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The Sol-gel route is a versatile method to fabricate multi-layer, dense and homo-
geneous ZnO thin films with a controlled thickness and defects for a memris-
tive application. In this work, sol-gel derived multi-layer undoped and Al-doped
ZnO thin films were prepared by a spin-coating technique on SiO,/Ti/Pt and sil-
ica glass substrates. The effect of both Al doping and curing conditions on the
structural and morphological features of ZnO films was investigated by comple-
mentary techniques, including electron microscopy, atomic force microscopy, X-ray
photoelectron spectroscopy, micro-Raman spectroscopy, and X-ray diffraction anal-
ysis. Electrical measurements were performed on SiO,/Ti/Pt/ZnO/Pt(dishes) and
Si0,/Ti/Pt/ZnO(Al)/Pt(dishes) fabricated memristive cells and preliminary current-
voltage curves were acquired. © 2016 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/). [http://dx.doi.org/10.1063/1.4968192]

INTRODUCTION

A menmristor is a fourth fundamental circuit element that was predicted by L. Chua in 1971.' The
first TiO,-based memristor was fabricated by HP lab in 2008 as a physical model of a two terminal
electrical device.” Ever since then, a wide range of materials, have been studied for potential appli-
cation as a resistive switching layer,>* and numerous authors reported on memristive behavior in
ZnO-based devices.” The sol-gel fabrication is a cost-efficient method that provides a possibility to
deposit thin films even on a large area.'? Although there are only few reports regarding sol-gel derived
ZnO thin films with a memristive response,' !> the wet chemical method is a promising technique
that provides a control over variety of properties, including stoichiometry, porosity, crystallinity, and
morphology.'? In order to obtain reproducible current-voltage switching cycles with the absence of
short circuits, the obtained layers should be dense, free of holes and cracks and have a constant thick-
ness through the films. Accordingly, we have recently exploited the sol-gel route for the production
of dense and defect-free ZnO layers for memristive applications'*!> by optimizing both synthesis
and processing conditions.

Several modification approaches were proposed to improve the resistive switching perfor-
mance of ZnO thin films.'®~'” For instance, doping was used to improve the electrical and optical
properties of sol-gel derived ZnO films for different applications.!*?%2> Replacing Zn>* ions by
cations of higher oxidation states, such as AIP*, in a ZnO lattice alters an electrical conductiv-
ity by increasing electronic charge carriers density. Moreover, an addition of AI** ions to Zn>*
sol solution increases the number of nucleation sites, resulting in higher grain boundary density
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and the formation of smaller grains.'> Grain boundaries are anticipated to improve a memris-
tive switching process, providing sites with defect aggregation and a conductive path forma-
tion in HfO,, as was previously published.>? Additionally, Al-doped ZnO thin film-based device
showed a better yield, which was attributed to an excellent interface quality between electrodes
and films.?*

In this study, undoped, 0.5 and 1 at.% Al-doped ZnO thin films were fabricated by the sol-gel
technique. The effects of doping and curing conditions on the morphological and structural proper-
ties, influencing the memristive switching performance of ZnO layers, were analyzed. Preliminary
electrical measurements were performed on undoped and 0.5 % Al-doped ZnO layers sandwiched
between platinum electrodes.

EXPERIMENTAL PART

The synthesis of undoped ZnO sol was previously reported.'*!> The Al-doped ZnO sols were
obtained by a drop-wise addition of monoethanolamine (MEA) to a 0.1 M solution of zinc acetate
dihydrate (ZAD), in ethanol (ZAD:MEA = 1:0.5 molar ratio) followed by aluminum isopropoxide
addition (0.5 and 1 at. % Al-doped sols). The resulting mixtures were refluxed under stirring at 80 °C
for 2 h and cooled down to room temperature (RT). Multilayered films (8 layers) were obtained by
spin coating from undoped and Al-doped ZnO sols on silica and oxygen plasma treated Pt/Ti/SiO,
substrates.!*!5 After each layer deposition, the films were cured in an atmosphere of air either at
250 °C for 1 h (samples A) or 300 °C for 10 min (samples B). Finally, the films were annealed at
400 °C for 4 h with a heating/cooling rate of 1 °C/min.

Field emission scanning electron microscopy (FE-SEM) was performed on a Joel JSM-7401F.
Atomic force microscopy (AFM) data were acquired using an Asylum Research Cypher equipped
with the Environmental Scanner module. Optical transmission measurements were performed on
the films deposited on silica substrates using a double beam Cary Varian-5000 spectrophotometer.
The optical parameters of the films were estimated using Point-wise Unconstrained Optimization
Approach (PUMA).> X-ray photoelectron (XPS) and ultraviolet photoelectron spectroscopy (UPS)
were performed with CLAM2 Electron Hemispherical Analyzer. Monochromatic MgKa excitation
with energy of 1253.6 eV was used as an X-ray source for XPS analysis, and a helium discharge
lamp at 21.22 eV was used for UPS analysis. X-ray diffraction (XRD) analyses were acquired on
an Italstructures IPD3000 instrument equipped with a Cu anode source. The measurements were
performed in a glancing incidence mode (3°) with respect to the incident beam, and spectra were
collected with an Inel CPS120 detector. Micro-Raman spectra were recorded by a Labram Aramis
instrument using 632.8 nm He-Ne laser as excitation source and a holographic grating with 1800
grooves/mm. Electrical measurements were performed with Pt dishes (260+10 wm in diameter,
40+2 nm thick) as top electrodes deposited by the electron beam evaporation.’® The current-voltage
(I-V) characteristics were acquired at RT in a presence of LED light with a custom setup, com-
posed of NI PXle-1073 chassis (equipped with NI-PXIe-4139 source measure) connected to a
PC through a PCl-express card and controlled by a software user interface developed within the
Labview environment.

RESULTS AND DISCUSSION

The morphological features of the films deposited on Pt/Ti/SiO, substrates were analyzed by
FE-SEM, yielding detailed information regarding the influence of doping and curing conditions
on the morphology of the films (Fig.S1 - supplementary material). Undoped ZnO films’ surfaces
(Fig.S1a, sample A) revealed a presence of spherical grains, which were estimated to have an
average size of about 40 nm, with residual inter-grain porosity. Doping ZnO films with 0.5% Al
(Fig.S1b) led to decrease both inter-grain porosity and grain size (about 10 nm). An increase of
the grain size up to approximately 25 nm was observed with 1% Al sample (Fig.Slc) cured at
250°C. The different curing conditions seem not to affect the morphology of the undoped ZnO
films (Fig.S1d). For samples cured at 300 °C (Fig.S1 (e-f)), doping with Al leads again to the
decrease in grain size respect to undoped ZnO but no significant differences can be observed in
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FE SEM micrographs between 0.5 and 1% Al-doped samples. The FE-SEM images of samples B
(Fig.S1 (d-f)) point out that Al-doped samples cured at 300 °C display larger grains than those cured
at 250°C.

Fig. 1(a—c) shows the AFM images of samples A, revealing the reduction of the grain size upon
0.5 % Al doping compared to undoped or 1 % doped films (Table SI- supplementary material), in
agreement with FE-SEM data.

The surface roughness increased upon doping with 1% Al compared to the 0.5 % doped samples.
The AFM images of samples B (Fig. 1 (d—f)) confirmed the trend of samples A, indicating that doping
with 0.5% Al (Fig. 1e) leads to smaller grains and lower surface roughness (Table SI). Contrary to the
FE SEM results, the grain diameter appears larger in 1% Al-doped than in 0.5% Al-doped sample,
with more evident uneven size distribution.

Both FE-SEM and AFM data suggest that the grain size of samples B was relatively larger than
that of samples A. In general, smaller grains size and even grain distribution with uniform surface
morphology and reduced surface roughness were observed in Al-doped films.

PUMA software was used to estimate thickness and refractive index of the films from the
transmission spectra (Table SII). The porosity of the samples was determined using the approach
discussed in Ref. 27, assuming the reference refractive index of ZnO film at 632.8 nm as 1.989.
Al-doped ZnO films displayed lower porosity (Table SII) respect to the undoped samples, confirming
that an addition of Al modifies the morphology and grain size, in general agreement with the mor-
phological analysis above. The 0.5% Al-doped sample B displayed a porosity of 5% and thickness
of 83 nm.

The XPS survey spectra acquired from all the films (Fig. S2) showed no other contamination
apart that from atmosphere (C 1s signal). Fig. 2 shows the XPS Zn2p and Al2p spectra. The Zn 2p
spectra in Fig.2 contain two peaks identified as Zn 2p3/2 and Zn 2p1/2. The O1s core level spectrum
(Fig. S3- supplementary material) exhibits the expected line shape with a main peak centered at BE
of 531 eV, which can be attributed to the bulk oxygen, and a shoulder at higher BE (i.e. 532.5 eV)
related to the oxygen from the surface of the film.

The Zn 2p signal shows no change with respect to the level of Al doping, which points
toward an Al doping that was most probably interstitial. The Al 2p core levels are detectable in all
Al-doped ZnO films. The signal corresponding to Al shows an increase in the intensity according to
the nominal amount of Al doping. The work functions were calculated from the UPS spectra (not
shown). For samples B, the work functions were 4.20, 4.35 and 4.50 eV, for 0, 0.5% and 1% Al,

0%-250 0.5%-250 1%-250
L4

0.5%-300 . 1%-300

FIG. 1. AFM images of undoped, 0.5 % and 1% Al-doped ZnO films: samples A (a-c) and B (d-f).
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FIG. 2. XPS Zn2p and Al2p core level spectra of samples B and doped samples A.

respectively. Likewise, the work functions of the 0.5 and 1% Al-doped (samples A) were 4.2 and
4.25 eV, correspondingly. The increase in the work functions is coherent with the Al levels, indicating
the effectiveness of Al-doping, in particular, for the samples B.

XRD spectra were acquired from the films deposited on Pt/Ti/SiO; substrates and cured at 300 °C
(Fig.S4 - supplementary material), and data were analyzed using the Maud software,?® adopting a
full-pattern quantitative modeling approach based on the Rietveld method. The XRD patterns of
samples A were similar regardless of the curing conditions. The substrate contributed to the XRD
spectra with the broad halo at 20-30° due to amorphous SiO, and Pt strong reflections. All the films
were crystalline with the ZnO hexagonal wurtzite structure. The absence of peaks characteristic of Al
related phases in doped samples indicates interstitial substitution of Zn>* by AI** as a predominant
effect for both 0.5% and 1% Al doping levels. The average crystalline domains’ dimension was
determined by a Lorentzian broadening model, assuming an isotropic shape, as described in Ref. 29
and implemented in the Maud software (Table SI). Doping with Alleads to a decrease in the crystallite
size, ascribable to the difference between the ionic radius of Zn and Al.'°

Fig.3 (a) shows the Raman spectra of undoped ZnO films cured at 250 °C and 300 °C.

The main peaks are characteristic of the wurtzite phase. Relative intensities and peak positions of
both samples are comparable indicating that the intermediate curing parameters display the absence
of prominent effect on the final structure of the films. Raman spectra were also recorded on Al-
doped ZnO films cured at 250 °C (not shown) and 300 °C. Fig.3 (b) presents the Raman spectra of
samples B. A relative peak shift and broadening of the E; ®i2" band, with respect to the usual position
of ZnO thin film at 437cm™! " were observed in 0.5% and 1% Al-doped ZnO samples, and attributed
to a decreased degree of order in the wurtzite phase. Moreover, an increase in the intensity of the
longitudinal optical (LO) band at 578 cm™! and the decrease of the E; €0 band were detected and
can be attributed to both the formation of defects, such as oxygen vacancies,?!32 and the modification
of the ZnO crystalline lattice due to a dopant inclusion.?

The current-voltage (I-V) characteristics of Pt/ZnO/Pt/Ti/Si0, and Pt/ZnO(Al)/Pt/Ti/SiO,
memristive cells are presented in Fig. 4. No electroforming was required for both 0.5 % Al-
doped and undoped ZnO thin films sandwiched between platinum electrodes. Current compliances
of up to 15 mA and 30 mA were tested for undoped and 0.5 % Al-doped ZnO-based device,
correspondingly, with the absence of a breakdown in the memristive cells and damage of top elec-
trodes during the measurements. Both undoped and 0.5 % Al-doped ZnO-based devices displayed
a pinched hysteresis loop centered at the origin, which is a fingerprint of a memristive switching
behavior.*
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FIG. 3. a) Raman spectra of undoped ZnO films cured at 250 °C and 300 °C b) Raman spectra of samples B.

Resistance values at high resistance state (HRS) and low-resistance state (LRS) were reduced
in 0.5 % Al-doped ZnO-based devices compared to those obtained from the undoped materials. An
electrical response of a cell is strongly dependent on a structure of a switching layer and its interface
with an electrode. The sol-gel method provides a fine convenient control over film morphology by
adjusting synthetic or processing conditions. Therefore, by simply tuning the sol-gel parameters it is
possible to obtain films with the desired switching characteristics.

104a 4P
1
3 14
< < B
5 0.1 5 0.1
= t 1 ZnO
§ § 0, 3+
£ £ 0.5 %Al
3 0.01 3
O © 0.014 Pt
Ti 10 cycles, Ti 10 cycles,
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FIG. 4. I-V curves of a) undoped and b) 0.5% Al-doped ZnO thin films cured at 300 °C.
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CONCLUSION

Sol-gel derived ZnO thin films were prepared by the spin coating technique. Both curing condi-
tions and Al-doping were found to modify film’s morphology and grain sizes. Doping ZnO films with
Al resulted in a reduction of surface roughness and grain size, that is most prominent at 0.5 at. %.
Although the ZnO wurtzite crystalline phase was the only one detected in all films, micro-Raman data
revealed a decreased order of the hexagonal phase in Al-doped samples. Al was doped interstitially
and increased the work functions, in particular, for samples cured at 300°C. The reduction of porosity,
surface roughness and grain size of films obtained by Al-doping appear promising for the fabrication
of dense switching layers.

SUPPLEMENTARY MATERIAL

See supplementary material for FE-SEM images (FIG.S1), Table SI (roughness, equivalent diam-
eter and crystallite size of the ZnO films), Table SII (thickness, refractive index and porosity of the
films), XPS survey spectra (FIG. S2), XPS Ols core level spectrum (FIG. S3) and XRD spectra of
ZnO films (FIG. S4).
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