallic electrodes.16–19 Whereas HAXPES analysis on large area cells has been

successful in detecting valence changes in non-filamentary switching systems,20 it failed to detect

valence changes in filamentary systems such as HfO2
21 and TiO2

22 as a result of the insufficient

amount of modified material in the cell.

In this work, we employed hard X-ray PEEM (HAXPEEM) to detect chemical changes in ZrOx

ReRAM cells with improved spatial resolution as compared to HAXPES. Our ZrOx ReRAM cells

contain one noble metal electrode such as Pt or Rh, which is expected to provide the active Schottky

interface23 and one oxidizable electrode, namely Ta, which is expected to form an interfacial oxide

layer by extracting oxygen from the ZrOx film.24 In the simplest case, the resulting interface oxide

layer acts as an oxygen reservoir but is not actively involved in the switching process. However,

recent investigations have pointed out a strong involvement of the reactive electrode in the switching

process25,26 and the switching kinetics.27 Indications for this involvement have also been found by

scalpel scanning probe microscopy28,29 and TEM.9 In order to assign redox processes within both

the ZrOx and Ta layers to the observed resistance change, we performed HAXPEEM investigations

of noble metal/ZrOx/Ta ReRAM devices with different layer sequences. This enabled us to prove the

involvement of the TaOx interface layer in the switching process, suggesting an oxygen exchange

reaction of the TaOx layer with the surrounding atmosphere10 as the switching mechanism rather

than an internal redistribution of oxygen.

The instrument used in this study is an energy-filtering photoemission microscope based on a

Focus NanoEsca,30 which was customized for the use with hard X-ray excitation.31,32 In short, the

photoemission microscope is used as magnifying entrance optics for a double hemispherical analyser.

It provides a bandpass filter for the kinetic energy of the electrons used to image the sample in real

space. Photoelectron spectroscopy at a spatial resolution of ∼400 nm has been demonstrated. The

use of hard x-rays results in electron kinetic energies of several keV, which increases the electron

attenuation length and hence the probing depth to 10-15 nm. Measurements were carried out at

beamline P09 at synchrotron PETRAIII, DESY, Hamburg, Germany.33

The use of HAXPEEM imposes several special requirements to the sample design of a ReRAM

cell. In order to retrieve chemical information from the full device, the total thickness of the active

stack (top electrode plus oxide thickness) should be less than the probing depth, which is in the range

of 10–15 nm. As the switching usually happens at the interface of the noble metal electrode to the

oxide, it would be best to get the strongest PEEM signal from this interface. Hence, this interface

should be as close to the surface as possible.

For the experiments, two different sample stacks were fabricated and tested: a

Pt (bottom)/ZrOx/Ta/Pt (top) stack (“Ta-top-stack”) and a Pt (bottom)/Ta/ZrOx/Rh (top) stack

(“Ta-bottom-stack”). The device geometry used for both the stacks is depicted in Fig. 1(a) on the

example of a “Ta-bottom-stack.” We used a 2 nm thin noble top electrode topped with a 30 nm Pt fin-

ger with only 2 µm overlap to guarantee good electrical contact to the device but still maintain a large

observable area with PEEM. Details of the sample preparation can be found in the supplementary

material. The overall cross section of the “Ta-bottom” and “Ta-top” stacks is shown in Figs. 1(b)

and 1(c), respectively.

Prior to the HAXPEEM analysis, the samples were characterized electrically in detail. Figure 2

shows I-V -sweeps of the two different devices. The switching direction changes when the order of

the layers is reversed since the position of the active interface (noble electrode-ZrOx) is changed

between the top and the bottom interface. The SET process [switching from high resistance state

(HRS) to the low resistance state (LRS)] always happens at a negative bias to the noble electrode-ZrOx

interface. For both types of stacks, the devices show stable, reproducible switching (up to 100 cycles

per cell) and no effect of the cycling on the switching characteristics was observed. It is important
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FIG. 1. (a) Secondary electron XPEEM image showing the structure of a “Ta-bottom”-device. The different materials present

at each feature are indicated. (b) Cross section along the red line in (a) of a “Ta-bottom”-device. (c) Cross section along the

red line in (a) of a “Ta-top”-device.

FIG. 2. An example of an I-V -sweep of (a) a “Ta-bottom” device and (b) a “Ta-top” device. Both devices show well pronounced

bipolar switching behavior. The corresponding stacks are depicted in the insets.

to note that the retention of the “Ta bottom” devices in air is relatively short, the LRS state usually

approaches the HRS within an hour. This is likely caused by the fact that the 2 nm top electrode is too

thin to prevent the reoxidation of the oxygen deficient filament within the ZrOx layer formed during

the SET process.13 In vacuum, both states are stable over 2 days, which is absolutely sufficient for

the HAXPEEM measurements (cf. Fig. S1 of the supplementary material). The endurance is higher

than 103 cycles in air and vacuum.

In a first approach, the samples were switched ex situ, meaning that the different resistance states

were achieved in air using a needle contact outside the PEEM analysis chamber. These predefined

resistance states were subsequently transferred into the HAXPEEM UHV chamber and characterized.

Figure 3(a) shows the lateral distribution of the Zr 3d XPS core level intensity [X-ray PEEM (XPEEM)

image] after a principle component analysis34 of a “Ta bottom” device in the LRS. The structure of the

device is clearly recognizable. Even after 3 h of integration, the signal acquired from a field of view

(FoV) of about 40 µm remains noisy, and thus only large areas can be evaluated, which leads to an

effective reduction in the lateral resolution. The evaluation of the spectra in single pixels is impossible

due to the low signal intensity. Nonetheless, a comparison of the active junction area—where the actual

switching takes place—and a neighbouring reference area provides interesting results. Figure 3(b)

shows the reference XPS spectra extracted from the green marked region in Fig. 3(a). It can be fitted
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FIG. 3. (a) XPEEM image visualizing the intensity of the Zr3d spectrum of a “Ta-bottom”-device. The image is the result of a

principle component analysis and binned 4× 4 pixels to increase statistics. The signal at the junction area (red) is compared with

a reference signal (green area). (b) In the reference area, the XPS signal can be fitted well with a simple doublet corresponding

to Zr4+ as in ZrO2. (c) In the junction area, the signal has a shoulder to lower binding energies. This corresponds to a reduced

component, likely Zr3+.

with a simple doublet corresponding to the spin-orbit splitted Zr 3d main line as expected for ZrO2.

The spectrum of the junction region [cf. Fig. 3(c), extracted from the red square in Fig. 3(a)] has a

lower intensity as it is buried underneath 2 nm Rh. The initial oxidation state in the two regions should

be the same, as both areas have the same bottom interface (Ta−−ZrOx), and the evaporation of the Rh

top electrode at the junction should not change the stoichiometry of the underlying ZrOx layer. The

whole ZrOx layer was exposed to air before the Rh deposition so that an influence of reoxidation on the

change of the oxidation state in the junction can also be excluded. The Zr 3d spectrum in the junction

clearly shows a wider energy distribution and a shoulder toward lower binding energies. This effect

is not due to electrostatic charging, as the Pt core level spectra of the top and bottom electrodes are

not shifted with respect to each other. It can be fitted with an additional doublet, which is at a binding

energy 1.1 eV lower than the binding energy of the Zr 3d spectrum of the fully oxidized ZrO2. A shift

by this energy has been reported in the literature35 and was attributed to the Zr3+ component. This is

in good agreement with the common explanation that the switching in transition metal oxide based

ReRAM cells is due to a local reduction of the oxide layer (oxygen vacancy filament).23 According to

an expected size of the filament of less than 100 nm, the spatial resolution at the given experimental



046106-5 Kindsmüller et al. APL Mater. 6, 046106 (2018)

conditions is insufficient to resolve the filament, but the net oxygen vacancy concentration in the cell

area is sufficiently high to be detected.

The evaluation of the in situ measurement of the “Ta-bottom” cells was impossible, as most

of the devices were shorted after the beam irradiation. The few devices which did not change their

resistance state during the irradiation could not be switched afterwards, and a characterization of the

different states was hence impossible. In contrast, the “Ta-top-devices” were less susceptible to beam

damage and retained their resistance state after beam irradiation, but spectroscopic data could only be

acquired for the Pt (top and bottom) and Ta layers. No signal could be retrieved from the ZrOx-layer

as it was buried under a 9 nm thick Ta/Pt stack, only 3 nm thin, and the photoionization cross section

of Zr 3d is lower than the one of Pt 4f at this photon energy.36

For one of the “Ta-top-devices,” the Ta 4f spectrum of a high resistance state and a low resistance

state could be acquired after in situ switching in between the two measurements. The comparison

of the Ta 4f spectra of the active junction area in the two different resistance states is shown in

Fig. 4(a). The major peak is at a binding energy of 26.7 eV, which corresponds to the Ta 4f peak of

Ta2O5. Furthermore, the spectrum has a broad shoulder toward lower binding energy but apparently

no metallic component which should be located at 21.9 eV. The direct comparison of the two spectra

FIG. 4. (a) Comparison between the HRS (blue) and the LRS (red) of the Ta 4f spectra of the same device. The peak with the

highest binding energy is enhanced in the HRS. (b) Fitting of the HRS spectrum with a TaO1�x, TaO2�x, and Ta2O5 component.

Black represents the measured data, and red is the envelope of the fitted data. (c) Equivalent fitting of the LRS state.
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TABLE I. Contributions of the different Ta 4f-peaks in the LRS and HRS.

Component Corrected Ta 4f 7/2 energy (eV) Contribution LRS (%) Contribution HRS (%)

TaO1�x 22.5 12.7 9.6

TaO2�x 25.1 25.9 28.9

Ta2O5 26.7 61.4 61.5

shows a difference between the two states. To characterize this further, we fitted the peak shapes

with the following Ta 4f components: Ta2O5, TaO2�x, and TaO1�x [cf. Figs. 4(b) and 4(c)]. The peak

positions fit reasonably well with literature values.37,38 The contribution of the different peaks and

their energies can be found in Table I. Clearly, there is a shift from the TaO2�x component to the

TaO1�x component, when the device is switched to the LRS. This means that there is more TaO2�x

in the HRS and hence more oxygen in the TaOx layer than in the LRS.

It is important to note that even though the Ta-layer was sputtered from a metal target in pure Ar

atmosphere, it is strongly oxidized. This is also the case for the as-deposited Ta-layer on SiO2—see

Fig. S2 of the supplementary material. The reasons for the observed oxidation can be various: (i) The

residual oxygen gas in the chamber at the base pressure of 10�6 mbar probably results in the oxidation

of the Ta layer during deposition. (ii) The target could be poisoned with oxygen as other processes

in the same chamber are using oxygen atmospheres and can lead to an oxidation of the target and

hence of the thin film deposited in a consecutive process. (iii) Additionally, the oxygen exchange

at the interface with the ZrOx layer leads to further oxidation in this stack.39 This is also supported

by measurements with different photon energies and hence probing depth. The Ta layer is oxidized

most strongly at the interface with the ZrOx layer—see Fig. S3 of the supplementary material. (iv)

Furthermore, the 2 nm Pt top electrode is probably not a perfect diffusion barrier for oxygen in the

atmosphere, resulting in an oxidation from the top interface.13

In the established switching model for valence change memory-type ReRAM devices, it is

assumed that during the SET (negative voltage at the Pt-bottom-electrode) positively charged oxygen

vacancies are pushed into the ZrOx layer and form a filament resulting in a higher conductance of

the layer stack. According to the large amount of suboxides in the TaOx layer in both resistive states,

one can assume that the top interface has an ohmic character and that the ZrOx−−Pt interface forms

a Schottky-barrier. The ZrOx−−Pt interface can therefore be regarded as the active interface where

the largest field drop takes place and the strongest change of the conductance during ionic motion is

expected due to a change in tunnel barrier height and width. This is also consistent with the observed

switching direction. In the LRS, one would expect that oxygen is incorporated into the Ta layer to

compensate for the additional vacancies in ZrOx. However, this is in conflict with our measurement

since we observe a further reduction of the TaOx in the LRS. The high oxygen content of the TaOx

layer could result in a high resistivity, causing a significant field drop over the layer. This means, in

particular, that the oxygen vacancies start to move and the conducting filament is formed in both the

TaOx and ZrOx layers, as depicted in Figs. 5(a) and 5(b). During the SET, there would be an increase

in oxygen vacancies in both the ZrOx and TaOx layers, which goes along with a release of oxygen

from the two layers. The released oxygen could be either stored as interstitials in the platinum or be

released into the surrounding. This scenario is also supported by endurance measurements in vacuum

[cf. Fig. 5(c)]. The HRS slowly degrades to lower resistance values, as there is less and less oxygen

left for the reoxidation of the filament. A similar mechanism of oxygen release and reincorporation

has already been suggested for other valence change memristive systems, such as WO3�x,40 TiO2,41

Si-rich SiOx
42,43 SrTiO3,10,13 CeO2,44 SrRuO3,45 La0.8Sr0.2MnO3,46 Pr0.67Ca0.33MnO3

47 as well as

for HfOx
48,49 and TaOx.45

We employed HAXPEEM analysis to detect chemical changes in two different memristive

heterostructure stacks, namely, a Pt (bottom)/ZrOx/Ta/Pt (top) stack (“Ta-top-stack”) and a Pt

(bottom)/Ta/ZrOx/Rh (top) stack (“Ta-bottom-stack”). A spatially resolved Zr3d XPEEM image of

the “Ta-bottom-device” shows that ZrOx is reduced in the active device area compared to a neighbour-

ing area. This confirms that oxygen is removed from the ZrOx layer during the forming procedure.

Furthermore, Ta 4f core-level spectra could be taken from the “Ta-top-stack” in the HRS and LRS.
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FIG. 5. Possible explanation of the measured effect. The Ta layer is strongly oxidized; hence, it acts as an insulator and the

filament is formed through the whole film. (a) In the HRS, there are only a few oxygen vacancies left in the TaOx layer. (b)

During SET, new oxygen vacancies are introduced into both layers and lead to a reduction of both layers. (c) Resistance during

an endurance measurement in vacuum, with the median over 50 measurements as solid line. The HRS resistance shows a

strong degradation.

These measurements reveal that the Ta layer changes its oxidation state during switching. In particu-

lar, the comparison of the spectra in the two resistive states shows that the Ta layer in the LRS exhibits

a shift to lower oxidation states of the Ta and hence contains less oxygen than in the HRS. As the

layer is strongly oxidized in both states, it has to be assumed that the Ta layer is oxidized already

during the deposition process. This results in a high resistivity, implying that the oxygen vacancy

filament has to proceed into this layer in the LRS. Therefore additional oxygen vacancies are formed

in the TaOx layer during the SET process. As there is no other oxidizable material in the remaining

stack, we have to conclude that oxygen is released and reincorporated during the switching pro-

cess. The released oxygen might be partially stored in the Pt electrode and partially released to the

environment. This switching process is consistent with a degradation of the HRS during endurance

measurements in vacuum. Our experimental findings indicate that both the active oxide layers and

the metal electrodes might undertake valence changes during device operation which have to be

considered to explain the microscopic switching processes.

See supplementary material for the detailed description of the sample preparation, a retention

measurement of a “Ta-bottom” device in vacuum, and an XPS spectrum of the as-deposited Ta layer.

Furthermore, an analysis of the Ta layer oxidation in dependence of the probing depth is shown.
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