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Sol-gel derived multi-layer ZnO films were prepared by spin coating technique on soda-lime glass, silica, silicon
and platinum substrates from an alcoholic solution of zinc acetate dihydrate and monoethanolamine at different
synthetic conditions. The curing and annealing conditions for the ZnO films were adjusted based on the study
performed on the ZnO xerogel powders. Structural and morphological features as well as the thermal behavior
of the samples were investigated by complementary techniques including electron microscopy, Fourier trans-
form infrared spectroscopy, thermogravimetric and differential thermal analyses, and X-ray diffraction analysis.
According to the electrical measurements performed on ZnO thin films sandwiched between Pt/Ti/SiO, substrate
and Ag dishes as a top electrode, the selected fabrication conditions were suitable for fulfilling the requirements
of active resistive layers for the development of memristive devices.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Memristor is the fourth fundamental passive circuit element in addi-
tion to resistor, capacitor and inductor, proposed by Chua as the missing
electronic element in 1971 [1]. The predicted memristive behavior was
found in Pt/TiO,/Pt cell by Williams et al. in HP laboratory in 2008 [2]
and opened perspectives for other inorganic oxides including zinc
oxide [3]. ZnO is a well-studied low cost, non-toxic, wide band-gap
(3.37 eV) luminescent semiconductor material [4,5] with high electron
mobility, high thermal conductivity, large piezoelectric constants, large
exciton binding energy (60 meV), and transparency of thin films [6];
thus, it offers many advantages over other metal oxide.

Due to the exceptional properties listed above, ZnO thin films have
found the application in lasers [7-10], piezoelectric devices [11], light
emitting diodes [12], surface acoustic wave devices [13], as electron
transport layer in solar cells [14], thin film transistors [15] and sensors
[16,17]. Different deposition techniques such as molecular beam epitaxy
[18], sputter deposition [19], pulsed laser deposition [20], spray pyroly-
sis [21], chemical vapor deposition [22] and sol-gel processing [23] have
been used to prepare ZnO thin films.

ZnO thin films for memristive devices were fabricated by several
methods [24,25], contributing in altering properties of the semiconduc-
tor materials and significantly influencing the performance of the final
device. Driven by the interest in chemical modification of ZnO
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semiconductor layer in a memristive cell, we recently reported prelim-
inary results on the synthesis and characterization of ZnO thin films by
the sol-gel process [26]. The proposed fabrication technique, i.e. sol-gel
route, is a wet chemistry method in which molecular precursors trans-
form into an oxide network through hydrolysis-condensation reactions.
It has emerged as one of the most beneficial processing routes due to its
advantages, including relatively low cost, easy processing and the ability
to produce homogeneous films with different compositions at large de-
position scale on a variety of substrates. It is widely used and recognized
as an efficient fabrication technique for ZnO thin films [23] that allows
tuning the synthetic parameters, including concentration and composi-
tion of the sol. Moreover, it is an effective process to fabricate multi-
layer, volatile free, dense and homogeneous ZnO thin films with con-
trolled thickness and stoichiometry that are essential for the further de-
velopment of the memristive cell. Thus, by optimizing both sol synthesis
and coating preparation steps, the fine control over the desired proper-
ties of semiconductor film mentioned above can be achieved.

Inspired by the preliminary results reported in [26], a thorough in-
vestigation of sol's chemical composition influence on the properties
of corresponding ZnO thin films was performed. Herein, a side-by-side
analysis of ZnO thin films prepared from sols containing different
amount of monoethanolamine is reported. In particular, the depen-
dence of ZnO nanoparticle size and texture of the film from the chemical
composition of the sol and nature of substrates is discussed. Additional-
ly, the influence of processing conditions on the features of sol-gel de-
rived layers is examined. In this paper, we present the complete study
of the influence of processing conditions on the features of sol-gel
derived ZnO thin films to be used as active resistive layers in
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memristors. The preparation of sol-gel derived multi-layer ZnO thin
films from different sol compositions was developed by spin coating
of ZnO sol on soda-lime glass, silica, platinum and silicon substrates.
The reported optimization of the processing parameters and synthesis
conditions for ZnO thin films preparation was done based on the com-
prehensive characterization of thermal, morphological and structural
properties of both xerogel powders and coatings. Finally, a correspond-
ing memristive cell based on the refined ZnO thin films was fabricated.

2. Experimental part

Zinc acetate dihydrate (ZAD), monoethanolamine (MEA) and
ethanol were purchased and used without further purification. ZnO
sols were synthesized by dissolving ZAD (Zn(CH3C0OO0), x 2H,0,
Riedel-De-Haen, 299.5%, 1 kg) and MEA (H,NCH,CH,0H, Sigma-Al-
drich, 99%, 100 mL)) in ethanol (C¢HgO, Sigma-Aldrich, 299.8%, 1 L),
adjusting ZAD to MEA molar ratio (Table 1). The synthetic procedure
was adopted from [27]. In a dry two-necked round-bottom flask, ZAD
was dissolved in ethanol in 0.1 M concentration and MEA was added
drop-wise; the mixture was stirred at 80 °C for 2 h and cooled down
to room temperature under nitrogen to yield a clear and homogeneous
solution.

2.1. ZnO xerogel powders preparation

ZnO xerogel powders were prepared by ZnO sol-casting on Petri
dishes. After gelling and drying at RT in air, the powders were heated
at 150 °C or 250 °C for 1 h, and finally annealed in air at 400 °C for 4 h.
Fig. 1 shows the flow diagram for ZnO xerogel powders and films
preparation by sol-gel process, using the spin coating deposition.

2.2. ZnO thin films preparation

Soda-lime glass, silica and silicon substrates were cleaned prior to
ZnO sol deposition as previously reported [26]. Platinum (Pt(50 nm)/
Ti(5 nm)/SiO,) substrates were fabricated by electron beam evapora-
tion of Ti (5 nm) and Pt (50 nm) on a double side polished Electric
Fused Quartz wafer (650 pm) and used as a bottom electrode for the
electrical measurements [28]. The engineered electrodes were brushed
and rinsed with acetone, 2-propanol, and deionized water; and finally
dried in oven at 80 °C for 1 h. Oxygen plasma etching was performed
on the platinum substrates dried in N, stream prior to ZnO sol deposi-
tion in a clean room to increase adhesion between sol and Pt/Ti/SiO,
electrode [28]. The substrates were used immediately after the cleaning
and treatment procedures for ZnO sol deposition by spin coating tech-
nique (Fig. 1). For the ZnO thin films prepared in a clean room, fresh

Table 1

ZnO thin films prepared from [ZAD] = 0.1 M on different substrates.
Samples ZAD:MEA layers
Soda-Lime Glass
G1-1.34 1:1.34 1
G4-1.34 1:1.34 4
G8-1.34 1:134 8
G8-0.5 1:0.5 8
Silica
S8-1.34 1:1.34 8
S8-0.5 1:0.5 8
Si wafer
Si8-1.34 1:1.34 8
Si4-0.5 1:05 4
Si8-0.5 1:0.5 8
Pt(50 nm)/Ti(5 nm)/SiO5)
P8-1.34 1:1.34 8
P4-0.5 1:0.5 4
P8-0.5 1:05 8
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Fig. 1. Sol-gel preparation of ZnO xerogel powders and films.

ZnO sol was transferred into a glass syringe and filtered through
Millipore Millex-FG Hydrophobic PTFE (Teflon) 0.2 pm before coating
on oxygen plasma treated platinum substrates. Filtered ZnO sol was
spin coated with 1300 rpm for 2 s (0 — 1300: 2 s), followed by
2000 rpm for 2 s (1300 — 2000: 2 s), and finally with 3000 rpm for
49 s (2000 — 3000: 1 s). Table 1 summarizes the multi-layer ZnO thin
films obtained by coating ZnO sol of different composition on soda-
lime glass, silica, silicon and platinum substrates.

After each layer deposition, films were kept for 20 min in air at room
temperature and then preheated at 150 °C or 250 °C for different times.
The resulting films were then annealed in air at 400 °C for 1 or 4 h, with
the heating/cooling rate of 1 °C/min. The chosen annealing temperature
(400 °C) was maintained by the thermal stability requirements of the
Pt(50 nm)/Ti(5 nm)/SiO,) substrate and was applied to the films depos-
ited on all substrates. The final selected curing and annealing conditions
are reported in Fig. 1.

2.3. Characterizations

The morphology of the films was observed by JSM-5500 scanning
electron microscope (SEM) (JEOL technics Ltd.) with an accelerating
voltage of 10 kV. The high magnification micrographs of the annealed
films were obtained by field emission scanning electron microscopy
(FE-SEM) operating at 5 kV with a Zeiss supra 60 scanning electron
microscopy (BIOtech - University of Trento). SEM and FE-SEM
images were acquired after the deposition of a thin gold layer by the
SC7620 Mini Sputter Coater (VG Microtech). The thermal behavior of
annealed ZnO xerogel powders has been investigated by differential
thermal analysis (DTA) and thermogravimetric analysis (TGA) using a
thermobalance STA 409 NETZSCH apparatus with a heating rate of
10 °C/min in air up to 500 °C. Fourier transform infrared spectroscopy
(FT-IR) data was acquired in a transmission mode on a Thermo Optics
Avatar 330 FTIR instrument in a 4000-400 cm™ ' frequency range,
using 64 scans and resolution of 4 cm™'. The crystal structure of ZnO
thin films and xerogel powders were analyzed by a Rigaku D-Max III
X-ray powder diffractometer in glancing incidence configuration,
using Cu-Ka radiation (N = 0.154056 nm) and a graphite monochro-
mator in the diffracted beam. In order to enhance the signal to noise
ratio of ZnO films patterns, asymmetric scan geometry was adopted
and measurements were performed in the 26 range 30-40° with inci-
dent angle (8) of 0.5°, sampling interval of 0.15° and 120 s as counting
time. The selected 26 range was adopted in order to eliminate the
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