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We have performed the first synchrotron radiation X-ray absorption spectroscopy (EXAFS/XANES) study of the
local atomic and electronic structure around Cu and W ions in WO3/Cu/WO3/Si and WO5/Cu/Si multilayered
structures, aimed for the application in the electrochemical metallization cell memory. The influence of
low-temperature annealing at 135 °C has been investigated in details, and a structural model of Cu-doped

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Redox resistive memory (ReRAM) is a promising next-generation
memory technology, whose operation is based on the changes of
resistance of a metal-insulator-metal structure [1]. It can be realized
utilizing electrochemical, thermochemical or valence change phenome-
na (see [2,3] for details). Only the electrochemical ReRAM type (known
also as electrochemical metallization (ECM) cell, conductive bridging
cell or programmable metallization cell) will be discussed below. It is
based on the electrochemical control of nanoscale quantities of metal
in the solid electrolyte thin film, which serves as an active medium
[2-5].

An implementation of ECM memory device has been demonstrated
on an example of Cu-doped WOs films [6-10]. Such device is composed
of a thin film of solid WOs electrolyte, sandwiched between a copper
anode and an inert cathode. One believes that under the influence of
electric field, the electron current from the cathode reduces an equiva-
lent number of Cu ions injected from the anode. As a result, a copper
metal-rich electrodeposit is formed in the WOs electrolyte, and the
cell is switched to the low-resistance “ON” state [6-8]. This process
can be reversed by applying a bias with opposite polarity, so that the
cell returns in the initial high-resistance “OFF” state. Note that the use
of SiO, [11-13], ZrO, [14] and amorphous silicon [15] as solid electro-
lytes in ECM device has been also successfully tested.

Operating of the ECM cell requires the presence of electrochemically
active metal cations within the solid electrolyte matrix, which is
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usually achieved during the initial electroforming cycle [1,2]. The
electroforming process is realized by applying an appropriate voltage
pulse, in order to activate bipolar switching behavior. It introduces
some amount of metal cations into the thin film acting as electrolyte
or promotes the formation of the conductive channel (metallic fila-
ment). To reduce the electroforming voltage, some amount of mobile
metal ions can be introduced into the electrolyte matrix already during
fabrication. The use of the thermal or photo-thermal diffusion processes
has been suggested for this purpose in [6,7] to stimulate copper interca-
lation in Cu-doped WOj3 system. Therefore, the precise knowledge of the
local environment around both copper and tungsten ions is of great
interest for better understanding of ECM cell functioning. However,
this question is a challenging problem.

Previous X-ray diffraction (XRD), Raman spectroscopy and X-ray
protoelectron spectroscopy (XPS) studies [6,7] of Cu-doped W03 ECM
cell gave contradictory results. In [6] no evidence of the formation
of Cu-related phases was observed after copper was photodiffused
into the amorphous WOs5 film. However, several phases as CuWOy,,
Cu,WO0,, CusWOg, CuO and metallic copper were found in both
thermally and photo-thermally diffused films in [7].

In this study we have used direct and non-destructive structural
method as synchrotron radiation X-ray absorption spectroscopy
to probe the local atomic and electronic structure around copper and
tungsten ions in a-WO03/Cu/a-WO0s3/Si and a-WO05/Cu/Si multilayers
both for as-prepared samples and for samples after thermal treatment.

2. Experimental and data analysis

All thin film samples were prepared on unheated silicon substrates
using DC magnetron sputtering technique. Layers of amorphous
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tungsten trioxide (c-WOs) thin film were deposited by sputtering of
metallic tungsten target in mixed Ar(80%)-0,(20%) atmosphere. Layers
of metallic copper (Cu) thin film were produced from metallic copper
target by sputtering in pure argon atmosphere. The multilayered
structures (a-WO03(250 nm)/Cu(50 nm)/a-WO3(250 nm)/Si and
a-WO03(500 nm)/Cu(200 nm)/Si) were used as-prepared and after
annealing in air at ~135 °C for 30 min to stimulate copper thermal
diffusion into tungsten oxide [7]. Pure amorphous a-WOs thin film on
silicon substrate, metallic copper foil, and polycrystalline CuO powder
were also used as references.

The multilayered structures were characterized by micro-Raman
spectroscopy (Fig. 1). Raman scattering spectra were collected in
back-scattering geometry at 20 °C using a confocal microscope
with spectrometer Nanofinder-S (SOLAR TII, Ltd.). Diode-pumped
solid-state (DPSS) laser (532 nm, 150 mW cw power) was used as the
excitation source, and the Raman scattering spectra were dispersed by
600 grooves/mm diffraction grating mounted in the 520 mm focal
length monochromator. The elastic laser light component was eliminat-
ed by the edge filter (Semrock LP03-532RE). Peltier-cooled back-
thinned CCD camera (ProScan HS-101H, 1024 x 58 pixels) was used
as a detector. To avoid possible sample damage, the laser power at
the sample was controlled by a variable neutral-density filter (optical
density from zero to 3.1).

The Cu K-edge and W L3-edge X-ray absorption spectra (Fig. 2) were
recorded at the C (CEMO) beamline [16] of the HASYLAB/DESY DORIS-III
storage ring, operated at E = 4.44 GeV and I;,,,x = 140 mA. The X-ray ra-
diation was monochromatized by a 40% detuned Si(111) double-crystal
monochromator. The beam intensity was measured using ionization
chambers filled with argon and krypton gases. The 7-cell silicon drift
detector (SDD-M3) was used for X-ray fluorescence measurements.
X-ray absorption spectra of the multilayered structures were recorded
in the fluorescence mode, whereas all other samples were measured
in the transmission mode.

The extended X-ray absorption fine structure (EXAFS) spectra y(k)
were extracted and analyzed following the conventional procedure
[17] using the EDA software package [18]. Particular attention has
been paid to the accurate alignment of the experimental and theoretical
(calculated by the FEFF8 code [19]) scales in the k-space by fine tuning
of the Ey parameter in the definition of the photoelectron wavenumber

k= (Zme/hz) (E—Ey), where m, is the electron mass, f is the Plank

constant and E is the X-ray photon energy [17]. The first coordination
shell of tungsten atoms and the first two coordination shells of copper
atoms were isolated using the Fourier filtering procedure and best-
fitted within the single-scattering Gaussian approximation [18].
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Fig. 1. Raman scattering spectra for a-WO05/Si, a-W03/Cu/Si and a-WO3/Cu/a-WOs3/Si

samples. The lowest Raman spectrum (dashed curve) has been measured using the full
laser power.
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Fig. 2. Normalized W L;-edge and Cu K-edge XANES spectra, recorded at 300 K in a-WO3/Cu/
a-WOs3/Si and a-WOs/Cu/Si multilayers before and after high-temperature (HT) annealing at
135 °C. The experimental data for a-WOs;/Si thin film, metallic Cu and CuO are also shown for
comparison.

The theoretical backscattering amplitude and phase shift functions for
W-0, Cu-0 and Cu-Cu atom pairs were calculated using the ab initio
real-space FEFF8 code [19,20]. The FEFF8 calculations were first
performed for several reference compounds (CuWO, [21], Cuy0 [22],
CuO [23] and metallic copper [24]) based on their crystallographic
structures. The complex exchange-correlation Hedin-Lundqvist poten-
tial was used in the FEFF8 calculations to account for the inelastic losses
[20]. The amplitude and phase shift functions calculated for Cu,0 [22]
were finally used in the analysis of the Cu K-edge EXAFS spectra for
the multilayered structures.

3. Results

The Raman spectra of a-WOQs3/Si film and a-WO3/Cu/Si multilayer
are dominated by two bands, located at 750 cm™! and 950 cm ™!
(Fig. 1). These two bands are commonly assigned to the stretching
modes of the bridging O— W -0 and terminal W=0 bonds, respectively
[25,26]. Note that the band due to terminal W=0 bonds is the strongest
in a-W05/Cu/a-WO05/Si multilayer. The weaker band at 250-300 cm ™!
is observed in all three samples and is attributed to the bending
O-W -0 modes [25,26]. The Raman band at 520 cm™! is due to silicon
substrate [27]: it is not visible in a-WQOs3/Cu/Si sample due to sufficiently
thick copper layer. No crystalline phases due to copper and tungsten
oxides have been observed in our samples.

We would like to note that by increasing the laser power above
some threshold a local crystallization of the multilayers can be induced
(see dashed curve in Fig. 1). As a result, two new bands appear at
286 cm~ ! and 900 cm™ ' due to CuO and CuWO, phases, respectively.
Also the second-order Raman scattering from silicon substrate becomes
visible at 960 cm™!, indicating enhanced transparency of the film.
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Normalized W Ls-edge and Cu K-edge X-ray absorption near-edge
structure (XANES) spectra, recorded at T = 300 K, are shown in Fig. 2
for a-WO03/Cu/a-WO03/Si and a-WO03/Cu/Si multilayers before and
after high-temperature (HT) annealing at 135 °C, as well as for several
reference materials (metallic Cu, CuO powder and amorphous a-WOQs/
Si thin film). Note that no edge shift is observed between the W
L3-edge XANES spectra for multilayers and a-WO0s/Si thin film. Howev-
er, the energy position of the shoulder at the Cu K-edge in multilayers is
closer to that in metallic copper than in CuO (see inset in Fig. 2), and it
also shifts by 0.72-0.76 eV upon annealing.

The FTs of the W Ls-edge EXAFS spectra (Fig. 3) are dominated by
the first coordination shell (peak at 1.3 A), composed of oxygen
atoms, followed by the multiple-scattering contribution from the
first shell (peaks at 2-3 A) and the second coordination shell (peak at
3-4 A), composed mainly of tungsten atoms [28,29]. The similarity of
Fourier transforms (FTs) for the W Ls-edge in the as-prepared and
annealed multilayered structures to that for pure o-WOj thin film indi-
cates that the local environment around tungsten atoms is close in all
samples and is weakly influenced by the presence of copper atoms
(Fig. 3). This fact is in agreement with high crystallization temperature
(above 400 °C [27]) of pure amorphous tungsten trioxide films.

At the same time, the local environment of copper atoms depends
strongly on the type of the multilayered structure and annealing proce-
dure (Fig. 3). There are two main types of nearest neighbors (oxygen
and copper) bonded to copper atoms. Therefore, the Cu—O bonds are
responsible for the peak at 1.4-1.6 A, whereas the Cu-Cu bonds give
the origin of the peak at 2.25 A. The analysis of the outer coordination
shells around copper is a significant challenge and is beyond the scope
of the present study.
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Fig. 3. Fourier transforms (FTs) of the W L-edge and Cu K-edge EXAFS spectra y(k)k?, re-
corded at T = 300 K, in a-WO3/Cu/a-WO5/Si and a-WO3/Cu/Si multilayers before and after
high-temperature (HT) annealing at 135 °C. The experimental data for metallic Cu, CuO
and amorphous a-WOs;/Si thin film are also shown for comparison. Note that the peaks
in FTs do not appear at the true interatomic distances due to the extra phase shifts [17].

The experimental Cu K-edge EXAFS spectra in the multilayers before
and after high-temperature (HT) annealing at 135 °C are shown in Fig. 4
(left panel). Before annealing they are dominated by a contribution of
metallic copper, which diminishes upon annealing. In the right panel
of Fig. 4 we show an example of the best-fit results for the first coordi-
nation shell (the range of ~0.8-2.4 A for the W L;-edge and ~0.8-2.0 A
for the Cu K-edge in Fig. 3) of tungsten and copper in a-WO0s/Si thin
film, CuO powder and annealed a-WO0s3/Cu/a-WO5/Si multilayer.

As a result of the fit, a set of structural parameters (coordination
numbers N, interatomic distances R and mean-square relative displace-
ments (MSRDs) 0?) has been obtained. We found that tungsten atoms
have strongly distorted octahedral coordination, which is close in all
samples. There are four nearest oxygen atoms at R(W-0) ~ 1.80 +
0.02 A with 0?(W-0) ~ 0.011 + 0.003 A and two distant oxygen
atoms at R(W-0) = 2.13 £ 0.03 A with 0>(W-0) = 0.004 & 0.002 A.
Note that static disorder gives main contribution into the MSRDs
0*(W-0).

The local environment of copper atoms is less distorted. In CuO pow-
der, copper atoms are four-fold coordinated by oxygens located at
R(Cu-0) = 1.940 4+ 0.004 A with 0®(Cu-0) =~ 0.0033 £ 0.0007 A?.
At the same time, the average Cu— O bond length in the multilayers is
significantly shorter. We found that after high-temperature (HT)
annealing at 135 °C copper atoms, located in the tungsten oxide matrix,
are two-fold coordinated by oxygens located at R(Cu-0) ~ 1.88 + 0.01 A
with 0>(Cu-0) ~ 0.005 + 0.001 A2, Note that the decrease of copper
coordination number from 4 to 2 oxygen atoms correlates well with
the shortening of the average Cu-O distance by ~0.06 A.

4. Discussion

The W L3-edge XANES (Fig. 2) is dominated by the intense peak at
10,207 eV, a so-called “white line” (WL), which is due to the dipole-
allowed transition (Al = + 1, [ is the orbital momentum) 2p(W)—5, ed
(W). Here the bar over 5, e indicates that the final state of the electron in
the continuum () with 5d(W) atomic character is the relaxed excited
state in the presence of the core-hole at the 2p(W) level screened
by other electrons [28,29]. Due to the large value of the absorption coef-
ficient, the WL amplitude cannot be usually determined accurately,
however the WL shape and energy position are very close in all our
compounds. This result indicates that the local electronic structure of
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tungsten atoms remains also close. Taking also into account the similar-
ity of Fourier transforms (FTs) for the W Ls-edge, one can conclude that
introducing copper ions into a-WO5 matrix produces negligible effect
on the host matrix structure. Therefore, we will further concentrate
our attention on the local environment of copper atoms.

The Cu K-edge XANES spectra for multilayers and two reference com-
pounds, shown in Fig. 2, indicate that there is a clear difference in the ef-
fective charge of copper ions. Our XANES spectra for metallic copper and
CuO agree with known data in [30-32] and show a well defined shoulder
at the onset of the absorption edge, which is due to the dipole-allowed
transition 1s(Cu)—4, ep(Cu) [30]. The energy positions of the shoulder
for our as-prepared multilayers, defined at the maximum of the first
derivative, are at 8979.4 eV for a-WO/Cu/Si and 8979.7 eV for a-WO5/
Cu/a-WOs5/Si: both values are slightly larger than that (8979.2 eV)
for metallic Cu. Upon thermal treatment of multilayers at 135 °C, the
shoulder position shifts to larger energies by about 0.72-0.76 eV, becom-
ing close to that in Cu,0 [31]. Thus, the analysis of the Cu K-edge XANES
suggests that copper ions are present mainly as Cu® in the as-prepared
samples, but transfer into Cu™ upon annealing.

This result is fully confirmed by the analysis of EXAFS data, shown in
Fig. 3. In the as-prepared samples, copper is mostly present in the metal-
lic phase characterized by the strong peak at 2.25 A in the FTs of the Cu
K-edge EXAFS: it corresponds to the true distance Cu-Cu of about
2.56 A. Also the outer peaks at 3-6 A in the FTs have a shape similar to
that in metallic copper. The amplitude of the FT peaks suggests the pres-
ence of strong disorder and size reduction effect in the as-prepared
a-WO03/Cu/Si and a-WO3/Cu/a-W05/Si films. Closer inspection of
the FTs shows that some small part of copper atoms is oxidized already
in the as-prepared samples, as is evidenced by the presence of the peak
at 1.43 A, which is due to a contribution of oxygen atoms located in the
first coordination shell of copper.

The annealing of the multilayered structures at 135 °C provokes
further oxidation and diffusion of copper. While metallic copper is
still present in a-WO5/Cu/Si after annealing, it disappears completely
in a-WO03/Cu/a-WO0s3/Si sample. In both cases, the intensity of the
peak at 1.43 A due to the bonds Cu- O increases. A detailed analysis
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Fig. 5. Schematic models for (a) a-WO5/Cu/Si and (b) a-W0O3/Cu/a-WO05/Si multilayers
before and after high-temperature (HT) annealing at 135 °C.

(Fig. 4 (right panel)) indicates that the copper coordination in the
multilayers is equal to about two oxygen atoms located at the distance
of ~1.88 A. Such coordination of copper ions is close to that observed
for Cu™ in Cu,0 (N = 2, R = 1.85 A) [22]. For comparison, copper coor-
dination of four oxygen atoms at ~1.94 A was found by us in CuO (Fig. 4
(right panel)), in agreement with crystallographic data [23]. Thus, the
oxidation of copper ions in the multilayers upon annealing determined
from the Cu K-edge EXAFS spectra confirms the results of XANES analy-
sis discussed before.

The obtained information on the behavior of copper ions in a-WO3
solid electrolyte matrix allows us to propose the schematic model of
a-WO0s3/Cu/Si and a-WO3/Cu/a-WO0s/Si multilayered structures. Upon
annealing at 135 °C a part of copper atoms, forming the bottom elec-
trode, diffuses into -WO5 matrix in the first case (Fig. 5(a)), whereas
metallic copper layer becomes fully dissolved in the solid electrolyte
in the second case (Fig. 5(b)). Our results suggest that different techno-
logical approaches can be used to introduce mobile metal ions into
the electrolyte matrix during fabrication to simplify the electroforming
process [1,2].

5. Conclusions

X-ray absorption spectroscopy at the W Ls and Cu K edges was
employed to study the local atomic and electronic structure of a-WOs3/
Cu/Si and a-WO03/Cu/a-WO03/Si multilayered structures, which are
developed for the application in the electrochemical metallization cell
(ECM) memory.

We have shown that the as-prepared multilayers contain nanosized
metallic copper, which is oxidized to Cu™ upon annealing at ~135 °C.
The monovalent copper ions have small ion size and, thus, are able
to diffuse across the multilayer and participate in the formation of
conducting pathways in the ECM cell during its operation [1-3]. No
copper containing crystalline phases have been found in the present
study opposite to the previous work [7].
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