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Life-cycling and uncovering cation-trapping
evidence of a monolithic inorganic electrochromic
device: glass/ITO/WO3/LiTaO3z/NiO/ITO

Dongmei Dong,? Wenwen Wang,? Aline Rougier,” Guobo Dong,?
Mathias Da Rocha,” Lionel Presmanes,® Khawla Zrikem,? Giljoo Song,b

Xungang Diao

*3 3nd Antoine Barnabé“

The visualization of the microstructure change and of the depth of lithium transport inside a monolithic

ElectroChromic Device (ECD) is realized using an innovative combined approach of Focused lon Beam
(FIB), Secondary lon Mass Spectrometry (SIMS) and Glow Discharge Optical Emission Spectroscopy
(GDOES). The electrochemical and optical properties of the all-thin-film inorganic ECD glass/ITO/WOs/
LiTaO3/NiO/ITO, deposited by magnetron sputtering, are measured by cycling voltammetry and in situ

transmittance analysis up to 11270 cycles. A significant degradation corresponding to a decrease in the
capacity of 71% after 2500 cycles and of 94% after 11270 cycles is reported. The depth resolved micro-
structure evolution within the device, investigated by cross-sectional cutting with FIB, points out a pro-
gressive densification of the NiO layer upon cycling. The existence of irreversible Li ion trapping in NiO is
illustrated through the comparison of the compositional distribution of the device after various cycles O,
100, 1000, 5000 and 11270. SIMS and GDOES depth profiles confirm an increase in the trapped Li

DOI: 10.1039/c8nr02267d

content in NiO as the number of cycles increases. Therefore, the combination of lithium trapping and

apparent morphological densification evolution in NiO is believed to account for the degradation of the

ECD properties upon long term cycling of the ECD.

1. Introduction

Electrochromic (EC) devices have attracted great attention
during the past few decades due to their various applications
in displays, automotive rearview mirrors, gas sensors, and
smart windows."”> Among all device configurations, lithium
ion (Li") based monolithic inorganic all-thin-film layer stacks
present considerable advantages regarding the production cost
and commercial applications.”> A complete inorganic device
with Li" ions as electrochromically driven ions typically con-
sists of a substrate coated with commercial Transparent
Conducting Oxide (TCO) films for instance Indium Tin Oxide
(ITO), an anodic electrochromic layer (NiO), an inorganic ion
conducting layer (LiTaOj), a cathodic electrochromic layer
(WO3), and finally another TCO electrode.® NiO as an active
anodic EC layer, which is complementary to the excellent
cathodic EC material WOj3;, shows bleaching and coloration
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upon insertion and extraction of lithium ions. Li" insertion is
accompanied by the reversible reduction of Ni** (brown) to
Ni** (transparent).

Numerous efforts in the field of inorganic ECDs have been
taken to pursue even higher optical modulation and more
excellent electrochemical properties or design novel configur-
ations. Until now, studies on complete inorganic all-thin-film
ECDs prepared monolithically layer by layer have been rather
scarce. Patel et al’> have reported some work on the prepa-
ration of a new inorganic all-oxide-solid-state stacked structure
of ITO/Li,WO;_,/Li;_,Mn,0,4/ITO deposited on a silica glass
substrate by pulsed laser deposition. Zheng-Bo Han et al.’
have focused on the pure inorganic device multi-color electro-
chromism based on vanadium-substituted Dawson type poly-
oxometalate electrochromic thin films. Tatsuo Niwa et al.®
have taken a step forward studying the response speed and
temperature relevant properties of the inorganic device
IrO,//WOs;. Ullrich Steiner et al. have made great achievements
in the research of inverse opal vanadium oxide films,’
enhanced electrochromism in gyroid-structured vanadium
pentoxide'® and the extended application in the field of super-
capacitors.”” However, until now very few studies have reported
on the inorganic monolithic all-thin-film device durability as



well as on the degradation mechanism, which plays a crucial
role in EC device commercial applications. Even though
Li et al'® have carried out research on the durability
improvement of nanocomposite materials in a liquid electro-
Iyte, it is still limited in a single EC layer. Sung et al'’ also
reported an improvement in the durability with an inorganic
protective layer for the laminated device V,05/WO;, but
organic electrolytes rather than inorganic ones were used for
device lamination. Baloukas et al.'* have demonstrated ion
trapping and detrapping limited in single EC layer WO; films.
To the best of our knowledge, the degradation of inorganic
devices has been characterized by combining chronoampero-
metry and voltammetry techniques,’ but no clear micro-
mechanism has been given about the observed degradation of
complete inorganic devices. Until now, for complete inorganic
EC devices, no direct micro-evidence or no clear scientific
explanation for capacity degradation with device long-term
evolution has been found. This problem stems from the
difficulty in detecting evolution inside the five-separate-layer
assembly and inspecting the movement of very light lithium
ions. Such a one stack device has five distinct layers and
related problems associated with charge transport across any
of them can have a deleterious effect on the performance. The
monitoring of the internal state within a five-layer film is
difficult to realize, mainly because it is hidden from view by
the techniques of surface characterization. The study of elec-
trochromism-driven lithium ion chemistry in a buried EC layer
is made difficult by its lack of an Auger electron emission and
its weak signal in other techniques.” In the case of a lami-
nated EC system, the analysis of the reaction mechanism is
somewhat easier because it can be decomposed.'® In contrast
to this, the analysis of monolithic all-thin-film devices is too
difficult to deduce a definite conclusion.'”” In summary, the
lack of research on multi-layer inorganic devices’ degradation
mechanism is mainly due to two reasons: the inability to
obtain a precise (i) elemental distribution including lithium
buried beneath the surface and (ii) the detection of the micro-
structure from a clear cross-section.

Driven by the difficulties in detecting lithium distribution
and microstructure evolution in the EC devices, an innovative
combined approach is introduced, where Scanning Electron
Microscopy (SEM) coupled with Focused Ion Beam (FIB) and
Glow Discharge Optical Emission Spectroscopy (GDOES) as
well as Secondary Ion Mass Spectrometry (SIMS) are used to
visualize the microstructure change and the depth lithium
transport inside the layered device. Even if SIMS is only used
as comparative elemental analysis, its excellent sensitivity to

Table 1 Detailed deposition parameters of the ECD

lithium'®! makes this technique a perfect candidate for the
investigation of functional layers in devices. A few earlier
studies tried to detect the remaining lithium by SIMS but were
only limited to EC single layer WO; and V,05.>>** This article
reports an investigation of the lithium distribution in a com-
plete monolithic inorganic device and its relationship with
charge capacity fading as well as device degradation using
SIMS-depth profiling. As a reference, GDOES is carried out as
an independent comparative analytical technique for the
lithium depth profile analysis, and to exclude potential
measurement artefacts of the SIMS analysis (e.g. SIMS matrix
effects).'® Additionally, SEM/FIB is applied advantageously to
uncover the microstructure lying beneath the exposed surface,
which is capable of observing a precise cross-cut section of the
multilayered device. Combination of techniques is extremely
useful for complete inorganic device analysis and gives us a
real insight into the causes of capacity fading and durability
problems of the monolithic five-layer device.

2. Experimental

2.1 Deposition of the EC device and electro-optical test

The complete inorganic all-thin-film ECD glass/ITO/WO;/
LiTaO3/NiO/ITO was monolithically deposited layer by layer
using magnetron sputtering at room temperature. The film
stack was prepared on a commercial ITO glass substrate, with
a target-to-substrate separation distance of 17 cm and the
holder rotating on its symmetrical axis at a constant speed to
ensure the uniformity of the films in the sputtering process.
More details on the optimized device deposition parameters
are gathered in Table 1. Cyclic Voltammetry (CV) experiments
were carried out by using a conventional two-electrode con-
figuration on a voltalab PG201 electrochemical workstation.
ECDs after various CV cycles are labeled as ECD-fresh,
ECD-100, ECD-1000, ECD-5000 and ECD-11 270 in the follow-
ing. ECD-fresh is a sample in the as-deposited state, used as a
reference for a pristine device without any contact with the
electricity source. The optical transmittance of the films was
obtained with a UV-Vis spectrometer (Evolution 100, Thermo
Electron Corporation) between 300 and 800 nm.

2.2 Structural/microstructure characterization of device
degradation

Raman spectroscopy was used for structural characterization.
Raman spectra were collected under ambient conditions using
a Horiba Jobin Yvon LabRAM HR 800 spectrometer equipped

Order Target Power source Pressure (Pa) Ar: 0, Power (W) Time (min) Thickness (nm)
1 w DC 2.2 27:9 228 10 500
2 LiTaO; RF 1.0 47.5:2.5 153 150 200
3 Ni DC 3.0 94:6 234 30 400
4 ITO DC 0.3 99:1 245 20 300



with a fiber coupled 532 nm laser. Spectra acquisition was
carried out for 300 s using a X100 objective lens and 600
gr mm~' grating. During the measurement, the resulting laser
power at the surface of the sample was adjusted to 1.7 mW.
The depth of field in the Raman experimental setup is about
2.6 pm. However, the total thickness of the multilayer stacking
is only 1.4 um, and even if the optical set is focused on the
surface of the sample, we can assume that the laser diameter
remains the same in all the entire 5 layers. Then the focaliza-
tion is not the main limitation in our case. What could limit
the laser penetration in the under layers is the presence of one
absorbing layer at the surface. As all the samples are observed
in a bleached state in the visible part of the light spectrum
(laser wavelength is 532 nm), there is no problem encountered
by the various layers, and the Raman spectra show the most
intense peaks of the entire stacking.

Moreover, in order to gain an insight into the microstruc-
ture situation beneath the surface, a Field Emission
Gun (FEG)-SEM (JEOL JSM 7800F Prime) and FEG-SEM/FIB
apparatus (FEI Helios Nanolab600i dual beam) are used to
realize the Energy Dispersive Spectroscopy (EDS) elemental
analysis and observation of the cross cut section of the
multilayered device.

2.3 Elemental characterization of device degradation

GDOES analysis of the internal composition of the monolithic
device glass/ITO/WO;/LiTa0;/NiO/ITO was performed by using

a glow discharge analyzer (HORIBA GD Profiler 2). For comp-
lementary depth profiling research on the lithium distribution,
the SIMS technique was applied with a Cameca IMS-4FE6
system.

3. Results and discussion
3.1 Structure and electro-optical properties of single layers

In order to analyze the structure properties of films, X-ray diffr-
action (XRD) was used with a Cu Ka source (Ax,; = 1.5405 A
and A, = 1.5445 A) on various dedicated single and multilayer
stacks. In Fig. 1a, besides the Bragg peaks corresponding to
the ITO phase, no additional peaks are visible for WO; or
LiTaO; when deposited on the top layer. In contrast, the XRD
pattern of the NiO layer consists of two additional intense
peaks corresponding to the cubic phase (space group Fm3m).
This suggests that in the complete device WO; and LiTaO;
exist in the amorphous state, while NiO remains crystallized.
CV testing is conducted for WO; and NiO thin films
(Fig. 1b and c) in a lithium-based electrolyte, namely lithium
bis-trifluoromethanesulfonimide (LiTFSI, Solvionic, purity
>99.99%) in 1-butyl-3-methylimidazoliumbis (trifluoromethane-
sulfonyl)-imide (BMITFSI). The cathodic EC WO; film has the
maximum reduction current density of —0.86 mA ecm 2 at =1 V
and the maximum oxidation current density of +0.65 mA cm™>
at —0.25 V. The anodic EC NiO film has the maximum
oxidation current density of +0.195 mA cm™> at +0.78 V and
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(@) XRD patterns of films, glass/ITO, glass/ITO/WQs, glass/ITO/WOs/LiTaO3 and glass/ITO/WQO3/LiTaO3/NiO deposited for the complete ECD

glass/ITO/WOs/LiTaO3/NiO/ITO. (b) CV curve of EC NiO and WOs films cycling in 1 M LiTFSI BMITFSI electrolyte with a scan rate of 40 mV s * and

(c) their corresponding transmittance spectra.



Table 2 Bleached/colored transmittance, optical density, charge

capacity and coloration efficiency at the wavelength 550 nm for NiO and
WOs films

ECfilms Ty (%) T.(%) AOD Q(Cm™2)  g(ecm*C™)
NiO 94 47 0.30 45 66.7
WO, 91 21 0.64 127 50.4

two obvious reduction peak current densities of —0.14 and
—-0.19 mA cm™? at +0.96 and +0.44 V, respectively. The WO,
film has a higher reaction current density and calculated
charge capacity than NiO; however, as presented in Table 2,
NiO has a higher coloration efficiency (). It indicates that
charges within NiO are more efficient for electrochromism
behavior. # is a crucial parameter to judge an EC film which
represents the change in the optical contrast (AOD) for the
charge consumed per unit of electrode area (Q).*** It can be
evaluated from the formula:

n=A0D/Q = log(Ty/T.)/Q,

where T}, and T, are the bleaching and colored transmittance
at the wavelength 550 nm, respectively. The corresponding
potentials are listed in Fig. 1(c).

3.2 Electro-optical properties of complete device

The FEG-SEM cross-sectional image of ECD-fresh unambigu-
ously presents a five-layered ITO/WO;/LiTaO3/NiO/ITO con-
figuration with no interfacial contamination within the detec-
tion limit of the technique (Fig. 2). EDS element maps are
used to provide complete composition distribution analyses of
the complete inorganic ECD: glass/ITO/WO;/LiTaO3/NiO/ITO.
As expected, the element “In” from ITO electrodes is scattering
in the scope of top and bottom layers. The middle layer LiTaO;
electrolyte is evidenced by the distribution range of element
“Ta”. Li is less evidenced due to its low atomic number which

induces a low yield and low energy of the characteristic X-rays.
Electrochromic films WO; and NiO are as designed on the two
sides of LiTaO;. The compositional uniformity and the sharp
interfaces between layers indicate that the complete inorganic
all-thin-film device is fabricated successfully by the monolithic
preparation method.

The stability of the device is usually associated with electro-
chemical stability since the degradation of the charge capacity
results in a loss of EC contrast and hence the behavior of the
EC device.” To study the dynamics of charge density exchange
of the complete cell device, we conducted long-term voltam-
metric cycling for more than 11 000 cycles with the potential
ranging from —1.6 to 0.5 V and the scan rate set at 40 mV s~
(Fig. 3). For the purpose of studying the lithium distribution
dynamics in the cycling process, voltammetry profiles with
various cycles are performed onto the five devices named ECD-
fresh, ECD-100, ECD-1000, ECD-5000 and ECD-11270. Upon
cycling, the decrease in the area cycled for consecutive CV
curves indicates that fewer charges are able to move within the
device corresponding to a degradation of the EC performance.
The in situ transmittance evolution for some chosen cycles is
shown in Fig. 4. Both the coloration and bleaching transmit-
tances increase with time. The device becomes less and less
colored, suggesting the progressive decrease in the Ni**
(brownish) or W (blue) ion content. The colored state
changes from dark to light brownish, while the bleached state
is getting more and more transparent upon long-term cycling.
In general, the basic degradation of devices results from the
decline in the contrast ratio induced by a decreased transmit-
tance in the bleached state, an increased transmittance in the
colored state or a combination of both.?® Herein, for the mono-
lithic inorganic device glass/ITO/WO;/LiTaO3/NiO/ITO, the
inability to get a deep coloration is the main factor contribut-
ing to the device decline in the long-term optical switching
process. Interestingly, the charge capacity of the fresh device
(Fig. 3b) is near 40 C m™?, surprisingly, approaching to the
capacity of 45 C m~? for anodic NiO (shown in Table 2) as

ITO

NiO

LiTaO,

Wo,

ITO

Glass substrate

Fig. 2 SEM cross sectional image and EDS elemental maps of ECD fresh: glass/ITO/WO3/LiTaO3/NiO/ITO.
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Fig. 3 Typical cyclic voltammogram (a) of the device glass/ITO/WO3/LiTaO3/NiO/ITO scanned at a rate of 40 mV's *
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earlier discussed by Da Rocha et al.®” Indeed, the complete
device capacity is mostly governed by the EC layer with a
smaller capacity, usually, the NiO layer. Taking the very first
cycle as 100% capacity (Fig. 3c), the device exhibits a 71%
sharp decrease in 2500 cycles and a 94% drop in 11 270 cycles,
showing a rapid initial drop followed by a very gradual decline
of the charge density as the cycle number progresses.

3.3 Structural/microstructure analysis of
ITO/WO;3/LiTa03/NiO/ITO device degradation

Due to the low penetration depth of X-rays and the large thick-
ness of the top ITO layer (300 nm), X-ray-diffraction is not
efficient to structurally characterize the NiO layer of the com-
plete ECD after various cycling times. As a result, visible
photons (4 =532 nm) involved in Raman spectroscopy are

(@) In situ transmittance evolution of the EC device glass/ITO/WO5/LiTaO3/NiO/ITO and (b) detailed enlargement for 100 110, 500 510,

used to structurally monitor the potential device degradation.
The Raman spectra of the complete device glass/ITO/WO;/
LiTaO3/NiO/ITO show mainly three vibration bands in the
range of 100-1700 cm™" (Fig. 5). By comparison with the pure
thin films deposited on ITO glass, the peak centered at
510 cm™! is related to NiO and another two centered at 800
and 958 cm ™" are assigned to WOj;. For reference purposes, all
cycles start from the initial potential 0 V and end at the final
0 V, corresponding to a non-colored and non-bleached state.
That is to say, all Raman spectra correspond to films in the
same state after cycling; as shown in Fig. 5b, except for the
NiO peak in the fresh sample, we do not see any clear regular
shift from fresh to 11270 cycles. There is no visible change in
the WO; sample too. This suggests that the electro-optical
degraded device still maintains the macro-scale structure-stabi-
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lity. This leads to the question on which sites the reactions
take place and where do the trapped ions remain in the films?
It is a debated question that remains unsolved. In one review
article Niklasson and C. G. Granqvist*® pointed out that the
electrochromism is basically a surface effect/phenomenon and
argued that the change of the NiO to Ni,O; may occur at the
interface, while the bulk remains NiO independently of the
film being bleached or colored. This could explain to some
degree why similar vibration modes are obtained in films after
various cycles.

We investigate the microstructures by FEG/SEM (Fig. 6). For
subsequent imaging via SEM, FIB was used to create a very
precise cross-section of each sample without any mechanical
stress and/or contaminants like grinding/polishing slurries.
Despite the artefacts of amorphization of the ITO, LiTaO; and
WO; outer layers, Ga implantation and low curtaining of the
bottom layers, NiO layer cross-section parts are well evidenced
by this preparation technique. The image contrast of the
device after long-term cycling and the as-deposited ones
comes from the porosity and empty volumes just in the NiO
domain. More specifically, SEM/FIB imaging shows that the
porosity of the NiO layer is strongly affected by the cycling be-
havior with a significant decrease in the number of the empty
volumes from 0 to 5000 cycles. In comparison with the as-
deposited and degraded devices, great morphological changes
are observed in the NiO region. It can be seen that the NiO

750 800 850 900 950 1000 1050 1100 1150
Wavenumber (cm!)

(a) Raman spectra of the device glass/ITO/WOs3/LiTaOs/NiO/ITO after various cycles, and partial enlargement of (b) NiO and (c) WO3 peaks.

film is composed of nanoparticles with a tiny and uniform par-
ticle size as well as porous space, the feature can allow ions in
the electrolyte to penetrate through the films freely and
shorten their diffusion paths in the films. The multi-cycling
has led to a smoother and denser morphology for NiO until
5000 cycles.

However, it is an apparently different case for the ECD after
11270 cycles (ECD-11270). Extremely long-time voltammetric
cycling has caused the partial separation of WO; and LiTaO;
layers, thus creating some cracks at their interface.
Additionally, on the planar view, i.e. on the top ITO electrode,
some “micro-holes” indicated as black dots appear between
ITO particles, suggesting the electrode decohesion.
Accompanying the appearance of such holes at the particle
interface, great changes also take place within ITO particles,
causing the dissolution of uniformly distributed grains. Based
on the evolution mentioned above, for ECD-11270, the NiO
layer dramatically transforms to an even more disorder porous
state, combined with the electrode decohesion, thus hindering
the movement of ions and charges and depressing the charge
capacity. It should be stressed that the main information we
get from Fig. 6e is the decohesion between the WO; and
LiTaO; and “holes” from the top surface of the ITO electrode.
These new phenomena in ECD-11 270 may be associated with
the dramatic change and degradation. We would not insist on
the porosity evolution of the NiO layer for ECD-11 270. In this
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Fig. 6 SEM top view morphology image of the ITO surface and SEM
cross sectional view image of the ECDs (a) ECD fresh; (b) ECD 100; (c)
ECD 1000; (d) ECD 5000; (e) ECD 11270. To make it clear, micro
changes ("holes” and decohesion) are marked with green circles.

work, the depth resolved microstructure evolution within the
device is investigated by the cross-sectional cutting with SEM/
FIB and a densifying tendency is observed in the NiO layer
upon 5000 cycles. As this is the first report on inorganic mono-
lithic all-thin-film device degradation by the combination of
SEM/FIB, GDOES and SIMS, in the beginning we focused our
attention on the microstructure evolution and Li* trapping
issue and more precisely on the electrochromic NiO layer
which is not fully studied. The NiO within the complete
device, not like the single layer, is not only affected by repeated
voltammetric cycling, but also by other factors such as inter-
actions between different films and the evolution of the other
layers (the appearance of delaminination or electrode “holes”).
Here, the new decohesion and holes may have connections to
the dramatic porosity change in ECD-11270, but there still
remains a number of unknowns and further study is needed.
Indeed, the systematic study of the inorganic monolithic all-
thin-film device is of great interest and is necessary to fully
understand the electrochromic degradation mechanism.

3.4 Elemental analysis of ITO/WO;/LiTaO3/NiO/ITO device
degradation

As a key criterion, the memory effect, which is defined as the
ability to retain the lithium ions in the EC layer as well as
maintain the transmittance value after the potential is
removed, was characterized. The five-layer monolithic in-
organic device does not show a good memory effect, associated
with an obvious self-erasing process taking place in the device
under open-circuit conditions.

The fresh device and ECDs after different life-cyclings, 100,
1000, 5000, and 11270 cycles (Fig. 7), are characterized by
GDOES and SIMS techniques. To find out the composition
change including lithium distribution, depth profiling has
been conducted. Unexpectedly, in the fresh uncycled device, a
significant lithium content appears in the WO; layer. As the
quantitative analysis could not be carried out without identical
matrix and charging effects, it is not possible to quantify this
lithium quantity. However, within the same layer, i.e. with the
constant matrix and charging effect, both SIMS and GDOES
analyses allow for comparison for a given one element.
According to the literature, some studies have reported that for
the deposition process of the monolithic all-thin-film ECD, it
is possible for the depositing layer to interact with the de-
posited layers.>® Here, the deposited layer refers to WO; and
the depositing one to LiTaO;. In the plasma process, the elec-
trical fields on or near the exposed film surface generated by
electrons and plasma ions will cause the lithium ions to
migrate within the EC layers. In the specific case of the in-
organic lithium containing electrolyte deposition process,
Widjaja et al.*® have discovered the lithium ion insertion on
top of a WO;,, super-stoichiometric layer. For our device, it
can be concluded that there is also lithium migration into
WO; films during the deposition process of the electrolyte
LiTaO; layer. Furthermore, the lithium concentration in the
WO, region remains at a high level for the fresh device
(shown in Fig. 7).

The GDOES depth profiles for the different samples ECD-
fresh, ECD-100, ECD-1000 and ECD-5000 with the above
cycling histories are depicted in Fig. 7a. Overall, a homo-
geneous elemental distribution of Ni, Ta and W is detected in
NiO, LiTaO; and WO; layers, respectively. Moreover, a higher
intensity in the “In” signal at the interface ITO/NiO arises
from the strong interfacial effect; the sharpness of the increase
in the bottom ITO region is a result of the GDOES artefacts.
Upon long-term cycling, the Li distribution is significantly
changed. As shown in the zoom of GDOES analysis of Li, the
signal exhibits a much higher intensity in the anodic NiO layer
for the sample ECD-5000. Conversely, this device has a
decreased Li intensity for the cathodic WO; layer. Compared to
the significant change of the Li level for devices after 5000
cycles, the difference of other samples before 1000 cycles is
less pronounced that may be caused by the testing and it does
not make sense for further discussion. The GDOES analysis
demonstrates that extensive voltammetric cycling mainly
results in the irreversible Li trapping in the NiO layer, thus
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5000 and 11270 cycles. The inset figure is a zoom of Li spectra. SIMS intensity is normalized depending on the analyzed element and it is marked
with a double arrow. All the intensities and time scales are normalized in order to compare the different ECDs.

restraining the charge density exchange. The trapped Li ions
in the NiO film theoretically help generate more Ni** ions and
make the device less colored, and the deduction is in good
agreement with the experimental transmittance data (Fig. 4).
For complementary depth profiling results on the elemental
distribution, SIMS measurements have been carried out as a
comparative analytical technique and the samples ECD-fresh,
ECD-100, ECD-5000 and ECD-11270 have been analyzed. The
SIMS depth profiles of the negative secondary ions for the
devices are shown in the log scale in Fig. 7b. The elemental
distribution of In, Ni, Ta, Li and W within the device is visual-
ized by "*°In, **Cs®°Ni, *®'Ta, **Cs’Li and "**W mass signals,
respectively. The results are also used to further confirm the
increased Li concentration in the NiO layer upon long-term
cycling. Panel b shows the SIMS depth profile of ECDs with
the same cycling history as the GDOES analysis in panel a. The
Li signal in the NiO film shows an unambiguous higher Li
content with an increase in the cycle number, which is further

evidence that Li trapping does take place in the NiO layer and
consistent with the analog GDOES results. The In, Ni, Ta and
W signals are homogeneous within their corresponding layers
ITO, NiO, LiTaO; and WOj;, but exhibit some insignificant
steps across different layers in the complete device since it is
sensitive to matrix effects (due to the spatial separation of the
sputter and the excitation process in SIMS characterization).**
Some changes of intensities arise from the change in the
matrix when passing from one layer to another one. For
instance, it is believed that Ni has the highest concentration in
the NiO layer, but the difference of the Ni content in the
LiTaO; and WO; layers is insignificant. In addition to the ITO
layer, the other layers also show “In” intensity as well. This
“migration illusion” is induced by SIMS measurement arte-
facts. The SIMS intensity will always be measurable even when
the element is in infinitesimal proportion in the matrix, and it
is enlarged by the log scale here. At the same time, the GDOES
technique, where the matrix effect is insignificant in this



measurement, does not give “In” intensity in other layers. This
explains why a residual “In” SIMS intensity could be measured
in the NiO, LaTiO3; and WO; layers. It is known also that the
matrix effect could be very important and often give rise to an
intensity increase at the interface. The same behavior is
observed for the W SIMS intensity at the NiO/LaTiO; interface.
For this point, it is interesting to compare these values with
the GDOES results where this matrix effect is not present. It is
noteworthy that, in SIMS observation, Li in WO; seems to be
not very affected by cycling (no clear tendency), but both SIMS
and GDOES without any doubt prove that there is a large
amount of Li inside the WO; layer in all the samples. This
must be correlated with the deposition process (see the fresh
sample) and the explanation is given above.

Despite their own measurement artefacts, namely, GDOES:
a sharp increase at the interface and SIMS: the intensity influ-
enced by the matrix effect, the innovative combination of the
two analytical methods can yield a qualitative description of
the elemental composition. For the NiO layer, the more cycles
are iterated, the more the remaining lithium concentration is.
This is direct proof that the ions trapped in NiO participate in
the decrease of the charge capacity from electrochemical
cycling and in the ECD degradation. It is known that the
lithium ion insertion into the anodic NiO layer is associated
with a reduction of Ni** (brownish) to Ni** (transparent).”
Thus the irreversible trapped lithium ions in NiO contribute to
an increase in the transmittance in the bleached state associ-
ated with a less-colored state for the complete device if oppo-
site-direction electricity is applied. Such an observation agrees
well with the optical switching presented in Fig. 4 up to 5000
cycles while for extended cycling (11270) other additional
phenomena such as film decohesion take place.

4 Conclusion

We have reported in this paper that the monolithic device
glass/ITO/WO;/LiTa03/NiO/ITO degradation mechanism lies in
lithium trapping issues in the NiO layer as well as the appear-
ance of “micro-holes” in the top ITO electrode and decohesion
between LiTaO3; and WOj; layers. From the Raman spectra of
the device after long-term cycling endurance for more than
11 000 cycles, it was found that the capacity degraded device
has an unchanged film macro-structure. In order to give a
clear explanation about the capacity fading and degradation
basic reasons, the state of the Li distribution was investigated
by depth profiling via GDOES and SIMS. Both techniques inde-
pendently revealed a higher irreversible Li content in the NiO
region upon device long-term cycling. In combination with
structural characterization including Raman and SEM/FIB ana-
lyses, it is reckoned that the inorganic device degradation
mechanism comes from the evolving micro-structure of the
NiO layer and related lithium trapping only limited in this
layer. The FIB method was employed for the imaging of micro-
structures in the device and it was found that the densification
occurs in NiO films upon cycling for 5000 cycles and the evol-

ution is even more complex after 11 270 cycles considering the
electrode disruption. The FIB-cut image analysis also disclosed
a significant microstructure change arising from the irrevers-
ible lithium trapping in the NiO layer with cycling. This
lithium trapping along with apparent morphology evolution in
the NiO domain is believed to account for the charge density
exchange decline in the complete inorganic device glass/ITO/
WO,/LiTa0;/NiO/ITO.
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