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LixCo0O», a thoroughly studied cathode material used extensively in Li-ion recharge-
able batteries, has recently been proposed as a potential candidate for resistive ran-
dom access memory and neuromorphic system applications. Memristive cells based
on LixCoO; thin films have been grown on Si substrates and two-probe current-
voltage measurements were employed to investigate the origin and nature of resistive
switching behavior exhibited by these cells. The results indicate that a voltage-
driven metal-to-insulator transition of the active LixCoO, layer is responsible for the
resistive switching behavior, which has a homogeneous nature. © 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/10.1063/1.5051568

Resistive switching (RS) in metal-insulator-metal (MIM) structures was originally reported in
the 1960s' and has attracted the renewed interest of the information materials and devices commu-
nity during the last decade.””’ The potential applications of RS extend from non-volatile resistive
random access memory (ReRAM) to memristor-based logic devices and neuromorphic computing
systems.? Identification of the RS mechanism in the proposed memiristive cells - which also behave
as nanobatteries’ - is the final obstacle that researchers need to overcome in order to transition from
“lab” to “fab” manufacturing.’~

RS structures have been extensively studied and a filamentary switching mechanism has been
safely established for the vast majority of implementations.>~’ However, the filamentary mechanism
occasionally implies an electroforming step prior to operation. Furthermore, the downscaling potential
of filamentary RS devices may be limited by the filament size.'? Although research efforts are mainly
focused on the deeper understanding of the filamentary RS mechanism, identifying materials where
a bulk mechanism is responsible for RS, in addition to being compatible with the current integrated
circuit technology, can also be of high research interest. Taking advantage of recent advancements
in Li integration into current CMOS processes,'! an emergent structure belonging to this category
is the LiyCoO5-based RS device.!213 A typical cell of this type consists of a LiyCoO, thin film, as
the active constituent layer, grown on a doped Si substrate covered with an ultrathin layer of native
Si0,, and a Au top electrode. In such a configuration, it has already been observed that Li ions
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are involved in the RS;!* however, the relation of Li stoichiometry to the RS mechanism remains
unanswered. A second important question concerns the nature (filamentary/homogeneous) of the RS.
Hence in this work, Au/LixCo0O,/SiO,/Si cells have been investigated using conventional two-probe
current-voltage measurements, with the aim of understanding the origin and nature of the mechanism
that governs RS phenomena in these cells.

LiyCoO5 thin films were deposited on highly doped p™-type Si (111) wafers by RF magnetron
reactive sputtering (Alcatel SCM 600 apparatus) using a stoichiometric LiCoO, target, with an applied
RF power of 500 W. The films were grown at room temperature in a 3:1 Ar/O, (process pressure
2.2 Pa) atmosphere and a bias of 250 V was applied to the substrate. The films were measured
using cross-section transmission electron microscopy (TEM) and determined to have a thickness of
100 nm. They were subsequently annealed at 580 °C for 1 h in air in order to obtain the R-3m high-
temperature Li,CoO; phase. The crystallinity and phase purity of the LixCoO; films were investigated
by GIXRD and measurements were carried out using a 9 kW rotating anode Rigaku SmartLab X-ray
diffractometer. TEM studies have shown that the particular annealing step increases the native SiO»
layer thickness from ~2-3 nm to ~8-9 nm.! After completing the Li,CoO, film characterization,
DC-sputtered 100 nm-thick Au electrodes were deposited on top of the films through shadow masks
with square apertures (sizes of: 500x500, 400x400, 300x300, 200x200, 100x100 umz).

The room-temperature current-voltage (I-V) characteristics of all cells were measured in air
ambience using a two-probe setup (Keithley 6487) sourcing voltage and measuring current. 20 um-
radius Be-Cu tips, controlled using micro-manipulators, were used to make contact with the top (Au)
and bottom (Si) electrodes. The bottom electrode was in contact with the tip via a Cu block on which
the sample was attached with Ag paste. The measurements were carried out by voltage sweeping and
a single protocol was used for all the results presented herein. Voltage sweeps(OV - -5V —->+5V —
0V, with 0.1 V step) took place with a current limit of 25 mA imposed by the instrument. In addition
to the experimental studies, simulation studies were performed using COMSOL Multiphysics®.

Chemical delithiation experiments of Li,CoO; films were carried out in K»S,0g aqueous solu-
tions (25 mg/ml)."> Temporally regulated infusions of the thin film devices in the acidic aqueous
solution under moderate agitation and at 50 °C were carried out. Three successive delithiation infu-
sions, followed by deionized water rinsing, drying under N; stream, and GIXRD measurements of
the (003) peak shift enabled the time-depended observation of Li* diffusion from the film to the acidic
solution. The total delithiation process time was 1 hour and 45 minutes.

All LixCoO; films were polycrystalline and partially textured. Grazing incidence X-ray diffrac-
tion (GIXRD) patterns exhibited two relatively strong Bragg reflections that correspond to the (003)
and (101) planes of the high-temperature (HT) phase of LiCoO,. Taking into account that there is
no epitaxy and thus no strain effects, the calculated value of the c-axis lattice parameter corresponds
to Li content x~1 based on the empirical relationship between x and c-axis lattice parameter length
for bulk materials.'® Therefore, the annealed sputtered-grown Li,CoO, films are in the insulating
phase.

Fig. 1 depicts a typical J-V hysteresis loop of an Au/Li,Co0O,/Si0,/Si cell indicating RS behavior,
with the highly coherent cycling endurance demonstrated in the inset. For this type of cell to exhibit
RS behavior, it is necessary to start the cycle by applying a negative bias voltage to the Si bottom
electrode. The observed RS behavior is of bipolar type, i.e., the SET process (switching from high
resistive state (HRS), to low resistive state (LRS); ON) occurs for a negative bias voltage while the
RESET process (switching from LRS to HRS; OFF) occurs for a positive bias voltage (resistance
ratio Ryrs/Rirs = 71).

RS behavior has already been observed in memristive cells based on Li,CoO; thin films grown
by RF-sputtering.!>!3 The proposed mechanism responsible for the RS behavior of the investigated
Au/Li;Co0,/Si0,/Si memristive cells involves voltage-driven diffusion of Li ions.!? Specifically,
it has been proposed that the electrochemical redox reactions that take place under the application
of the bias voltage result in the intercalation/deintercalation of Li* ions to/from the LixCoO, thin
film and hence, in the occurrence of a reversible metal-to-insulator transition of LixCoO, layer.
This mechanism is akin to the stages of charging and discharging of Li-ion rechargeable batter-
ies. This is most prominently evident in the abrupt changes observed in the J-V curves of Fig. 1.
These sharp transitions are associated with the dissociation energy of Li* in LiyCoO; (~3.95 V!7-19)
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FIG. 1. Voltage sweeps before (x~0.97, black open squares) and after (x~0.65, red filled circles) chemical delithiation of a
Au/LixCo00,/Si0,/Si memristive cell (I-V sweeps were performed on 500x500 ptm2 Au electrodes). Inset shows LRS and
HRS distribution over 100 RS cycles.

which manifests — with sufficiently high sweep rates — into an abrupt change in current. Moreover,
it is noted that the contribution of oxygen vacancies to RS has not been considered in this study
because there has been no experimental evidence for the presence of oxygen vacancies in Li,Co0,%°
and this has been recently attributed to their high formation energy based on density functional
calculations.”!

The temporal breakdown of this reversible process (i.e. the intercalation/deinter-calation of Li*
ions to/from the LixCoO; thin film) is as follows: The cells are fabricated in the battery-equivalent
discharged state, in which Li* ions are located between the CoO, block layers (Fig. 2(a)). Therefore,
LixCoO; is in its insulating phase, where Li content is 0.95 < x < 1,16 and the cell is in HRS. Upon
the action of a negative bias voltage to the Si electrode, Li* ions deintercalate from the LixCoO,
cathode; concurrently, the valence state of Co ions shifts from 3+ to 4+ (oxidation) and electrons
are released to the external circuit. The deintercalated Li* ions are transported through the SiO,
layer to the negatively charged Si anode'* and upon reaching the SiO,/Si interface are reduced to
neutral Li atoms, which chemically react with the Si atoms to form Li-Si compounds.?” This is
equivalent to the charging process of a battery and, due to Li* deintercalation, LiyCoO, is expected
to transform to a metallic phase, switching the cell to LRS (Fig. 2(b)). Therefore, the SET process in
this memristive cell parallels the charging process of a Li-ion battery cell. Upon the application of a
positive bias voltage to the Si electrode, the reverse mechanism occurs, which is the battery-equivalent
discharging process and, due to Li* intercalation, Li,CoO; is expected to transform to an insulating

.Li’

100 nm Au 1/1’00 0 500 Hm
e
100 to 500 um

Au ’
100 nm Li,Co0, 9¢° 0 0.0 901" Li,CoO, ® e ®¢ ®¢ oL

(a) VS (b) LRS (SET) (c) HRS (RESET)

FIG. 2. Schematic view of a Au/LixCo00,/SiO,/Si memristive cell and the mechanism proposed: (a) cell at virgin state (VS),
(b) cell at LRS, and (c) at HRS.
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FIG. 3. GIXRD patterns showing the shift of the (003) LixCoO, peak after repeated delithiation steps, indicating a reduction
of the Li content (incidence angle is 1°).

phase, switching the cell back to HRS (Fig. 2(c)). Therefore, the RESET process in this memristive
cell parallels the discharging process of a Li-ion battery cell.

In order to validate that Li-ion intercalation/deintercalation — and the consequent reversible
metal-to-insulator transition of the LixCoO, layer — is responsible for the observed RS behavior of
Au/LixCo0,/Si0,/Si memristive cells, a comparison of the I-V characteristics of a cell with different
stoichiometry (x) of LixCoO, was made. The Li content modification was achieved through a chemical
delithiation process as described in the experimental section. I-V sweeps were performed on the same
cells (500x500 pm?) before and after chemical delithiation. Chemical affinity of loosely bound Li*
ions to the acidic solution leads to the deintercalation and diffusion of Li* ions from the laminar
Li,CoO, structure toward the main solution.

Temporal monitoring of the removal of Li* ions from the structure was undertaken through
GIXRD analysis of the chemically treated thin film for various infusion durations. Fig. 3 shows the
shift of the (003) Li,CoO, peak with increasing (total) infusion time, which indicates a modification of
the c-axis lattice parameter. Fig. 4 shows the correlation of infusion time with the gradual enlargement
of the c-axis lattice parameter in the film (left side), due to the increasing electrostatic repulsion
between the CoO, layers, and the Li content value (right side).'® It is apparent that Li* ions are
gradually removed from the octahedral sites between the CoO, layers resulting in the formation
of a Li-deficient LiyCoO; thin film. The chemical delithiation process was terminated when the Li
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FIG. 4. c-axis lattice parameter (left, black squares) and Li content (right, red circles) of a LixCoO, layer as a function of
delithiation time. Inset shows the dependence of LixCoO; resistivity on Li content. Data of the inset plot are extracted from
Ref. 16.
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content reached x~0.65 ensuring that LiyCoO, was in the metallic Hex-II phase, as is evident from
the dependence of Li,CoO, resistivity on the Li content shown in the inset of Fig. 4.1

Fig. 1 shows the corresponding J-V sweeps for the same Au/LiyCo0,/Si0,/Si cell before and
after chemical delithiation. The cell before delithiation (x~0.97) shows RS behavior, as discussed
previously, whereas the same cell following delithiation (x~0.65) displays no hysteretic behavior,
indicating that no RS takes place. It can therefore be deduced that in order to observe RS phenomena
in this type of cells, the LixCoO; films must be initially in the insulating Hex-I phase, which requires
the initial Li content of the film to be x > 0.93. Hence, this is the first time direct proof is provided
concerning the critical relation of Li stoichiometry to the RS mechanism, and is indicative of the
underlying mechanism being the metal-to-insulator transition of the Li,CoO, film. Additionally,
these results indicate that Li-ion intercalation/deintercalation originating from the active LixCoO»,
layer plays the dominant role in RS and no contribution is made to RS from the other constituent
layers of the memristive cells, apart from the bottom Si electrode, which acts as the host of the Li*
ions according to the proposed mechanism. It is noted that a similar cell structure albeit with x~0.7
(i.e., LixCoO; in the metallic phase) has been investigated as a potential thin film solid-state source
of electric power and no RS behavior has been reported to occur.”>?* In this configuration, the Si
substrate functions as the anode, the LixCoO; thin film functions as the cathode, and the SiO; layer
functions as the solid electrolyte.

The similarity of the aforementioned proposed mechanism to battery cycling and the lack of
necessity for an electroforming step have led to the speculation that the RS switching is not of
filamentary nature. To determine whether the nature of RS is homogeneous or filamentary, the depen-
dence of I, (measured current at LRS) and I¢ (measured current at HRS) on the surface area of the
top Au electrode was investigated (a schematic diagram of the investigated cells is shown in the inset
of Fig. 5). Filamentary switching should result in a very low (or no) correlation* of electrode area
with Iy, or L. Conversely, homogeneous switching, which is a bulk effect, is expected to exhibit a
direct correlation between electrode area and I, and I .

Fig. 5 is a log-log plot of I, and I currents as a function of Au electrode area. A quasi linear
dependence of log(I,,) and log(I¢) on the logarithm of the top electrode area is observed with positive
slopes of ~0.6 for both measured resistance states. The difference of almost three orders of magnitude
between the HRS and LRS current levels is attributed to the modification in the resistivity of LiyCoO»

0.01 EEE T T L] T T L
] m [ Measured
0.001 — ® [, Measured |
3 A ] Simulated

1E-4

1E-5 4

Current (A)

1E-6 -

1E-7 -

1E-8 4 4

104 10° 108

Top Electrode Area (um?)

FIG. 5. Dependence of current on top electrode area of Au/LixCo0,/SiO,/Si memristive cells: experimental Iog (at -2 V;
black squares), experimental L, (at -2 V; red circles) and simulated Iy, (at -2 V; blue triangles). Inset: a cross-section schematic
diagram of five cells defined by the Au (yellow) top electrodes of 500x500, 400x400, 300x300, 200x200 and 100x100 um?2,
as deposited on a LixCoO; thin film (blue) grown on a Si (grey)/native SiO; (black) substrate. The x and y dimensions are
not to scale.
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layer upon its switching from insulating to metallic phase, as discussed above and shown in the inset of
Fig. 4. These results entrench the hypothesis of a homogeneous mechanism for Au/LixCoO,/Si0,/Si
thin film memristive cells.

Simulation studies on the same cell configuration were carried out in order to corroborate the
experimental results discussed above. For the simulation, specific resistivity value has been assigned
to the LiyCoO; layer corresponding to LRS,'° typical literature resistivity values have been used for
the rest of the cell constituent layers, and a homogeneous effect is inherently adopted. A comparison
of the experimental with the simulated data indicates that a quasi linear dependence of log(I,,) on
the logarithm of the top electrode area is observed. Additionally, the current levels are similar in both
experimental and simulated LRS states. Therefore, the simulation results provide additional support
for the proposed homogeneous nature of RS in Au/LixC00,/Si0,/Si thin film memristive cells.

This work reports on the results of a new series of experiments concerning two important aspects
of the proposed RS mechanism in Au/LixC0o0,/Si0,/Si memristive cells: (i) the microscopic origin
and (ii) the nature of the underlying RS mechanism. The microscopic origin of the RS mechanism is
shown through chemical delithiation experiments to be the metal-to-insulator transition in the active
LixCoO; layer. The underlying RS mechanism is shown — through experimental and simulation
studies of the current dependence on the top electrode area — to be of a homogeneous nature.

C. M. O. gratefully acknowledges financial support from the Graduate School at the Univer-
sity of Cyprus through the program of Ph.D. student fellowships. In addition, the authors thank
Prof. T. Stylianopoulos and Mr. F. Kakoutsis for giving access to their computer facilities. The
authors also thank R. Salot (CEA Grenoble) for the elaboration of the LiCoO; samples.
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