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Abstract. The Co dopant substitutes the Zn atomic position in the hexagonal crystal lattice and
generates acceptor defects. These defects play significant role in modulating the conduction
mechanism of the memristive device. The devices without Co dopant have high concentration of
donor defects so that the electron can flow easily through hopping these donor defects;
henceforth, only weak filaments can be formed during the set process. Meanwhile, the increase of
the acceptor defects in the films enhances the film resistivity. This acceptor defects also contribute
to an increase of barrier height at the electrode/dielectric interface where the electrons require
higher energy to overcome this barrier and, eventually, induce the formation of strong filaments
during the set process.
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1. Introduction

Memristive device is one of the emerging non-volatile memory technologies that could be the
future data storage; moreover, it could revolutionize computing architecture due to its potential
application in artificial intelligence hardware systems as the processing element [1-5]. Various
designs of memristive devices having various oxides (HfO,, ZrO,, TaOx, etc) and electrodes
(metallic and conducting oxides) have been reported [6-16]. Nevertheless, ZnO-based
memristive device is recently gain considerable interest not only due to its good switching
performance but also its excellent feasibility for fabricating transparent electronics [17-20]. The
switching mechanisms of the ZnO-based memristive device is based on filamentary mechanism
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[21,22]; the filament is formed due to the arrangement of the oxygen vacancies under an electric
field as the conduction path for the electrons to flow through the dielectric [23]. Note that
beside donor defects, the acceptor defects also play crucial role in this process. Recently, we
investigated the impact of acceptor dopants on the switching characteristics of the memristive
devices and we found that a moderate concentration of Co dopants can significantly enhance the
switching performance [24]. The addition of Co into the ZnO system induce the formation of
various acceptor defects such as zinc vacancies and oxygen interstitials; the dopants also reduce
the concentration of oxygen vacancies and zinc interstitials [24]. Despite the relationship
between point defects and the switching characteristics have been well investigated, the detail
conduction mechanism on how the electrons flow in the devices during switching is still not
discussed. This letter reports the role of the doping technique in modulating the electron
conductions in the ITO/Co:ZnO/ITO system.

2. Methods

All film deposition was conducted using radio frequency sputtering technique; this technique was
chosen due to its lower cost, non-toxic, and good reproducibility process as compared to other
techniques [19]. The fabrication flow is depicted in Figure 1. Cobalt-doped Zinc oxide powder
target were prepared in various weight molar percentage of CoO (0, 2, and 5 mol% ) and ZnO
(99.9, 0.98 and 0.95 mol%). In brief, the ratio of each Co:ZnO mixed in ethanol 99.99% purity by
using a ball-milling on homogeneous stirring for 24 hours. Later, the following ratio was dried in a
conventional oven at 85 °C in the air. The dried Co:ZnO powder gently multure using an agate
mortar and pestle. The powders are then annealed at 1200 °C along 2 hours in air ambient;
heating rate is 5 °C min™. Again, the calcined powder is cultured using an agate mortar.
Thereafter, Co:ZnO powder compressed under 3-inches diameter magnetron holder plate by
uniaxial pressed with a load of 1000 kgf for one hour. Finally, the RF-magnetron sputter was used
to form 37 nm Co:ZnO switching layer on ITO-coated commercial glass, (ITO act as bottom
electrode). The deposition parameters for switching layer are: 60 Watt RF power, 10 mTorr
working pressure, ambient condition Ar:0,(2:1) with a total flow rate of 30 sccm and 50 min
deposition time at the room temperature. The 115 nm ITO top electrodes were deposited by RF
sputtering (100 Watt, 20 sccm Ar ambient, 10 mTorr) pattern with 150 um diameter metal
shadow masks. XRD analysis were conducted to examine crystal structure of the synthesized
targets. All the electrical characterization was measured using Agilent B1500A semiconductor
parameters analyzer.
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Figure 1. Fabrication and characterization flow of Co-doped ZnO transparent memristive devices
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3. Result and discussion

The XRD patterns of the Co:ZnO sputtering targets and the films were carefully investigated and
the patterns are matched with hexagonal wurtzite ZnO crystal structure (JCPDS#36-1451), as
depicted in Figure 2 a) and Figure 2 b), respectively; no formation of Zn,Co,0 compounds
(JCPDS#23-1390) which indicates that the Co dopant successfully substituted Zn potitions in the
lattices without transforming the crystal structures in the targets and films. Nevertheless, the
increase of Co dopant significantly reduce the (002) orientation in the films (Figure 2b) and, thus,
the films lose their perpendicular orientation and have more random oriented grains. Figure 2(c)
depicts the transparency of the fabricated devices having various concentration of Co dopant. All
devices are found to be highly transparent in visible light regions; the average transmittance of
0Co:Zn0O, 2Co:Zn0O, and 5Co:Zn0O are 85.6, 85.08, 84.31, respectively. A slight decrease in
transmittance is due to the formation of a more random orientation of the grains in the films
having higher Co concentration [24].
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Figure 2. 3-D maps (top view) of X-ray diffraction patterns of Co-doped ZnO in the form of: a)
powders and b) films, c) 3-D maps (top view) of UV-visible transmittance spectra of the Co-doped
Zn0O memristive devices fabricated with various concentration of Co dopant.

The electrical characteristics of the devices were measured by voltage-biasing the top
electrodes while the bottom electrodes are grounded (Figure 3a). The devices require forming
process to activate the switching properties where they switch from pristine resistance state
(PRS) to low resistance state (LRS), the devices having higher Co dopant need higher forming
voltage (Figure 3b) due to the generation of acceptor defects that result in an increase of film
resistivity [24]. The devices exhibit counter-clockwise bipolar switching properties and the
devices can be switched to the high resistance state (HRS) and LRS by sweeping negative and
positive voltage biases, respectively (Figure 3c). The detail of the switching performance of these
devices and their relationship to the films microstructures and defects can be found in our
previous report [24]. In order to investigate on how the electrons flow in the devices, we
carefully fitted the LRS and HRS curves with all possible conduction mechanisms that may
responsible in the switching process. Generally, electron tunneling follows Schottky emission
(SE), Frenkel-Pool emission (FPE), Fowler-Nordhiem tunneling (Field emission, FE), ionic
conduction (IC), space charge limited conduction (SCLC), Ohmic conduction (OC) and direct
tunneling (DT) [25,26]; their relationships are explained in equation 1 to 7.

— A2 —qa(9s—VaE/4meoer)| o +aV _ qPp
Jsg = AT exp[ P ] T“exp (—T kT)
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Where the current density, effective Richardson constant, temperature, Boltzmann’s constant,
permittivity of the free space, relative dielectric constant, charge of an electron, potential
barrier height, free activation enthalpy, oxide electric field, oxide voltage, and thickness are
represented as J, A*, T, k, €, €, q, @s, AEo, Eox, Vox, and L, respectively.

Figures 3 d-g show the conduction mechanism of 0Co:ZnO device. The electron conduction
in HRS curve follows FPE and SCLC mechanism in low and high voltage regions while the LRS
curve follows FPE mechanism. Note that the 0Co:ZnO films have high concentration of donor
defects [24] and, thus, the electrons may easily flow from cathode to anode by hopping trough
the donor defects during set process; moreover, the FPE in LRS curve may suggest that no strong
formation of conduction filament after the set process is done. Meanwhile, in the devices having
Co dopants (2Co0:Zn0O and 5Co:Zn0) the HRS curves follow SE and FPE mechanisms and the OC
dominates the LRS curves (Figures 3h-n). As the Co dopants were introduced into the ZnO crystal
lattices, these dopants generate the acceptor defects and increases the barrier height at the
ITO/Co:ZnO junction and, consequently, the electrons need more energy to overcome this
barrier by an image force (Schottky effect) during the set process. On the other hand, this
process also generate donor defects (oxygen vacancies) in the films by repulsing the oxygens to
the anode (top electrode) and these defects rearrange themselves to form a conduction path for
the electrons and the conduction at the high voltage region is dominated by FPE mechanism.
Hereafter, the set process is finished by a current jump and and the LRS curve is dominated by
the ohmic conduction whic indicates that stronger filaments are succesfully formed in the
devices having the higher Co concentration.
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Figure 3. a) Schematic of Co-doped ZnO memristive device structure. Typical |-V curves of Co-
doped ZnO memristive devices during: b) forming and c) set-reset processes. d) Log-log curve of
set process of 0Co:Zn0 device and its conduction mechanism in: e) low and f) medium voltage
regions of the HRS curve, and at g) LRS curve. h) log-log curve of set process of 2Co:ZnO device
and its conduction mechanism in: i) low and j) medium voltage regions of the HRS curve, and k)
high voltage region of LRS. ) Log-log curve of set process of 5Co:Zn0O device and its conduction

mechanism in m) low and n) medium voltage regions of the HRS curve.

4. Conclusion
The devices made with pure ZnO films have high number of donor defects and the electrons can
easily flow from cathode to anode by hopping through these defects and thus the set process
was dominated by FPE and SCLC mechanism. It is also found that the low resistance state still
follows FPE which we can assume the filament formation is relatively weak. Conversely, the
introduction of Co dopants in the ZnO lattice system generates the formation of acceptor defects
and the set process is started with Schotkky emission which indicates that there is a significant
barrier at the electrode/dielectric interface. Consequently, the electron requires higher energy to
surpass this Schottky barrier height and induce the formation of strong filaments.
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