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ABSTRACT

There has been growing interest in the use of the sol-gel approach to form high-quality dielectric materials. Their tailored properties
allow for developing functional electronic devices in a scalable and rapid manner. According to physicochemical principles, the displace-
ment and response behavior of charges under an applied external field can manifest in unique dielectric properties, providing useful
information to improve the process, design, and quality of electronic devices. Therefore, a systematic and in-depth investigation of the
fundamentals of sol-gel dielectrics is necessary. In this Research Update, we present recent advances in various sol-gel-processed dielec-
tric materials and their applications to functional electronic devices. A brief introduction to sol-gel chemistry to form oxide dielectric
films and the basis of physical mechanisms under electrical fields are discussed. Along with the dielectric properties, recent achievements
of proof-of-concept experiments and their various applications to functional electronic devices are introduced. It is expected that further
innovations in solution-processed metal oxide dielectrics will achieve cost-effective high-performance functional electronics in the near

future.

© 2021 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/10.1063/5.0066014

. INTRODUCTION

Since the studies of Ebelman and Graham' on the forma-
tion of silica-based materials from chemical solutions in the mid-
1800s, considerable advancements in the sol-gel method have been
made for the synthesis of functional metal oxides, including a
broad range of applications.” For applications in major compo-
nents of electronic devices, conventional sol-gel processes fol-
low a reaction pathway of hydrolysis, condensation, and gelation’
from metal precursor solutions to form thin metal oxide films.
The desired structures and properties of metal oxide materials
can be tailored™" according to controllable synthetic conditions,
such as the types of precursors (salts or alkoxide); solvent (alco-
hol or aqueous solvent); stirring, aging time, or both; temperature,
pH, and additives; and subsequent annealing at a high tempera-
ture (typically above 400 °C). Completing the reaction results in a
metal-oxide-metal (M-O-M) network, eliminating organic impu-
rities and unreacted chemical residues and promoting densifica-
tion, crystallization, or both of the resultant oxide films. Currently,
the sol-gel process is considered to be one of the most promising

fabrication routes to form high-quality metal oxide electronic mate-
rials with good uniformity, large scalability, and cost efficiency. To
illustrate the process overview and various strategies of the solution-
processed metal oxide dielectric films, Fig. 1 provides four major
process steps in sequence: (I) solution synthesis, (II) film deposi-
tion, (IIT) treatment process, and (IV) device fabrication for various
applications.

A dielectric is an electrical insulator composed of non-
conducting materials susceptible to the electric field (E-field). They
offer a wide range of useful properties for functional electronic
devices, such as thin-film transistors (TFTS),4 Y resistive switching
(RS) memory, """ ferroelectric memory,'”™"* synaptic devices for
neuromorphic function,'”'® and even energy storage devices.'”'"
Dielectric properties can be classified according to the polariza-
tion behavior under an applied E-field, as shown in Fig. 2. Con-
ventional dielectric materials exhibit linear dielectric polarization
behavior proportional to the applied external E-field owing to their
lack of permanent dipoles. Paraelectric materials without ferroelec-
tric domains exhibit a slightly nonlinear P-E curve caused by the
displacement of permanent dipoles, including the polarization of
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FIG. 1. Scheme of the solution-
processed metal oxide dielectric films
showing four steps (I-1V) for the two
classes of electronic application: (I)
synthesis design of dielectric precursor
solution, (1) solution deposition methods
based on both contact-printing and
noncontact-printing, (Ill) film formation
process, and (V) device fabrication of
five types of functional devices (e.g.,
thin-film transistor, neuromorphic device,
resistive-type  memory,  ferroelectric
device, and phase transition device).
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FIG. 2. A typical dependence of (a) polarization as a function of the electric field and (b) domain structures and dipole interactions for linear dielectric, paraelectric, and
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ferroelectric materials. (c) Interrelationship among different crystal point groups of dielectric materials.
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molecules, ions, and defects. Piezoelectric materials can accumulate
electric charges in response to the applied mechanical stress. Typ-
ically, the linear electromechanical interaction can be observed in
the piezoelectric effect. Pyroelectric materials are a group of piezo-
electrics that exhibit polarization changes in response to tempera-
ture changes. As a subgroup of pyroelectrics, ferroelectric materials
exhibit a spontaneous net electric dipole moment. Their cooperative
coupling of ferroelectric domains enables remnant electric polar-
ization when the external E-field is zero and the P-E curve shows
hysteresis. Generally, materials exhibit ferroelectric behaviors only
below the phase transition temperature, called Curie temperature
(T¢), and lose their pyroelectric properties. Above this temperature,
many ferroelectric materials transform into the paraelectric state
because their crystals undergo structural phase transition. The typ-
ical P-E behaviors and their domain structures of linear dielectric,
paraelectric, and ferroelectric materials are displayed in Figs. 2(a)
and 2(b), respectively.

According to Neumann’s principle,” ' the symmetry of
materials, including dielectric permittivity, elastic compliance,
and electrostriction, can strongly influence the polarization prop-
erties of dielectrics. In view of the 32-crystal point group
[Fig. 2(c)], piezoelectric and other effects belong to 20 non-
centrosymmetric point groups because odd-rank tensors are for-
bidden in the centrosymmetric point group. Among these 20
piezoelectric point groups, half exhibited a spontaneous polar-
ization effect in the absence of an external electric field. In
addition to the crystalline structure at the atomic level, the
alignment of electric dipoles in the long-range order (domain
characteristics) is also an important factor in ferroelectrics.
The typical polarization behavior of dipolar and ferroelectric
domain structures with mutual interactions (e.g., dipole-dipole and
domain-domain) is schematically illustrated in Fig. 2(b). Although
these different dielectric materials have distinct functionalities,
each has its own advantages with regard to electronic device
applications.

For the electrical functionality of sol-gel dielectrics, it is nec-
essary to produce oxide films with minimal defects and smooth
surface morphology for stable electrical insulation with frequency-
dependent capacitance performances. A facile chemical design,
deposition, and post-treatment to control the amorphous/crystalline
structure promote high-performance, excellent reliability, and new
multifunctionalities.* Additionally, low-temperature and rapid fab-
rication methods to realize the high-throughput [roll-to-roll (R2R),
sheet-to-sheet (S2S), etc.] printing process should be further stud-
ied. Figure 3 exhibits the research trends on the solution-processed
oxide dielectric films and their application to functional electronic
devices reported between 2015 and 2020 based on the extensive
search on Web-of-Science. Overall, the number of research publi-
cations and citations of the solution-processed oxide dielectric films
has continuously increased every year. Notwithstanding the grow-
ing research interest in solution-processed oxide dielectric films,
recent research reviews have addressed mainly specific applica-
tions of solution-processed oxide dielectric films. Therefore, there
exist few reviews that comprehensively encompass the developments
of various functional oxide materials and enlargement of research
fields for solution-processed oxide dielectric films and address the
mainstream of the technological progress and trends as a broad
outlook.
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FIG. 3. The statistical analysis of the research trends with the number of the
research publications and citations about the solution-processed oxide dielectric
films and their application to functional electronic devices reported between 2015
and 2020 based on the extensive search on Web-of-Science with the detailed
search conditions.

In this regard, we review recent research progress on solution-
processed metal oxide dielectrics and their various electronic device
applications from a literature survey over the past five years: (i)
three-terminal-based devices such as a gate dielectric layer for a
field-effect transistor (Sec. II) and (ii) two-terminal-based devices
such as memory devices, including the types of resistive switch-
ing behaviors (Sec. IIT), ferroelectric functionalities (Sec. V), and
phase transition behaviors (Sec. V) (Fig. 1). While there have been
many recent reviews on sol-gel metal oxide semiconducting mate-
rials in the application of thin-film-transistors, including the p-type

»)

)

active layer,
processing,””’ >’ and miscellaneous device applications,' "’ ” here,
we aim at reviewing ongoing and future research development in
solution-derived metal oxide dielectric thin films by (1) providing
fundamental insights into the mechanism of sol-gel chemistry
and (2) facilitating their practical application and commercial-
ization in many fields of electronic and energy technology,
such as complementary metal oxide semiconductor (CMOS)
integrated logic circuits, sensors, and energy storage/conversion
devices.

Il. THIN-FILM TRANSISTORS

Over the past few decades, solution-processed high-quality
metal oxide dielectric materials have been extensively researched
for large-scale electronic applications (such as TFTs, sensors, and
wearable devices) owing to their good electrical properties, good
film uniformity with reliable electrical performance, environmen-
tal/chemical stability, and cost efficiency.' Silicon dioxide (SiO2),
as a common and reliable dielectric oxide, is used to date. How-
ever, with increasing demands for higher integrity of the com-
plex circuit design with corresponding high performance, drasti-
cally downscaling the switching transistor has been challenging,
concurrent with the significant reduction in dielectric thickness.
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The SiO; layer with atomic-scale thickness has serious problems,
such as a high leakage current density and poor device reliability. "’
In accordance with the capacitance equation, C = keyA/d [where
& is the permittivity of a vacuum, k is the dielectric constant or
relative permittivity (er), A is the area of parallel metallic plates,
and d is the dielectric film thickness]. The use of the high-k
(k > 3.9) dielectric layers is critical in preserving strong capacitive
coupling” © and suppressing tunneling effects (i.e., leakage current)
compared to a typical thicker SiO; layer,”” allowing for enhanced
performance while lowering the power consumption (i.e., operating
voltage) and device miniaturization. We categorized the manufac-
ture of high-quality metal oxide dielectrics for TFT applications as
follows: (1) preparation of sol-gel precursor solutions, (2) chemi-
cal solution deposition techniques, (3) post-deposition process at
low temperature, and (4) large-scale and high-throughput manu-
facturing processes. Additionally, we introduce solution-processed
neuromorphic devices employing oxide dielectrics as an emerging
electronic application. Following our previously reported progress
review," we present the most recent research trends and technologi-
cal advances of solution-processed oxide dielectrics for TFT devices
reported since 2017 (cf. additional key reviews”?* of solution-
processed oxide dielectrics for TFT devices with detailed basic mech-
anisms and historical movements in the past several decades). A
summarized overview of the electrical performance of metal oxide
TFT devices using sol-gel metal oxide dielectric layers is presented in
Table L.

A. Synthesis of sol-gel precursor solution
1. Chemical doping and use of additives

The synthesis of precursor solutions is essential because the
quality of the desired oxide films is influenced by sequential chem-
ical reactions to form the M-O-M network. The acidity control
of the precursor solution, for example, can improve the solubility
of precursors and the hydrolysis reaction. Lee et al. reported the
effect of solution acidity with H,O, as an oxidizer to fabricate a
LaZrOy (LZO) dielectric layer and TFT application.”* As shown in
Fig. 4(a), oxidant-assisted LZO films exhibit stirring temperature
(Ts)-independent thermogravimetric behavior, whereas oxidant-
free LZO films exhibited slow condensation at lower Ts. It was also
proved that oxidative H>O, can eliminate carbon residues using
oxygen radicals during the deep ultraviolet (DUV) photochemical
annealing process. They demonstrated that the LZO dielectric layer
exhibits a low leakage current of 10™® A/cm” at 2 MV/cm and a high
breakdown E-field of 5.8 MV/cm, resulting in the high dielectric
permittivity of 12 [Fig. 4(b)].

In addition to acidity control, anion doping in the precursor
solution can improve the dielectric stability under a large window
of frequencies. Zhuang et al. demonstrated fluoride (F) doping in
AlOy dielectrics by introducing an F-involving small molecule, 1,1,1-
trifluoro-2,4-pentanedione, to overcome the frequency-dependent
capacitance characteristics, yielding reliable film formation and sta-
ble device performance.” As shown in Fig. 4(c), such F sources were
added to each precursor solution, and spin-cast F:AlOx films were
repeatedly deposited to obtain the desired thickness. It was found
that the optimized AlOy dielectrics with an F content as high as
3.7 at.% exhibited a stable capacitance of 166 nF/cm® in the

scitation.org/journal/apm

frequency range of 107" ~10* Hz [Fig. 4(d)]. TFT devices using both
inorganic and organic semiconductors exhibit negligible I-V hys-
teresis owing to the reduction in the H* content. These types of
chemical approaches in solution synthesis fail to produce high-
quality and low hysteresis of TFTs.

2. Chemical solution combustion synthesis (SCS)

Solution combustion synthesis (SCS) is an energy-efficient
method that utilizes an exothermic reaction between fuels (reducing
agents) and oxidizers (oxidizing agents) in a liquid metal-organic
chemical supplying localized thermal energy to lower the process-
ing temperature. Functional oxide materials and various struc-
tures (e.g., size and shape) with higher quality than those fabri-
cated by conventional annealing processes have been reported.”
Since Kim et al. published the first study on the device fabrica-
tion using metal oxide films via SCS with combustible precur-
sors in 2011, numerous studies on various applications of thin
films have been conducted. Recently, various combinations of fuels
and oxidizers comprising SCS have been actively studied, with
new fuels, in particular, receiving widespread attention. Repre-
sentative conventional combustion fuels [e.g., urea (U), acetylace-
tone (AcAcH), and hydrazine] and various acidic fuels [e.g., citric
acid (CA), ethylenediamine tetra-acetic acid (EDTA), oxalic acid,
oleic acid, tartaric acid (TA), and malic acid (MA)] have been
studied.”"*"

Chen et al. introduced a cofuel-assisted solution-combustion
method that effectively lowers the general ignition temperature
of the combustion process and encourages rapid completion of
the combustion reactions.”” " Along with 3-nitroacetylacetone
(NAcAcH),” other carbohydrate-based cofuels include ethylene
glycol (CyHgO,), erythritol (C4Hi9O4), xylitol (C¢H120s5), glu-
cose (C¢H120s), sorbitol (C¢H140s), sucrose (C12H2,011), and L-
ascorbic acid (C¢HsOg) (vitamin C).*” However, they mainly applied
to oxide semiconductors (IZO, IGZO, In,0s, etc.). Their recent
study applied both semiconductors and dielectric films using a fluo-
rinated cofuel (FAcAcH, 1,1,1-trifuloroacetylacetone) (Fig. 5).*° In
the initial pre-annealing stage with a temperature of 120 °C, the
ultrafast reaction and M-O-M lattice condensation are achieved
within a short time of only 10-60 s for the film formation of alu-
minum oxide dielectrics. As a result, IGZO/Al,O3 TFTs fabricated
through a 60 s cofuel-assisted combustion processing have field-
effect mobility as high as 25 cm?/V s and stable operational perfor-
mance even under a bias stress of 4000 s [Figs. 5(¢) and 5(f)]. Com-
bining with a blade-coating process, the wafer-scale TFTs—over 100
device units—have demonstrated reliable and high-quality device
performance with average mobilities of 18 cm®/V s [Figs. 5(b)-5(d)].
Parallel with the SCS process, it was proved that such systems can
be applied as an efficient and continuous additive manufacturing
to R2R.*

3. Cluster synthesis molecular-based
precursor routes

The synthetic process incorporating a reducer and an oxi-
dizer includes fastidious steps in terms of balancing the equiva-
lence ratio. Nonstoichiometric combustion processes in the case of
both fuel-rich and fuel-lean conditions could lead to large evolution
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TABLE |. Parameters of thin-film transistor devices using the sol-gel metal oxide gate dielectric layer. [Tp: maximum processing temperature, Aq.: solution synthesis in an
aqueous-based solvent (e.g., water), NonAg.: solution synthesis in a nonaqueous solvent, ED: elemental diffusion route, EHD: electrohydrodynamic printing method, SCS:
solution combustion synthesis, DUV: deep-UV photochemical route, ELA: excimer laser annealing, SAND: self-assembled nanodielectric layer, PAD: polymer-assisted deposition,
MW: microwave annealing, ML: molecular-based precursor synthesis route, 1J: inkjet printing, BL: blade coating, H,O,: additive loading of hydrogen peroxide, TPS: thermally
purified solution process, SONO: sonochemical derived nano-dispersion methods assisted by ultrasound treatment, CRS: comproportionation reaction synthesis, ODS: oxygen-
doped precursor solution synthesis, SVT: solvothermal treatment for cluster precursor synthesis, XF: xenon flash lamp photonic sintering, FL: flexographic printing method, p:
mobility of TFTs here (e.g., linear/saturation/field-effect), V1: threshold voltage, S.S: subthreshold-swing, and oy org: on/off current ratio of TFTs.]

TFT performance

6S:€Y:10 Y202 Jaquialdas Go

Dielectric  Processing ~ Channel Usat S.S.
Year Material ~ Deposition T (°C) Ci(nF/cm?) constant (k) feature material  (cm?/Vs) Vi (V) (mV/dec) Ionorr
Group AL O3

2017+ Al O3 SC 60 ~155 8.37 DUV 1GZO 3.61 2.58 196 >107
ML

2018 ALO3/ZrO, SC *130-180 e 8.53 DUV 1GZ0O 13.5 s s >107

2018 AlOy I <250 s 6~8 DUV InOy ~12 s <150 >107

2018%  Alg45Y15503 SC 400 443 19.5 s 120 52.9 -0.51 190 4x10°

2018 La:Al, O3 SC 350 96.1 10.5 s 170 11.9 s 380 ~10°

20187 AL O3 SC 250 ~100 7.7 Aq. In, O3

2018"! AlOy SC 250 560 ~9 Aq. InOy ~52 s S ~10°

201977 Y:AlOx SC 200 200 8.8 Aq. 1GZ0 25.1 1.35 170 3.2 x 107

2019 AL O3 BL 350 286 6.8 SCS 1GZO 25.2 0.55 150 4x10*

20197 ALO; sC 200 74.1 ~6 DUV IGZO 1.23 120 5x10
MW

2019 Y:AlOy I 150 e ~8.8 DUV 1GZ0O 4.3 -0.5 300 108

2019 AL O3 EHD 350 e e SCS In, O3 117.2 -0.41 95 >10°

1GZO 81.01 -0.15 81

2019 Mg:AlOx SC 180 148 s ED Mg:InOx >4 2.53 210 >107

2019+ Al Oy SC 350 259 17.2 SCS s . s s s
ML

2019% Aley SC 350 86 11.8 SCS 120 7.1 8.7 cee 1.4 x 10°
ML

2020°! Y:AlOx I 200 295 ~10 DUV 1Z0 15.6 cee <100 ~108

2020* Y:Al Oy SC 150 ~29 ~6.4 DUV 170 2.6 12.4 s 1.8 x 10’
ML

20207 AlOy SC 150 450 DUV MAPDI; 11.5 -0.21 120 ~10*
SCS

2020% AlOy FL 180 ~300 8.2 DUV In, O3 2.83 s ~80 ~10°
SCS

20207° AlOy SC 800 97 s s NdAIO; 9.93 -5.22 s ~10°

2021°° AL O3 EHD 400 e s ED ALITO 6.46 1.78 0.42 7.5 x 107

20207 AlOy SC 150 420 9 SCS 1GZ0O 20.4 ~0 100 ~10*
ELA

2020% F:AlO SC 300 166 4 cee In,03 12.8 ~0 200 ~10*

20207° AlOy SC 85 180 8.3 DUV C10-DNTT 1.8 -0.72 110 4x10°

202077 AlOy SC 300 140 10.3- Aq.CRS In, O3 129 -0.4 170 ~10°

2021 Mg:AlOx SC 180 ~130 e ED Mg:InOx 472 - o 1.8x10°

HfAIOx  HEInOy 2.83 2.9 x 10*
2021°  AlOx/AlSiOy SC 150 380 cee DUV 1GZ0O ~0.3 0.09 51.1 >10*
APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014 9, 120701-5
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TABLE I. (Continued.)
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TFT performance

Dielectric  Processing ~ Channel Ysat S.S.
Year Material ~ Deposition T (°C) Ci(nF/cm?) constant (k)  feature material  (cm?/V's) Vi (V) (mV/dec) Ionors
Group ZrO;
20187¢ ZrO, SC 300 ~10 Non-aq. Pentacene 3.7 -2.7 650 1.1 x 10°
20187 Gd:ZrO, SC 400 531 Aq. In, O3 18.82 1.04 80 ~107
DUV
2019% 7rO, SC 230 270 14.1 In, O3 19.4 0.58 90 ~10°
2020°! Z1rOx SC 220 558 ~6 SAND Pentacene 0.36 —1.46 .. ~10*
2020%” 7Zr0O; SC 400 160 19 1GZ0O 2.5 -0.13 550 6.2 x 10°
2020%° Zr0O; SC 57.5 446 8.2 DUV In, O3 26.21 0.29 125 3.9x 10°
SAND
2020% 71O, SC 150 ~20 5.17 IGTO 21.7 ~5.9 680 2.0 x 107
2020°% ZrO,/Al, O3 SC <200 ~120 s XF Zn0O/In, 03 2.3 0.86 123 >10°
20209 7rO, SC <200 ~200 ~7.5 XF s s s s s
2020%° ZrOx SC 90 260 22 DUV 1Z0 8.2 0.2 130 ~10°
2020%° LZO SC 350 s 16 SONO 1GZ0O 5.45 -2.1 s ~10°
2021 LZO SC 180 233 13.1 DUV 1GO 24.7 0.14 160 10°
H,0,
2021% 710, SC 350 - 19.5 ODS In, O3 60.42 0.32 140 ~10°
Other oxides
2017% Yb,03 SC 500 352.8 11.3 In,03 4.98 0 70 ~10°
2017 HfOx/HfOx SC 150 328 9.8 SCS 1GZ0O 43.9 s 66 10°
DUV
2018 HfOx SC 200 140 10.23 TPS In, O3 3.67 180 9.8 x 10°
20197 YOy sC 350 84 14.9 SCS 1ZO 2.1 6.9 . 7.6 x 10°
ML
2019 GaOy SC 500 178 10.8 PAD In, O3 3.09 0.83 180 1.8 x 10°
2019* Al:HfO, SC 400 674 30.2 PAD cee cee cee cee cee
2020% LaOy SC 120 >12 ODS Pentacene 0.37 —-0.59 3 x10°

of gases, resulting in highly porous morphology.”' To avoid such
phenomena, Koslowski et al. demonstrated a molecular single-
source precursor approach using newly designed molecules to have
both the roles of fuel and oxidizer."” " They synthesized nitrofunc-
tionalized malonato complexes, shown in Fig. 6(a), and used them
to fabricate YOy dielectrics. They controlled the thermal conver-
sion of the precursor at temperatures between 250 and 350 °C for an
in-depth investigation of the formation of volatile by-products and
for the optimization of relatively lower decomposition temperatures
from the combustion reaction. The synthesized molecular precursor,
bis(diethyl-2-nitromalonato) nitrato yttrium (III) (Y-DEM-NO),
exhibited a frequency-independent capacitance of up to 250 nF/cm?
[Fig. 6(b)] and stable insulating properties (J ~ 1.0 x 10~° A/em?
at 1 MV/cm). This study suggested a potential alternative of the
cost-effective synthetic route for low-temperature high-k dielectric
materials.

In a similar but more innovative approach, Jo et al. synthe-
sized bulky metal-oxo-hydroxyl nanoclusters [Fig. 6(c)] with few
impurities and combined them with a spatially controllable and

highly energetic light activation process, resulting in the highly
reliable aluminum oxide at low process temperatures.” It has
also been demonstrated that solution-based dielectric films can be
directly fabricated on flexible polymeric and stretchable substrates.
It was shown that the metal-oxo-hydroxy cluster-based thin film
coated with light activation not only effectively decomposes but also
forms a robust atomic network at low temperature and has a high
breakdown electric field (>6 MV/cm), low leakage current density
(~1 x 107 A/cm? at 2 MV/cm), and excellent electrical stability
[Fig. 6(d)]. The recent updates in the fabrication of low-temperature
metal oxide films through photochemical activation will be covered
in more detail in later chapters.

4. Polymer-assisted deposition (PAD)

Although the aforementioned groups demonstrated a
molecular-based precursor route, the incorporation of polymers
such as polyethylenimine (PEI) into the precursor solution
has been in progress recently, which is called polymer-assisted
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Copyright 2019 John Wiley and Sons, Inc.

deposition (PAD) method.” In contrast to the conventional
sol-gel reaction, which forms free-standing metal hydroxide
(M-OH) via the hydrolysis reaction, such introduced polymers
block the unwanted hydrolysis reaction through the formation of
metal-ligand-polymer clusters until the polymers decompose above
600 °C, as shown in Figs. 6(e) and 6(f). The controlled chemical
reaction causes the abrupt elimination of polymers at a critical
temperature and results in a well-ordered oxide framework with a
low density of defects in the amorphous state.

Chen et al. reported that GaOx thin films using PAD exhib-
ited superior dielectric performance before crystallization with
the annealing temperature as high as 650 °C."” PAD-based GaOx

exhibited smooth morphology with a rms of 0.326 nm, an areal
capacitance of 177 nF/cm® at 100 Hz, and a leakage current of
107% A/cm? at 1.5 MV/cm with a relatively high dielectric constant
(k) of 10.8. Additionally, Park et al.* reported the effect of acidity
in the PAD method on a hafnium oxide dielectric by controlling
the additive HCl concentration, which demonstrated that the low
pH helped to electrostatically bind metal-ligand complexes with PEI
because of the large number of nitrogen atoms in PEI [Fig. 6(e)]. A
large number of metal-ligand-PEI complexes stopped the unwanted
hydrolysis reaction of Hf**, which could derive a well-defined
HfO, framework by a controlled condensation reaction and the
homogeneous distribution of the Al dopant by stable coordination.
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PAD-based AL:HfO, has a dielectric constant value of 30.2 and a
capacitance of 674 nF/cm? at 1.0 kHz [Fig. 6(f)].

5. Various solution treatments

Gas treatment during solution synthesis can also enhance the
dielectric performance of oxide films. Yan et al* investigated
the incorporation of oxygen gas into a La;O3 sol-gel solution at
different flow rates to improve the poor wettability of the pre-
cursor solution on the target substrate, as shown in Figs. 7(a)
and 7(b). Increasing the flow rate of oxygen gas caused a color
change in the solution with a decreasing contact angle caused by
the generated hydroxide group. The La;Os films with gas infu-
sion treatment exhibited superior densification close to the oxide
films using atomic layer deposition (ALD) with outstanding dielec-
tric and insulating performances [Fig. 7(c)]. They proved that the
gas treatment of a sol-gel solution was applicable for other oxide
dielectrics.

Chung et al.” proposed a thermally purified solution (TPS)
process in which applying thermal energy in solutions before film
formation could be effective in fabricating a hafnium oxide frame-
work. The detailed mechanism of this scheme is shown in Fig. 7(d).
The TPS facilitated the hydrolysis reaction in the solution phase,
which is called prehydrolysis, whereas a general hydrolysis reaction
occurs after film casting. Because of the evaporation of by-products
during prehydrolysis, the reaction required less thermal energy for
the formation of the oxide framework. Conventionally synthesized
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HfOx sol-gel solutions were heated at different temperatures from
RT to 125°C on a hot plate before spin-casting. The TPS-assisted
HfOy films annealed at 200 °C exhibited similar dielectric perfor-
mance to the conventionally annealed films at 350 °C. The TPS-
assisted HfOy gate dielectric layer showed excellent electrical prop-
erties, such as a low leakage current density (~107° A/cm” at 2
MV/cm), a high breakdown electric field (6 MV/cm), resulting in
good TFT device performance with a mobility of 3.67 cm*/V s, and
an on/off current ratio of over 10° [Figs. 7(e) and 7(f)].

B. Chemical solution deposition techniques

1. High-resolution solution printing and elemental
diffusion approaches

As a newly developed noncontact jet printing technique,”’
electro-hydrodynamic (EHD) jet printing has been developed based
on the electro-hydrodynamic effects of the electric field actua-
tion between an ink nozzle and a conductive supporting substrate.
It has many advantages, such as a high printing resolution (e.g.,
linewidth below 100 nm), a wide range of selection for printable
inks (good ink compatibility with a viscosity of 1-1000 mPa s),
and cost-effective use of materials [Fig. 8(a)]. Liang et al>’ pro-
posed a scalable approach for all-printed transparent metal oxide
TFTs—a direct EHD jet printing process for high-resolution micro-
patterning in combination with solution combustion-derived metal
oxide precursor inks, such as semiconducting [In,Os3, In-Ga-Zn-
O(IGZO)], conducting [Sn-doped In, O3 (ITO)], and gate dielectrics
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FIG. 7. (a) Schematic of the experimental setup for oxygen infusion into the lanthanum oxide precursor solution. (b) The photo-image of the precursor solution with various
oxygen infusion times after 12 h stirring for reaction and as-spun films on silicon wafers. (c) J-E curves for insulating properties for the dielectric layers with different oxygen
infusion times. Reproduced with permission from Yan et al., J. Mater. Chem. C 8, 5163 (2020). Copyright 2020 Royal Society of Chemistry. (d) Schematic illustration of
the thermally purified solution process (TPS) to efficiently reduce the processing temperature of the HfOx film. (e) J-E curves of the dielectric HfO, films at different TPS
temperatures with annealing temperature at 200 °C. (f) Transfer curves of In,03 TFTs employed with HfO layers with and without the TPS process. Reproduced with
permission from Chung et al., J. Mater. Chem. C 6, 4928 (2018). Copyright 2018 Royal Society of Chemistry.
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Reproduced with permission from Hong et al., ACS Appl. Mater. Interfaces 12, 39705 (2020). Copyright 2020 American Chemical Society.

(AL,O3). The fully printed oxide TFTs achieved a high electron
mobility of 117 cm?/V s with negligible hysteresis, excellent uni-
formity, and stable low-voltage device operation (2 V) due to
high capacitance (~130 nF/cm? at 1.0 kHz) of aluminum oxide
dielectrics. With elaborate and rapid device performance, they also
demonstrated large-scale integrated logic gates, such as NOT and
NAND.

Through the direct EHD jet printing of a solution of an Al,O;
dielectric layer with fine printed dimensions [such as linewidth (W)
and length (L)] on a patterned ITO glass substrate, Hong et al.”
reported a simple and novel fabrication method for homojunction-
structured TFTs with an Al-doped ITO semiconductor on the
printed Al,O3 dielectric layer (Fig. 8). The specific Al,O3;-EHD-
printed regions of the ITO film converted a conducting layer into a
semiconducting channel layer (i.e., Al-ion-diffused ITO layer) with
the simultaneous formation of a passivation layer through a ther-
mal annealing process. The channel length and width of the fabri-
cated TFT are determined only by the printed region of the ALLO;
layer, implying that this proposed method provides flexible device
fabrication while using a minimum number of patterning masks.
They fabricated transparent n-type metal-oxide-semiconductor
(NMOS) TFTs and inverters, exhibiting a field-effect mobility
of 645 cm®/V s (W/L ~600/100) and an output voltage gain
of 7.13 with a supply voltage of 10 V [W/L ~500/300 (load)
and ~200/100 (drive)] via optimized processing conditions and
Al Osz-printed dimensions [Figs. 8(c)-8(e)]. This is a promising

approach compatible with a flexible manufacturing system for low-
cost and mass production of high-quality metal oxide electronic
devices.

Recently, research similar to the development of semiconduct-
ing properties of the Al-diffused ITO layer from printed Al,O3 has
been conducted to obtain new electrical properties or enhanced per-
formance by utilizing the interrelationship of elements between two
different deposited metal oxide films during the annealing process.
Heo et al.”*” reported a facile route to improve the film qual-
ity and interfacial properties of low-temperature solution-processed
oxide thin films via elemental diffusion between metallic ion-doped
indium oxide semiconducting layers and AlOy gate dielectric lay-
ers. This approach provides the advantages of effective removal
of residual impurities and suppression of oxygen vacancy defects
and relevant dipole disorder in the AlOx gate dielectric layer by
metal-elemental doping using Mg or Hf (Fig. 9). They investi-
gated the interfacial effects of various metallic dopants based on
the metal ionic radius, metal-oxygen bonding-dissociation ener-
gies (BDEs), and Gibbs energies of oxidation reactions. In their
first study,”* they revealed that the AlOx gate dielectric layer with
moderate control of Mg-doping concentration (with optimal 10%)
showed excellent operational stability because of the formation of
a stable M-O-M network without any additional treatments. The
Mg:InOyx TFTs based on the Mg-diffused AlOy dielectric layer were
performed using ure > 4 cm’/Vs, negligible hysteresis behavior,
and stable device operation under the bias stability test. Afterward,
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Appl. Mater. Interfaces 12, 57996 (2020). Copyright 2020 American Chemical Society.

they demonstrated™ that metallic dopants of Mg and Hf metal-
lic dopants could diffuse into the low-quality AlOx gate dielectric
layer and diminish the structural defects and impurities in the bulk
and at the interface between the semiconductor/dielectric layers
because of their small ionic radii (less than 72 pm), high Gibbs
energy of oxidation (in the case of Mg), and high BDE (in the case
of Hf) [Figs. 9(a) and 9(b)]. Other dopants, such as Sr and Ca,
which have a larger ionic radius than host metallic ions, deteriorate
device performance and reliability because of the structural disorder
and low diffusion rates at the interface between the semiconductor
and dielectric layers [Fig. 9(c)]. As a result, the elemental diffusion
approach, with metal dopants having a smaller ionic radius along
with high BDE and Gibbs energy, offered prospective routes for
improving the interfacial integrity of solution-processed metal oxide
layers.

C. Low-temperature post-deposition process

1. Recent advances in UV photonic annealing
for low-temperature process

Generally, the fabrication of a solution-processed oxide dielec-
tric layer requires a high process temperature (over 400 °C) for high

quality and desired performance. Many studies have been conducted
to lower this temperature. The temperature is highly dependent on
the amount of thermal energy required for converting the deposited
films from the synthesized sol-gel solutions. Several studies """
have been conducted to compensate for the required energy and/or
to lower the activation energy barrier during the formation of metal
oxide dielectric films using external energy resources. As the most
representative method, the photonic annealing process via photoac-
tivation through different variables [e.g., light source (laser/lamp),
wavelength (UV to IR), irradiance and intensity, ambient gas, and
irradiation time (continuous/pulsed)] not only drastically lowers the
thermal energy for the formation of a M-O-M framework but also
realizes that a high-quality metal oxide thin film can be fabricated on
a flexible plastic substrate.

For the first time in 2012, Kim et al.°® proposed DUV photo-
chemical conversion of nitrate-based sol-gel precursors to fabricate
metal oxide TFT devices based on amorphous oxide semiconduc-
tors (IGZO, IZO, and In,O3) at room temperature. They reported
that DUV photochemical conversion (1) effectively removes
organic impurities from the solution-deposited films, (2) induces
photochemical cleavage to promote hydrolysis and condensation
reactions, and (3) efficiently forms the M-O-M framework even
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at low temperatures. In an in-depth follow-up study in 2015, Park
et al.”’ reported the reaction mechanism of the DUV photochem-
ical activation process of sol-gel metal oxide films, including var-
ious dielectric materials, such as AlOx, ZrOx, and HfOx. Highly
reactive radicals are generated from the photolysis of metal lig-
ands (nitrate, acetylacetonate, and isopropoxide) under DUV pho-
toactivation to remove organic impurities and rapidly promote
film densification and polycondensation reactions. A decreasing
tendency in the thickness of the as-spun films over time con-
firms the reaction. In 2018, Jo et al.°® used the low-temperature
photochemical activation method of an Al,O3/ZrO, bilayer gate
dielectric oxide layer with high and stable performance (leakage
current density ~107° A/cm® at 1 MV/cm, k ~ 8.53) and fabri-
cated hysteresis-free solution-processed TFTs and seven-stage ring
oscillators. Various gate dielectric thin film structures (e.g., single-
and bi-layer and their different sequences) of AlL,Os3, ZrO,, or
sodium-doped Al,O3 materials were sequentially fabricated, and
their performances and properties were compared. The physical
mechanisms underlying its large hysteresis, low electrical perfor-
mance, and instability in the electronic device operation have been
investigated.

2. Technical integration of UV photonic annealing
with solution-printing methodologies

To solve the challenges in integrating the UV-irradiation pro-
cess and high-throughput multi-nozzle inkjet printing techniques,
Scheideler et al.”” demonstrated the fabrication of high-performance
solution-printed InOx TFTs with UV-annealed high-k AlOy gate
dielectric layers. Multi-nozzle printing in the design of AlOy dielec-
tric inks facilitated good film uniformity, rapid processing speed,
and reduced processing time to 20 min. They addressed the influ-
ence of UV annealing on the formation of AlO, gate dielectric
layers and improved device reliability by bias-stress tests. They
fabricated all-inkjet-printed oxide TFTs with all three layers, such
as semiconductors, dielectrics, and source/drain electrodes, with-
out additional vacuum processing and lithographic patterning,
which otherwise impedes the fabrication throughput. The fabricated
solution-processed InOy transistors exhibited excellent device per-
formance with high linear mobility (~12 cm?/V s), negligible hys-
teresis, and a good subthreshold property at a low process temper-
ature of 250 °C. Since then, many studies on inkjet-based high-k
dielectric oxide films with UV-photonic annealing processes have
been continuously conducted to decrease the processing tempera-
ture, which is compatible with temperature-sensitive flexible plastic
substrates.”""’

D. Large-area and high-throughput manufacturing
process

1. Advanced annealing processes for rapid
fabrication

While it is essential to make solution-based oxide dielectric
films of high quality and reliability, it is also important to intro-
duce them to a continuous printing process (e.g., R2R and S2S) for
high-throughput manufacturing of dielectric films within a short
processing set time. In this regard, research has recently reported
the rapid fabrication of oxide conductor/semiconductor/dielectric
layers for fully printed electronic devices (1) by improving the

scitation.org/journal/apm

existing methods and investigating unknown mechanisms or (2)
by multiplying and combining various approaches (i + ii): (i)
novel synthetic methods for improved oxide precursor solution
systems, such as molecular doping,‘“‘55 SCS,*** or nanocluster
synthesis,"”” " and (ii) efficient ways to supply the exterior ener-
gies and control environmental conditions of the deposited films,
such as photonic irradiation,” ' or infusion of mixed gas type and
pressure.”””

Yarali et al.%” presented the sequential solution-phase depo-
sition of Al;O3/ZrO; and In;O3/ZnO bilayers and photonic pro-
cessing using a short-pulsed xenon flash lamp (wide spectrum of
200-1100 nm, different energy densities, and simulated pulse length
and number) to overcome two technical challenges: high process
temperatures and lengthy annealing times [Fig. 10(a)]. The flash
photonic processing in the ambient atmosphere provided a dramatic
and temporal increase in the internal temperature of metal oxide
precursor layers while minimizing the overall process time below
60 s without compromising the quality of the metal oxide layer.
[Fig. 10(b)]. The fabricated Al,O3/ZrO, dielectric bilayers under
the photothermally induced precursor conversion showed low leak-
age current density (107 A/cm® at 1 MV/cm), high areal capaci-
tance (~120 nF/cm?), resulting in high mobility (2.3 cm?/V s), and
low operation voltages (under 2 V) of TFTs with photonically con-
verted In;O3/ZnO heterojunction semiconductor layers on a ther-
mally sensitive flexible PEN (Polyethylene naphthalate) substrate
[Fig. 10(c)].

Daunis et al.%’ also demonstrated high-speed photonic cur-
ing of solution-based high-k dielectric ZrO, layers on a flexi-
ble PEN substrate using a pulsed xenon flash system to resolve
the two above-mentioned challenges (process temperature and
time) for high-throughput processing and low-cost manufacturing.
They reported that the curing and patterning processes were con-
ducted concurrently using a self-aligned patterning method with
a shadow mask for a photothermally induced precursor conver-
sion of the oxide layer on top of patterned Al metal contacts. The
fabricated ZrO, dielectric layer has a low leakage current density
(~1077 A/cm? at 2 MV/cm), high areal capacitance (200 nF/cm?),
low dissipation factor (0.03 at 100 kHz), and high breakdown field
(~8 MV/cm from two ZrO, thin layers) with varied pulsed pho-
tonic conditions. They suggested that a photonic curing system
under varied conditions [specification and input power of pulsed
flash lamp and pulse number and rate (Hz)] can realize high-quality
solution-deposited oxide dielectric films on flexible plastic substrates
with a high oxide conversion rate to a high throughput beyond
30 m/min.

Recently, Lee et al.* demonstrated the rapid fabrication of a
reliable sol-gel AlOyx dielectric bilayer through DUV photoactiva-
tion with low UV light intensity (~30 mW/cm?) from a commer-
cialized low-pressure mercury lamp. The correlation between the
maximum process thickness and the concentration that can achieve
the maximum efficiency of the DUV light activation process was
revealed through optical analysis. Different types of high-quality
metal oxide thin films were fabricated on a silicon substrate. In
the fabrication of stable dielectric thin films, in addition to amor-
phous AlOy, which is densified during DUV photoactivation, an
AlSiOx (aluminum silicate) thin film—a stable oxide interface that
can obtain effective dielectric polarization and minimum current
leakage on the silicon substrate—can be formed for an exceptionally
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FIG. 10. (a) Schematic of the photonic curing process using high-intensity light pulses generated by a xenon lamp. The deposited precursor films on top of the Al elec-
trode converted to the densified oxide layer after the light pulse exposures and the calculated temperature evolution on the surfaces of the final ZnO layer atop of the
In,03/ZrO,/Al;03/Al electrode/glass substrate using SimPulse software. (b) Photo-image of TFT arrays fabricated on a flexible PEN substrate. Its representative (c) transfer
curves of In,03/Zn0O heterojunction-structured TFTs with Al,03/ZrO, bilayer dielectrics. Reproduced with permission from Yarali et al., Adv. Electron. Mater. 6, 2000028
(2020). Copyright 2020 John Wiley and Sons, Inc. (d) Schematic of the rapid photoactivation process (below 5 min) for the fabrication of bilayer oxide (AlOx-AlSiOy)
dielectrics on a silicon wafer substrate. (e) Statistical plots of J at 1 MV/cm and C; in DUV-photoactivated bilayer dielectrics as a function of annealing time. (f) Double-sweep
transfer curve of rapidly fabricated (5 min) IGZO and bilayer oxide dielectric TFT device under sub-0.5 V operating voltage. Reproduced with permission from Lee et al.,

ACS Appl. Mater. Interfaces 13, 2820 (2021). Copyright 2021 American Chemical Society.

short process time (within 5 min). Through various physicochemical
and electrical characterization, they proposed a DUV photoactiva-
tion mechanism that allows aluminum atoms in AlOy to be pene-
trated (e.g., ionic diffusion) into the silicon oxide layer [Fig. 10(d)].
As a result, the solution-processed oxide TFTs capable of sub-
0.5 V operation were fabricated with only 5 min of processing time
for each dielectric and semiconductor layer (IGZO) [Figs. 10(e)
and 10(f)].

2. Combination studies for the low-temperature
high-throughput processes

To overcome the challenge of poor productivity for the fab-
rication of uniform and condensed oxide dielectric layers on flex-
ible plastic substrates, it is essential to lower the high process
temperatures required to fully convert chemical precursor films
to metal oxides. Carlos et al.”> combined the urea-fuel-based SCS
and UV lamp irradiation methods to fabricate single and multi-
layer films of high-k dielectric layers (AlOx and HfOy) that pro-
vide superior performance and quality at low temperature (150 °C).
They synthesized a redox mixture under fuel-rich conditions to

maximize the activation of the combustion reaction of AlOx and
HfOy precursor solutions and to decrease the process temperature
for metal oxide formation, ensuring that oxygen molecules are con-
verted into fuel. Among UV photo-converted dielectric oxide mul-
tilayers, the HfO, bilayer has the best electrical performance [low
operation voltage (<3 V), high saturation mobility (~43.9 cm?/Vs),
and a good idle shelf-life stability (2 months)] when fabricated
as TFT devices with the IGZO semiconductor. Furthermore,
they employed their combined implementation in large-area AlOy
dielectrics on a flexible polyimide substrate using flexographic print-
ing, which is an R2R-compatible and industrially scalable printing
method [Fig. 11(a)].°° They reported for the first time the large-area
printing of highly stable ultrathin high-k AlOy dielectric thin films
using a high-throughput (50 m/min) onto a flexible substrate with
a combined low-temperature annealing process (SCS + UV, below
200 °C). The fabricated AlOy dielectric showed a low leakage current
density (107° A/cm? at 1 MV/cm) with k ~ 8.2 (at 1 Hz). As shown
in Fig. 11(b), the flexible TFT devices with the inkjet-printed In, O3
layer on the flexo-printed AlOyx layer achieved good electrical per-
formance with enhanced operational stability with a negligible shift
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FIG. 11. (a) Schematic of the flexographic printing process of the SCS-based Al,03 dielectric ink on top of the bottom electrodes deposited by thermal evaporation. (b)
Transfer curves of initial and aged (over 5 months) In,O3 TFT devices with the Al,O; dielectric layer through the subsequent printing processes (flexographic printing, UV
photo-assisted annealing with SCS reaction, inkjet printing, and S/D electrode deposition by thermal evaporation). Reproduced with permission from Carlos et al., Adv.
Electron. Mater. 6, 1901071 (2020). Copyright 2020 John Wiley and Sons, Inc. (c) Schematic illustration of the photonic annealing process with excimer laser for SCS-based
AlOy thin films with varying light fluences and the number of pulses, right after solution-film drying (i.e., soft-baking) with different times (15 or 1 min) at 150 °C. (d) Transfer
curves of IGZO TFT devices with the laser-assisted AlOx dielectric layers prepared with different light fluences and pulse numbers and drying times. Reproduced with

permission from Carlos et al., J. Mater. Chem. C 8, 6176 (2020). Copyright 2020 Royal S

under electrical and mechanical stresses (e.g., aging effect, positive
and negative bias, and continuous bending cycles).

They further implemented the fabrication of amorphous AlOx
thin films via solution combustion synthesis photo-triggered by
excimer laser annealing (ELA from a 248 nm KrF pulsed excimer
laser) for high-quality large-area oxide formation with a cost-
efficient process with high throughput [Fig. 11(c)].” By com-
bining ELA and SCS approaches, the fabricated AlOx dielectric
thin films achieved densification in a short process time—within
15 min—and a short drying cycle at 150 °C. They presented low
surface roughness and optimized dielectric properties with low
leakage currents (107 A/cm? at 1 MV/cm) and a high break-
down voltage (4 MV/cm) and dielectric constant (k ~ 9). The TFT
devices for the fabricated AlOx showed high saturation mobility
(psat ~ 20.4 cm?/Vs) and a turn-on voltage close to 0 V [Fig. 11(d)].
This combination approach, with SCS and the subsequent ELA pro-
cessing, will be significant to the high-throughput printed electronic
industry.

ociety of Chemistry.

E. Synaptic transistors for neuromorphic devices

Neuromorphic devices that mimic synaptic behavior using
electronic devices have gained enormous attention owing to their
low power consumption and rapid calculation with parallel oper-
ation.*” For high-performance neuromorphic devices, the dielec-
tric layer is key in controlling the operational voltage with mini-
mized leakage current and polarization behavior under an applied
E-field.”” According to previous reports, most dielectric layers in
neuromorphic devices are conventionally formed under a lengthy
vacuum process accompanied by a high-temperature annealing pro-
cess.”! Therefore, for the further development of a cost-efficient
process, it is necessary to secure a high-k sol-gel dielectric layer
with proper electrical and polarization behavior. In this Research
Update, we describe the electrical and capacitive behavior of sol-
gel processed dielectric layers in neuromorphic devices and their
fabrication approaches (cf. additional key review and the work
of Liu et al'® for solution-based neuromorphic devices). The
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: The parameter was calculated from the data in the reconstructed graph. PPF:

pair pulse facilitation, STP: spike-timing-dependent plasticity, LTP: long-term plasticity, MSC: mesoporous silica, and SAO: sodium aluminum oxide.)

Mobility S.S. Ci Hysteresis PPF
Year Dielectric Semi-conductor  (cm?/Vs)  Ion/oFr (mV/dec)  (uF/ cm?)  window (V) (At) STP LTP
2016”  Sol-gel silica 1GZO 5.9 10’ 90 3.0 . 2.5 (20 ms) v
2019 SAO IGZO 6.5 <10’ 440* 3* -3 128 (500ms) v v
2020 AlOy InOx 1 <107% 180* 3* 123(10ms) v @V
2020° AlO, LZO . <10° 140% e e >1.2 v v
2021%° MSCs ITO 1.3 3.0 x 10° 122 2.8 -0.3 1.4 (10 ms) v

parameters of the neuromorphic devices described are summarized
in Table II.

Shao et al. emulated the synaptic behavior with sol-gel-treated
silica films with the deposition of two gate electrodes (Gl and
G2) as lateral in-plane gate electrodes [Fig. 12(a)].”” The silica
film fabricated at 300°C exhibits a capacitance of 0.88 wF/cm’
at 1.0 Hz, indicating a much higher capacitance than those of
SiO; with the same thickness owing to the sufficient formation
of the electrical double layer (EDL) with mobile protons in the

dielectric layer. IGZO TFTs on silica dielectric layers annealed at
300 °C exhibited hysteresis characteristics. Counterclockwise hys-
teresis resulting from the slow relaxation of accumulated protons
between the dielectric and channel interface was observed. Addi-
tionally, the remarkable repeatability of the electrical performance
in ambient air was maintained. To test neuromorphic behavior, pair
pulse facilitation (PPF) was emulated with a bottom gate as the
presynaptic terminal and the IGZO channel as the postsynaptic ter-
minal. With a time interval (At) of 40 ms, 1.99 PPF was observed
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FIG. 12. (a) Schematic image of the IGZ0O-based EDL transistor gated by the sol-gel processed silica film with one bottom gate electrode and two in-plane gate electrodes.
(b) Schematic image of the spatial summation of two presynaptic inputs in a biological neuron. (c) EPSCs triggered by the presynaptic spikes of 2.0 V and 20 ms applied
on two in-plane gates of G1 and G2. EPSCs were measured at Vps = 0.5 V. Reproduced with permission from Shao et al., ACS Appl. Mater. Interfaces 8, 3050 (2016).
Copyright 2016 American Chemical Society. (d) Schematic diagram showing the structure of an AlOx/InOx synaptic transistor. (€) EPSCs stimulated by the pulses with

various amplitudes (2—4 V) for the transistor gated by AlOy (300 °C). (f) Al/ly as a function of At, where Al =

Istop — lo; Atis the interval between the presynaptic spike and

the postsynaptic spike. Reproduced with permission from Liang et al., Appl. Phys. Lett. 116, 012102 (2020). Copyright 2020 AIP Publishing.
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because more ions can accumulate in the dielectric/channel interface
after the second presynaptic pulse was applied. The spatial sum-
mation behavior of the synaptic device was also tested, as shown
in Fig. 12(b). By implementing lateral gated electrodes (G1 and
G2) simultaneously, a large EPSC of 86 nA was measured com-
pared to the singular triggering of individual presynaptic pulses
(3 nA), mimicking the superlinear summation property of synaptic
behavior in biological systems [Fig. 12(c)].”” This study proved that
an electrical double layer derived from a sol-gel processed dielectric
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layer can be used to express neuromorphic characteristics in metal
oxide TFTs.

Liang et al. demonstrated neuromorphic devices using the
solution-processed AlOyx dielectric and InOy semiconductors, as
shown in Fig. 12(d).”* A lower annealing temperature of solution-
processed AlOx can form a higher concentration of hydrogen ions,
acting as a neurotransmitter that can be absorbed and desorbed
according to the gate pulse.”® Because of the higher concentration
of hydrogen ions, hysteresis in the counterclockwise direction
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FIG. 13. (a) A light-adjustable optoelectronic neuromorphic circuit for the emulation of artificial visual perception system. (b) The 3 x 3 optoelectronic neuromorphic circuit
array image, encoded images in the array are immediately recoded after light irradiation, and time-dependent PSC decibel levels under low-intensity (10.5-33 mW/cm?) red
iluminance gradation, respectively. For the PSC decibel levels, P1—P; represent red-light intensities of 10.5, 22, and 33 mW/cm?, respectively. Reproduced with permission
from Kwon et al., Adv. Mater. 31, 1906433 (2019). Copyright 2019 John Wiley and Sons, Inc. (c) Schematic demonstration of acoustic signal processing, schematic
representation of the action potential creation in the human body as a result of the incoming acoustic stimulation, and acoustic signal processing system employing synaptic
transistors with printed AlOx dielectrics. Reproduced with permission from Bolat et al., Sci. Rep. 10, 16664 (2020). Copyright 2020 Springer Nature.

APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014
© Author(s) 2021

9, 120701-16

6S:€7:70 ¥20Z Jequisides G0


https://scitation.org/journal/apm

APL Materials

was observed in the TFT performance with AlOy annealed at
300 °C. Various gate pulses were applied to confirm the neuro-
morphic behavior. As the interval between the first and second
pulses increases, the second EPSC approaches the same value as
the first EPSC. When several stronger (4 V) synaptic gate pulses
were applied, the highest EPSC with a long-term plasticity (LTP)
of 1 x 107 was achieved. Spike timing-dependent plasticity is
an important parameter for describing the synaptic plasticity of
devices, mimicking the synaptic function,’ relying on the order of
presynaptic and postsynaptic arrival. As shown in Fig. 12(f), the
value of AI/Iy increases when the duration At decreases because
of the desorption of proton ions. From the low-temperature pro-
cessed AlOx, a high concentration of hydrogen ions in the dielec-
tric layer activated neuromorphic devices by emulation of synaptic
functions.

Inorganic solid electrolytes have great potential in terms of
high capacitance and stability.'”” Ren et al. demonstrated pho-
toperception neuromorphic transistors emulating human cognitive
behavior via the solution-processed mesoporous silica (MSC) dielec-
tric layer.”® The fabricated dielectric films exhibit a high capac-
itance of 2.5 yF/cm?® at 1 Hz with a reliable frequency depen-
dency. Because of mobile protons in the MSC, a low operational
voltage of TFTs below 1.5 V with a hysteresis loop was achieved.
The potentiation and depression behaviors were observed through
the pulsed gate input. A stronger amplitude of the signal input
produces a larger postsynaptic current (PSC) output, suggesting
that strong memory is held for a long time. Selective memory
behavior has been mimicked using successive positive or negative
presynaptic signals. Based on the developed neuromorphic sys-
tem, they emulate the cognitive perception system of taste aver-
sion learning for cigarettes in the judgment between craving and
aversion. This study demonstrated that artificial perception learn-
ing systems can be enabled by solution-processed solid-state oxide
dielectrics.

An environmentally adaptive artificial vision system can also
be realized using a combination of light adaptive sensors and neu-
romorphic devices. Kwon et al. demonstrated optoelectronic neuro-
morphic circuits using a sodium aluminum oxide (SAO) dielectric
layer.”” The optical spike was converted into an electrical spike by
using the CdSe light sensor, and the generated Vi was transferred
to the synaptic transistor with SAO dielectrics [Fig. 13(a)]. In the
SAQ dielectric, Na* ions are used as neurotransmitters, and some
Na* ions can be trapped in the channel layer via strong and repeti-
tive gate pulses. The size of the PSCs according to the illumination
pulse of the optoelectronic neuromorphic device was observed, indi-
cating that different Vgpii. values can be applied depending on the
wavelength and intensity of the light. To demonstrate their reliable
spike-timing-dependent plasticity (STP) and LTP performance, the
photopic and scotopic adaption of neuromorphic devices was eval-
uated in a 3 x 3 array under bright and weak light conditions, as
shown in Fig. 13(b). By controlling the load voltage (V1) as a visual
threshold, the successful differentiation of visual images in bright
and weak light conditions was confirmed. This study proved that the
combination of optoelectronic and neuromorphic devices can emu-
late highly susceptible human-like visual recognition, regardless of
changes in environmental background light conditions.

Bolat et al. reported synaptic transistors with printed AlOx
dielectrics in the application of acoustic signal processing systems.’”

RESEARCH UPDATE scitation.org/journal/apm

Figure 13(c) shows a schematic of sound processing (top) in the
human body and the designed sound signal-processing system
(bottom). The printed AlOyx dielectric with the IZO semiconduc-
tor exhibits the hysteresis behavior of the transistor, which is typical
of the memory characteristics of TFTs."’""'"” In the solution-treated
aluminum oxide dielectric, large amounts of hydrogen were shown
to be the main cause of the adsorption/desorption of water and
the water present in the bulk of the dielectric, as well as counter-
clockwise hysteresis.”” The received sound wave is converted into a
square wave of the same frequency, and the square wave acts as the
input signal of the transistor. To demonstrate the synaptic behavior
of the transistor, the EPSC performance of neuromorphic devices
was tested at a 50 kHz input signal. Additionally, the potentiation
and/or depression property was demonstrated using a sound wave
input as a presynaptic pulse at 10 kHz sound. The charge trapping
property in the printed AlOy dielectric creates memory-like ferro-
electricity in the transistor, enabling a synaptic operation of up to
50 kHz and covering the entire audio frequency range. The demon-
stration of high-speed acoustic synaptic responses reveals enormous
potential applications for high-performance neuroacoustic signal
processors.

lll. RESISTIVE SWITCHING MEMORY

Owing to the rapid growth of portable devices and the pop-
ularity of IoT technology networks in recent years, the tremen-
dous demand for communication and computation data storage
continues to increase exponentially. Along with dynamic random
access memory (DRAM) and flash memory, which occupy the
largest scale in the memory technology market, resistive random
access memory (ReRAM) has attracted considerable attention as a
competitive nonvolatile memory (NVM) technology. It combines
the advantages of a simple device structure, fast switching rate,
high endurance, and good retention time.'"*'”* ReRAM has been
studied based on the structural platform of cross-bar architecture
to realize higher density storage than other types of RAM [e.g.,
ferroelectric RAM (FeRAM), phase-change RAM, and magnetic
RAM (MRAM)]. ReRAM uses the reversible resistive switching (RS)
effects of the material, and when a specific electrical sweep bias (or
E-field) is applied, the changes in electrical resistivity between differ-
ent stable states [a high-resistance state (HRS) and a low-resistance
state (LRS)] are stored as data. The fabrication of metal oxide-based
ReRAM devices has been extensively reported for use with vari-
ous memory structures fabricated via several deposition techniques,
including atomic layer deposition (ALD),'””'" chemical vapor
deposition (CVD),'””'” physical vapor deposition (PVD),'"”""" and
chemical solution deposition (sol-gel) methods.!” Compared to
conventional vacuum-based deposition methods, ReRAM devices
using sol-gel methods have significant advantages in cost-effective
manufacturing, simple step fabrication, and large-scale and mass
production.'’

Their reversible changes in resistance and switching mecha-
nisms have been demonstrated based on various materials, such
as transition metal oxides, complex perovskite oxides, conduc-
tive cationic amorphous materials, and organic/polymers.'”'"""'"*
Among them, transition metal oxides have been actively devel-
oped and researched, and it is possible to achieve excellent perfor-
mances, such as low power consumption, high on/off ratio (over
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3-4 orders of magnitude), good device reliability, and ease of inte-
gration with existing CMOS technology.'" Their switching behav-
iors have been demonstrated in various dielectric oxide materi-
als, especially in the binary oxide system—NiO,I 1120 50,2 1
Hfoz,]lh—l 32 ZrOz,l 33-137 A1203,1 38-145 COO,] 16-148 Tazos,] 19,150 5 0d
Si0,'"""*—because of their simple and controllable composi-
tion and stoichiometry. Moreover, ternary oxide systems (e.g.,
SrTiO;, > ' CaTiOs;,'°® PbZr0s,'”” BaTiOs,”%'™ spinel ferrite-
related oxides,'*’"'*’ and multiferroic BiFeO;' ) and other com-
plex oxide systems'®® have been studied. Table I1I shows the differ-
ent processing conditions and properties of sol-gel metal oxide thin
films according to the types of substances used in ReRAM devices
in the literature. Extensive research on sol-gel ReRAM devices has
been conducted in recent years on the preparation and fabrication
of transition metal oxides with careful consideration of their chemi-
cal and electrical properties. This Research Update reviews recently
reported sol-gel oxide thin films for ReRAM devices with various
metal components. In particular, we discuss the recent progress in
the development of low-temperature sol-gel metal oxide ReRAM
devices on flexible plastic substrates and the challenges involved over
the past five years (cf. additional key review and the work of Car-
los et al.'” for detailed information for solution-based oxide resistive
switching memory devices).

64,165

A. Design of materials and structures

As previously discussed, sol-gel-based metal oxide ReRAM
devices have been extensively researched and developed owing
to the unclear physical mechanism, which is still debated, and
several device reliability issues during the repeated operation,
such as nonuniformity of RS parameters, high electroforming
voltage, large and unstable fluctuation in HRS and LRS, and
degeneration of endurance properties and retention time. Many
research approaches, such as metal doping,'**'*~""" introduc-
ing metal “*"""”? or metal oxide''>!!120-127:129 nanoparticles (NPs),
bi- and multilayer structures,'’”'”>'”” and different atmospheric
conditions, **"*>"7*1"! have been long been reported as solu-
tions. We present several studies dealing with the recently reported
sol-gel-based metal oxide materials, including RS effects with addi-
tional functions, and the relationship between basic approaches
of sol-gel chemical reactions and their RS changes in ReRAM
devices.

1. Multifunctional oxides for resistive
and magnetization switching

Yao et al. reported the synthesis of various metal oxide systems,
including simple binary oxides to complex oxides by using a sol-gel
process with different annealing conditions for improving RS effects
and performance, such as a lower forming voltage and uniform
distribution of switching voltages, excellent endurance, and data
retention time. They reported that sol-gel solution-derived spinel
Co304 thin films'*® with different annealing atmospheres (such as
oxygen, air, and nitrogen) and temperatures'*’ show effects on the
properties of RS and magnetic modulation. They also demonstrated
that the switching mechanisms of RS behaviors can be explained by
the formation and rupture of oxygen vacancies based on conducting
filaments (CFs) via the temperature-dependent resistance and

scitation.org/journal/apm

magnetization variations of Co3O4 thin films. Furthermore, they
embedded Ag-metal nanoparticles into pure Co3O4 thin-film
devices'** to promote the local electric field, oxygen vacancies, and
conversion of cation valence states (Co?™ and Co>"). The different
approaches of the synthesized Co3Oy4 thin films demonstrated both
resistive and magnetization switching properties, which represent
a feasible approach for designing multifunctional electromagnetic
coupling NVM devices. They further studied sol-gel solution-based
different magnetic spinel-ferrite complex ternary metal oxide
materials, especially NiFe,Oy4, for use in promising applications of
multifunctional electric- and magnetic-integrated devices with the
switching mechanism of RS behaviors from the formation and rup-
ture of CFs along the preferential orientation growth direction.'”
Subsequently, they introduced various rare-earth ions (Ce,'®’ Gd,'*’
and Cr'®’) into spinel ferrite devices to improve the RS properties.
Finally, they proposed the underlying switching mechanism by
which the resistive and associated magnetization switching effects
of rare-earth ion doping can be ascribed to a suitable concentration
of oxygen vacancies and conversion of cations (e.g., ion valence
change, redox reaction, and Joule heating effects)”‘l'm 178
while Tilnimizing randomness for the formation/rupture
of CFs.'*""'%

2. Sol-gel oxide solution aging and interfacial oxide
layer for ReRAM devices

Hsu et al. comprehensively investigated the effects on the aging
time of sol-gel precursor solution of HfOx—ranging from 1 to 150
days—and the RS behaviors of the HfOx ReRAM devices.'”* The
as-prepared and semitransparent sol-gel solution of HfOy turned
to a completely dissolved and transparent solution after aging for
60 days, presenting the optimal ReRAM device performance. On
the other hand, the HfO, ReRAM devices using the sol-gel solu-
tion that aged for 150 days (over 90 days) showed high-instability
RS behaviors due to more defect states in the device and required
a high transition voltage to inject more carriers to fill the traps.
Next, they explored the effects of bottom electrodes (BEs) on the
RS behavior of sol-gel HfOy thin films to reduce the sol-gel aging
time (from 60 to 3 days) and to improve the ReRAM device per-
formance.'”® They considered the Gibbs free energy of the interfa-
cial oxide layer between the deposited HfO, (AG of HfO, forma-
tion ~ —1010.8 kJ/mol)'”* and three metal BE layers (Al, Mo, and
Pt). Al created abundant oxygen vacancies by capturing the oxy-
gen in the HfOx film because of the low Gibbs free energy of the
AlOy interlayer (AG of Al,O3 formation ~ —1582 kJ/mol),'*" mak-
ing the HfOy film conductive. However, Pt resulted in the HfOy film
being nonconductive because of the high Gibbs free energy of the
PtO; interlayer with nonspontaneous reactions with oxygen. Inter-
estingly, the moderate value of the Gibbs free energy of the MoOx
interlayer (AG of Mo as the BE ~ —443.8 kJ/mol)'*! from Mo BE
could induce sufficient oxygen vacancies in the HfO film, leading
to stable RS characteristics with a maximum process temperature
of 100 °C.1%°

B. Approaches for low-temperature fabrication

Most studies of sol-gel-based metal oxide films for mem-
ory applications have been reported in a template based on the
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TABLE lIl. Parameters of resistive memory devices using the sol-gel metal oxide dielectric layer. [Tp: maximum processing temperature, tp: processing time, TE/BE: top and
bottom electrode, U/B: resistive switching behaviors of unipolar and bipolar, NP: nanoparticle, STO: strontium titanate, STN: strontium titanate nickelate, DI: dip coating, AN:
anodization (anodic oxidation), IM: imprinting method, PET: polyethylene terephthalate, PI: polyimide, and O,, Ny, Air: annealing in oxygen, nitrogen, and air condition.]

6S:€7:70 ¥20Z Joquisides G0

Processing Bending
Retention Endurance feature (substrate, time (if
Year Material Deposition Tp (°C) f, (min) TE/BE  U/B Ronorr time (s) (cycle) if flexible) flexible)
Group TiO and STO
20172 TiO, SC 400 60 Pt/Pt B 55x10 500
2017'84 TiO, DI 150 180 ITO/Pt B 10° 10* 600
2018'2 TiO, AN RT ND Ti/Ag B 27x10 e 16 DUV (PET) 1000
2018'% TiO, AN RT ND Ti/Cu B 8x10 - e
201912 TiOs« AN RT ND Ti/Pt B ~10? - 4500
2021'% TiO, SC RT 300 ITO/Ag B >10 2x10° 100 DUV (PET) 40
2017'53 Fe:STO SC 700 60 ITO/Au U ~10° 10* 50
20177 STN SC 100 15 ITO/Al B 10° 10° 140 (PET) 14
2018'%° STO SC 650 60 ITO/Au U 10° 10* .
Group CoO and FeO
201914 Co304 SC 600 60 Pt/Pt B ~10? 10* 800 0,3, Ny, air
201947 Co030,4 SC 600 60 Pt/Pt B ~10? 10* 300
2019 Ag:Cos04 SC 600 60 Pt/Pt B ~10° 2x10* 1500
2017'°  Ce:NiFeO, SC 750 60 Pt/Pt U 10° 10° 500
2017'9"  Ga:NiFeO, SC 750 60 Pt/Pt U 10? 10° 500
20192 Cr:NiFeO, SC 700 60 Pt/Pt B 10% 10° 500
2020'°  YtzFesOp, SC 700 60 Pt/Pt U 10° 10* 200
Group ZrO and HfO
2017 ZrO, sC 500 60 ITO/Ti B 7x10 10* 100 0,
20173 ZrO, DI 150 180 ITO/Pt B 10° 10* 600 DUV (PET) 1000
2018"%°  ZnO/ZrO, SC 300 60 Al/Al B ~10° cen 20
2018136 ZrOx SC 400 60 n+Si/ln B ~10° 10* 500
2020'%7 ZrO, SC 200 60 Al/Al B ~10* 10* 150 0, (PI) 150
2017126 HfO, SC 350 60 Mo/In B ~10 - 200 0,
2017128 HfO4 SC 100 10 Mo/In B 2.71 .. 500
20177 HfO, NP IJ 240 180 Au/Ag B 10° e 128 Vacuum
20182  HfO, NP BL ND ND Pt/Pt-Ir B 10° - 50
2018'% HfO, AN RT ND  Hf Nb/Pt B 5 10* 1000
2019'°"  Nb:HfOy AN RT ND  Hf-Nb/Pt B 5 10* 1000
2021132 HfO, AN RT ND Hf/Pt B 10° 10*
Group NiO and AlO
2017'°  NiO/ZnO NP SC 150 120 ITO/Galn B 10° - 1000 (PET) 1000
20181 NiO NP IM 80 10 Pt/Pt U 10° . . (PET)
2018'"7 NiO SC 200 30 Pt/Ag B 10° 10* 80 DUV
2018'"% NiO SC 350 30 Pt/Ag B >10 10* 100 SCS
2018'"Y  NiO/CeO, SC 400 120 ITO/Galn B ~10° e 100
2020'2  NiO NP SC 180 60 Ni/Ni U ~10° e 120 (PI) 120
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Processing Bending

Retention Endurance feature (substrate, time (if

Year Material Deposition Tp (°C) t, (min) TE/BE U/B Ronjorr  time (s) (cycle) if flexible) flexible)
Group NiO and AlO
20183 AlO, SC 565 2 Pt/Ti B 4x10? 10* 100 Microwave
2018  AlOy SC 347 2 Pt/Ti B 10 10* 1000 Microwave
2018'  ALO; SC 500 30 Pt/Ti U ~10° 10° 100 SCS
20191 AlO, SC 170 30 Foil/Al B ~10° 10* 100 (Foil) 500
2019 AlO sC RT 30 ITO/Ag U ~10° 10* 100 DUV (PET) 200
20197 AlOy SC 200 60 PYTIN B 1.8x10? 10* 30
2020 AlOx SC 250 60 ITO/Ag B ~10° 10 500
2021 AlOq I 150 90 ITO/Ag B  4x10 10° 100 DUV + SCS
Group TaO and group SiO

2017 TaOy AN RT Ta/Pt B >10 10* 10°
2020 TaOy AN RT Ta/Pt B 8x10 .
2019 Bi,SiOs SC 600 60 Pt/Pt B 10? 10* 100
2020 SiOx e RT 30 Au/Ag B 10° >10* 349 DUV (PI) 2000

well-known RS operation principle and the performance of classi-
cal metal oxide materials.'”''>'**'** The conventional fabrication
of metal oxide films exhibiting RS properties requires long-duration
processing time (>1 h) and temperature over 400-600 °C. To over-
come, many studies have been focused on the low-temperature
formation of high quality oxide film processing methods and
advanced approaches from convergent perspectives of material
chemistry.'*"

1. Solution combustion synthesis with DUV
treatment for ReRAM devices

As previously discussed in Sec. 11, the formation and densifica-
tion of the sol-gel metal oxide layer require high thermal annealing
temperatures to build sufficient structures of the metal oxide frame-
works for the removal of organic impurities and unreacted chem-
ical species, leading to high-quality films. Carlos et al. developed a
unipolar resistive switching aluminum oxide (Al,O3) device using
a simple solution combustion synthesis (SCS) process for the first
time.'* The SCS methods can promote the conversion reactions
from metal precursors into metal oxides accompanied by exother-
mic redox reactions during the annealing process to reduce the
required external thermal budget. They prepared high-quality amor-
phous A, O3 thin films (bilayer structure) at 500 °C on a transpar-
ent conducting oxide (TCO) glass substrate for fully transparent
ReRAM devices, which have good endurance and reliable reten-
tion time (~10* s), and multilevel cell (MLC) operation. The same
research group next simultaneously combined different methodolo-
gies such as thermal annealing with SCS at 150 °C and DUV treat-
ment to improve the electrical performance and compatibility with
the printing industry."*> The inkjet-printed SCS-based aluminum

oxide RS devices, by combining the DUV treatments, presented a
bipolar RS behavior with good endurance and retention time (10° s),
high reproducibility, and a sufficient on/off ratio to achieve a MLC
with at least four distinct level states [Figs. 14(a)-14(c)]. The over-
all results presented the outlooks for large-area manufacturing of
sol-gel ReRAM devices with a high resolution-printing method
and low-temperature processing techniques, which are suitable for
low-cost substrates (e.g., plastic or paper).

2. Microwave irradiation for ReRAM devices

138,139 . . .
Cho and co-workers employed the microwave irradia-

tion method for the fabrication of sol-gel solution-based AlOx-based
ReRAM devices. As a low-temperature sol-gel method, microwave
irradiation has attracted attention for achieving good energy trans-
fer efficiency for the target metal oxide materials to induce molecular
motions and rearrangements at the atomic scale. The microwave
irradiation method has different advantages, such as short process-
ing time, good thermal uniformity, selective heating, and efficient
removal of metal oxide defects. They controlled the microwave
power ranging from 600 to 3000 W for the post-deposition anneal-
ing process to optimize the formation of the AlOy active layer. As the
microwave power increased, the microwave-assisted AlIOx ReRAM
devices exhibited a significant improvement in the memory window
and good reliability (endurance over 10° cycles and a retention time
of 10* s at RT) with multilevel operation.

3. Electrochemical anodization method
for ReRAM devices

Recently, anodization has attracted attention because it is a
low-temperature and cost-efficient process that can be used to fab-
ricate high-quality and dense oxide thin films (e.g., pinhole-free) on
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FIG. 14. (a) Schematic of the printing steps of the SCS solution-based metal oxide resistive switching memory device: (i) inkjet-printing process of the AlOy ink atop of
ITO glass, (i) drying process after printing, (iii) DUV photo-assisted annealing process of the SCS-AIOy thin film, and (iv) inkjet printing of the Ag nanoparticle ink. (b)
High-resolution SEM-FIB cross-sectional image of the fabricated resistive switching memory device. (c) The multistage storage [multilevel cell (MLC)] properties on the
reset side by the application of a current visible pulse (10 pulses) stress (CV-PVS) with a time width of 100 ms. Reproduced with permission from Carlos et al., J. Mater.
Chem. C 9, 3911 (2021). Copyright 2021 Royal Society of Chemistry. (d) Schematic of the preparation of the electrochemical growth of the anodic Ta;Os layer on the Ta
metal electrode layer. (e) Retention test of the LRS for five current compliances applied during the SET cycle in the test (20 mV pulse at every 20 s with 100 ms READ
pulse). Reproduced with permission from Zaffora et al., Adv. Mater. 29, 1703357 (2017). Copyright 2017 John Wiley and Sons, Inc.

various metallic substrates with (1) precise control over morphol-
ogy and thickness and (2) tailored structural and electronic prop-
erties.””’ The redox-based ReRAMs constitute the metal/solid elec-
trolyte/metal junctions. Zaffora et al. reported redox-based ReRAM
devices electrochemically prepared by anodizing sputtering-metal
films in buffer solution for the formation of metal oxides of
Ta/Ta,0s,'"" Hf/HfO;, and Nb/Nb,Os'*" and mixed oxides of
Ta-Al and Hf-Nb."”! The electrochemically anodized Ta/Ta,Os-
based memory devices'*’ demonstrated excellent performance [i.e.,
high endurance >10° cycles, data retention >10* s, and fast switch-
ing rate (~ns)] [Figs. 14(d) and 14(e)]. Furthermore, unlike the
Nb/anodic Nb,Os/Pt device cells, the fabricated Hf/anodic HfO,/Pt

device cells showed excellent device reliability and performance
(endurance > 10> cycles, retention time >10* s, and MLC with >5
different values),'”’ demonstrating that electrochemical growth of
the anodic oxides in various conditions demonstrated potential to
produce high quality and reliable oxide thin films for ReRAM device
applications.

C. Flexible memory devices

The maximum processing temperature for the fabrication
of flexible and stable ReRAM devices directly depends on the
endurance temperature and internal thermal stress resistance
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of many polymer substrates. However, most sol-gel solution-
based metal oxides require a high thermal budget (>400°C),
which is not fully suitable for the poor heat resistance of poly-
mer substrates, such as PI, PES, PEN, and polyethylene tereph-
thalate (PET). The above-mentioned studies on the development
of low-temperature sol-gel-based oxide film materials and fab-
rication techniques for ReRAM devices eventually exhibit supe-
rior and reliable performance even on flexible plastic sub-
strates despite intense mechanical stress (e.g., bending radius and
times).

scitation.org/journal/apm

1. UV photochemical activation

Conventional sol-gel methods for the preparation of high-
performance ReRAM devices require a high-temperature annealing
process, which will hamper processing compatibility with flexible
substrates owing to their poor thermal endurance. For instance,
commercially available and low-cost flexible substrates such as PET
should be handled at temperatures below 150 °C. Since the report of
the DUV photochemical solution method’*”” for low-temperature
oxide film fabrication, many studies on the fabrication of various
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FIG. 15. (a) Schematic of the preparation of the flexible Ag/SiO«/Au/PI device and the conversion of PHPS into SiOy under vacuum ultraviolet irradiation (A ~ 172 nm). (b)
The resistance of HRS and LRS with varying the bending outward radius in the range of flat to 0.5 mm and the change in resistance with bending numbers in the inward
direction, R = 2.3 mm, with compressive bending states of the samples. Reproduced with permission from Li et al., ACS Appl. Mater. Interfaces 12, 56186 (2020). Copyright
2020 American Chemical Society. (c) Schematic illustration of the fabrication process of NiO NP-based resistive memory devices by the direct imprinting method. (d) SEM
image of the flexible NiO NP-based resistive memory devices on a flexible PET substrate. (e) I~V curves of the resistive switching behaviors of NiO NP-based flexible
memory devices. Reproduced with permission from Kim et al., Solid-State Electron. 142, 56 (2018). Copyright 2018 Elsevier.
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metal oxide films with resistive switching behaviors on flexible
plastic substrates (such as PET) have been reported. Li et al.'**
demonstrated a sol-gel ZrO, layer on a PET/ITO substrate via a
low-temperature DUV photochemical process and a UV-assisted
micropatterning technique for the fabrication of flexible ReRAM
miniature device arrays. They employed two types of UV illumina-
tion with 325-365 nm and 185 and 254 nm for micropatterning of
photosensitive sol-gel films and for further condensation reactions.
The ZrO; layers on the flexible PET/ITO substrate showed excellent
memristive properties with a high ratio of the on/off state and stable
performance with 10° bending times and 6.25 mm bending radius.
Using the low-temperature UV photochemical solution method,
Duan'*? and Zou'* also reported the fabrication of AIO-OH and
TiO; thin films for flexible resistive memory on PET/ITO substrates
with good unipolar RS behaviors and long retention times and
mechanical endurance with different bending radii and times. Their
results showed that DUV -photochemical activated flexible ReRAM
devices have potential applications in neural networks and wearable
electronics.

Li et al.'>> demonstrated the fabrication of an amorphous and
uniform SiOx layer by the efficient conversion of an inorganic poly-
mer from perhydropolysilazane (PHPS) into SiOx via vacuum ultra-
violet (VUV) irradiation (A ~ 172 nm) at room temperature on a PI
film for flexible ReRAM devices [Fig. 15(a)]. Interestingly, VUV irra-
diation of PHPS involved a photocleavage reaction of Si-N bonds
and the subsequent oxidation reaction of the Si radicals, without
undergoing typical sol-gel reactions of hydrolysis and condensa-
tion. The corresponding ReRAM devices of Ag/SiOx/Au structures
showed typical bipolar switching behavior with forming-free per-
formance (349 cycles and resistance states >10* s at both RT and
85°C). The device on a PI substrate showed outstanding flexibil-
ity with a minimum bending radius of 0.5 mm for 80 cycles, and
no degradation of device performance was obtained after bend-
ing times (>2000 times) with a radius of 2.3 mm, which is the
best among the reports on solution-processed binary oxide-based
ReRAMs, even rival in the performance of vapor-deposited SiOx
devices [Fig. 15(b)]. They expected that highly flexible and stable
ReRAM devices by the solution-based fabrication via VUV irradi-
ation at room temperature have high potential in the application of
smart wearable electronics.

2. Oxide NP solution deposition and ligand
exchange process

Hong and co-workers demonstrated the simple fabrication of
solution-based flexible ReRAM devices using NiO NPs''*'*’ because
the synthesized metal oxide nanoparticles do not require additional
heat treatment for further crystallization. Moreover, they imple-
mented the imprinting process using a demolded elastomeric PDMS
template from the nanopatterned Si master stamp [Fig. 15(c)] for
patterning of the NP solution.!'® Considering the capillary force
and dewetting conditions, the NiO NP (20 wt. % NiO NPs in
isopropyl alcohol solvent) was imprinted directly onto a flexi-
ble PET substrate with optimized pressure (5 bars) and tempera-
ture (80 °C) for 10 min. The fabricated flexible NiO NP ReRAM
devices show good switching performances with a high on/off ratio
resistance (~10°) at 2.4 and 3.4 V for reset/set switching opera-
tion [Figs. 15(d) and 15(e)]. In a couple of years, they proposed

scitation.org/journal/apm

improved NiO NP-based flexible ReRAM devices using the lig-
and exchange process from the original organic ligand to nitroso-
nium tetrafluoroborate (NOBF,) ligand with relatively weak bind-
ing to NiO NPs, which allows their easy removal to promote
agglomeration at a low temperature of 180 °C."”" The NiO NP-
coated substrate was immersed into the NOBF, solution (1 wt. %
in dimethyl sulfoxide solvent) for 3 min and subsequent thermal
treatment. The fabricated flexible NiO NP-based ReRAM devices
on a flexible PI substrate exhibited excellent switching behaviors
and stable resistance operation for more than 100 switching cycles
under compressive stress with a bending radius of 10 mm, indi-
cating the potential for next-generation flexible oxide memory
devices.

IV. FERROELECTRIC MEMORY

In contrast to the metal oxide-based resistive switching mem-
ory devices that use the phenomenon of electrical resistance changes
described in the previous chapter, the ferroelectric thin film devices
in this Research Update are an electronic device that utilizes the
following phenomenon: the polarization inside the thin film is not
completely recovered and remains according to a given electrical
field. Typically, ferroelectric oxide thin films are well known as
multifunctional materials: (1) highly sensitive sensors and actua-
tors on a small scale owing to their large electromechanical response
and considering their large displacement capabilities and (2) non-
volatile memory applications [e.g., FERAM and ferroelectric FET
(FeFET)] owing to their high dielectric constants and large remnant
polarization (Pr). 12,185

As previously discussed, the processing advantages (such as
cost efficiency and ease of controlling the film thickness, compo-
sition, and stoichiometry) that can be obtained through the fab-
rication of ferroelectric oxide thin films via the sol-gel method
are identical to those of different applications of oxide thin films.
However, a prerequisite for the fabrication of ferroelectric oxide
thin films is that the ferroelectric components must undergo a
crystallization process (including nucleation and growth) from
the as-deposited film state.'>'” Micro-/nanoscale structural prop-
erties (e.g., grain size and growth orientation; textures, secondary
phase nucleation, and growth; and atomic vacancies and porosi-
ties) in the specified crystalline structures closely regulate the elec-
trical performance of the synthesized ferroelectric metal oxide thin
ﬁlms.\llj,lh'(w

The development of classical ferroelectric oxide materials,'®’
such as lead zirconate titanate [PZT or Pb(Zr and/or Ti and/or
Ba)Os] and strontium bismuthate tantalate (SBT), has been hin-
dered because of the complex perovskite chemistry and high volatil-
ity of the main cations (Pb and Bi) during the crystallization process
and downscaling and integration limitations with regard to compat-
ibility issues in the fabrication of CMOS circuits.'>*>'**'* More-
over, in these cases, they must be manufactured with a high film
thickness because of a relatively low bandgap of ~3 eV and a fee-
ble dielectric breakdown field in the thin film."®” It also contains
heavy metal elements (e.g., Pb), which can cause safety and envi-
ronmental issues. Despite these shortcomings, they are still used
in many electronic memory devices. In this Research Update, we
review new chemical compositions or phase structures of various
materials with unique properties (cf. additional key reviews'”'”" for

APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014
© Author(s) 2021

9, 120701-23

6S:€Y:10 Y202 Jaquialdas Go


https://scitation.org/journal/apm

APL Materials RESEARCH UPDATE

solution-based ferroelectric BiFeOs films and the first review report
of solution-based ferroelectric HfO, films).

A. Sol-gel bismuth ferrite films

As a paradigmatic material candidate with lead-free (Pb-
free) and strong ferroelectric properties, sol-gel-based bismuth fer-
rite (BiFeO3; and BFO) has been extensively researched for the
facile and low-cost preparation of high-quality large-scale thin
films for next-generation ferroelectric NVM devices. However,
the BFO thin films prepared by the sol-gel method have signif-
icant difficulties with robust ferroelectric properties, including a
high leakage current from the structural defects, undesired for-
mation of secondary phases (such as BiFe4Oy), and crystallo-
graphic defects.!”! The fabrication of solution-based BFO thin
films still has many challenges, such as (1) unsaturated and leaky
polarization performances at room temperature and (2) randomly
oriented crystallization within the whole bulk thin films.!"”® To
resolve these issues, the research progress of sol-gel solution-based
BFO thin films has entered a new phase by employing strain
engineering from specific metallic oxide electrodes and substrates

scitation.org/journal/apm

(e.g., SrTiO3, DyScOs, SrRuOs, LaNiOs, Lag7Sro3MnOs, or pla-
tinized silicon wafers) for high-quality epitaxial thin films in novel
memory applications.l‘m’w2 19

From a different viewpoint of the conventional sol-gel method,
Tomezyk et al.'”® reported the direct fabrication of the BFO thin
films on polyimide flexible substrates using the seeded photosen-
sitive precursor strategy, demonstrating the macroscopic perfor-
mances of multiferroelectric switching at room temperature [i.e.,
P, ~28 yC/cm2 and coercive field (Ec) ~ 0.38 MV/cm]. The pro-
posed intermixed strategy with two low-temperature crystallization
processes: (1) the preparation of crystalline nano-seeded diphasic
sol/solution-gel precursors to promote the number of nucleation
sites and (2) the synthesis of photosensitive precursors with UV-
absorbing species (such as -diketonates), followed by UV irradi-
ation. This novel approach was successfully used to significantly
reduce the crystallization temperatures of BFO films to as low as
300 °C and showed great potential for universal applicability to dif-
ferent complex metal oxides on flexible substrates in microelectronic
devices [Figs. 16(a)-16(c)].

Furthermore, Bretos et al'”’ demonstrated the comple-
mentary strategies combining three chemical features for the
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FIG. 16. (a) Photoimage of a seeded photosensitive precursor (SPP)-based BiFeO; (BFO) thin film fabricated on a flexible polyimide (PI) substrate: with bending radius, R
~ 20 mm. (b) XRD patterns of the BFO thin films processed at 300 °C on the Pl substrate (unseeded films: amorphous phase; seeded and seeded + UV films: perovskite
crystalline phase). (c) Ferroelectric hysteresis loops of the polarization—electric (P-E) field of the fabricated BFO thin films with seeded and seeded + UV condition with
measuring conditions at 140 K and 10 kHz. Reproduced with permission from Tomczyk et al., J. Mater. Chem. C 5, 12529 (2017). Copyright 2017 Royal Society of Chemistry.
(d) SEM images of the low-temperature processed BFO thin films annealed at 325 °C (inset: the flexible BFO thin film). (¢) An XRD pattern of the flexible BFO thin film
annealed at 325 °C on the Pt/Cr/Polyimide/NiCr/Pt substrate, (*: peaks from the substrate). (f) Ferroelectric hysteresis loops of P-E of the flexible BFO thin film prepared
at 325 °C, measured at room temperature (298 K) and 5 kHz. Reproduced with permission from Bretos et al., Adv. Funct. Mater. 30, 2001897 (2020). Copyright 2020 John

Wiley and Sons, Inc.
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fabrication of the solution-derived BFO thin films on the flex-
ible polyimide substrates [Figs. 16(d)-16(f)]. They proposed a
novel “three-in-one” approach to decrease the crystallization
temperature to form a perovskite phase of BFO below 350°C:
(1) the preparation of the photosensitive metal precursors
with molecular complexes formed by metal cations (Bi or Fe)
chelating with alkanolamine ligands (N-methydiehtanolamine,

scitation.org/journal/apm

MDEA),"” resembling the crystalline structures of oxide phase
for chemical homogeneity; (2) UV-assisted photoannealing
13,27 . . - . .
process promoting photochemical reactions in the deposited
precursor films leading to photochemical bond cleavage (i.e.,
photolysis), generation of reactive oxygen species, and further
chemical reactions in M-O frameworks; and (3) internal combus-
tion reactions’® from the redox combination reactions between

TABLE IV. Parameters of HfO,-based ferroelectric devices using the sol-gel metal oxide dielectric layer. (2,4-PD: 2,4-pentanedionate, Acac: acetylacetonate ligands, PrA: pro-
pionic acid, AcA: acetic acid, 2-ME: 2-methoxyethanol, EG: ethylene glycol solvent, ACN: acetonitrile solvent, Et-OH: ethanol, DIW: de-ionized water, OiPr: iso-propoxide,
t-OiPr: tetra-iso-propoxide, and Y + Zr: Y-doped HfZrO, layer. *: Parameter was extracted from the data in the reconstructed graph; **FeFET: ferroelectric field-effect

© Author(s) 2021

transistor.)
Endurance
Hf Dopant  Tp Substrate d P, test
Year precursor Solvent Dopant precursor (°C) TE (with BE) (nm) (,uC/cmz) E. (MV/cm) (cycle)
2014'°  24-PD PrA Y 2,4-PD 700 Pt Pt/TiO,/Si0,/Si 35 13 2.14 10°
Y 45 20 14
Yb 42 ... ..
La 42 12.7* -1.07/+1.59%
200 . _
2015 2,4-PD PrA Nd 2,4-PD 800 Pt Pt 4 13.9* 1.38/41.62*
Sm 42 12.3* —1.09/+1.59*
Er 42 14.0* -1.27/+1.71%
Al 3.0* —-0.80/+0.62"
Ga 4.9% -0.91/+0.71%
In 53 -1.32/+1.13%
2017°""  2,4-PD  PrA Mg  24-PD 800 Pt Pt/TiO,/SiO» 42 327 0.79*
Sr 12.9°  -1.32/+1.57*
Ba 12.3* —1.69/+1.45
Co/Ni >3.7F cee
2017°°>  2,4-PD PrA Y 2,4-PD 800 TiN Pt 15 10 —-1.6/+1 10°
2017°° OiPr 2-ME Zr Nitrate 500 Pt TiN/Si(100) 10 10
2017°°°  Chloride Et-OH Y Chloride 800 Pt(111)/TiO,/SiO,/Si 9 20 1.4
20177 t-OiPr 2-ME Zr t-OiPr 700 Pt Pt(111)/TiO,/Si(100) 40 2.1 0.58
2018"%  +OiPr  2-ME Zr t-OiPr 700 Pt Pt(111)/TiO,/Si(100) 40 8 0.8
2018°" Chloride DIW Y Nitrate 700 TiN p-type Si(100) 25 14.2 —1.45/+1.78
2018°"Y  Chloride Et-OH Sr Chloride 800 TiN TiN/Si e 1.51 2 10’
2019 2,4-PD PrA Sr 2,4-PD 700 Au Pt/Ti/SiO,/Si(100) 48.7 13.3 —-1/+0.8 10°
2019%'> Chloride DIW Ca Nitrate 700 TiN p-type Si(100) 35 10.5 2 107
2019°°  24-PD  AcA Pr Nitrate 800 Pt Pt(111)/Ti/SiO./Si(111) 40 6.9 ~1.1/+1.2 10°
2020'%¢  2,4-PD AcA Ce Nitrate 800 Pt n-type Si(100) 78 28.6 -1.2/+2.2 10°
2020°'*  2,4-PD PrA s s 700 TiN TiN/Si(100) 136 22.56 cee >107
2020°"° Acac PrA Y +Zr Acac 800 Pt Pt/Ti/SiO,/Si 40 15 14
20207 Acac PrA Y + Zr Acac 800 Pt Pt/Ti/SiO,/Si 40 21 1.5 **FeTFT
2021°"7 Acac PrA Y +Zr Acac 800 Pt/ITO Pt/Ti/SiO,/Si 13 10 1.3 **FeTFT
2021°'®  Chloride EG,ACN  Zr Chloride 450 Mo/AlOx Mo/Glass 20 20 **FeTFT
APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014 9, 120701-25

6S:€7:70 ¥20Z Joquisides G0


https://scitation.org/journal/apm

APL Materials RESEARCH UPDATE

oxidizing and reducing (fuel) agents from nitrate and MDEA
to generate strong exothermic reactions (ie., localized energy
supply) in the precursor films at the lower phase conversion
temperatures, promoting the complete decomposition of organic
impurities and further reactions of oxide-formation.”*”® Finally,
the fabricated flexible BFO thin films through the three-in-one
solution-based approach presented good ferroelectric performance
Py ~ 175 yC/cmz). Additionally, the flexible BFO thin films
demonstrated good photocatalytic effects due to their relatively low
bandgap (2.2-2.7 eV), which could open possibilities in the effective
integration of photo-ferroelectrics in future electronic/energy
applications.

B. Sol-gel hafnium dioxide films

This section reviews the recently highlighted sol-gel-based pro-
cessing of ferroelectric oxide thin films of atomically doped hafnium
oxide (doped-HfO,), which has emerged as a new wave of ferroelec-
tric materials research since the discovery of unconventional ferro-
electric properties in 2011."”* With regard to conventional ferroelec-
tric materials, HfO,-based ferroelectric thin films are advantageous
owing to their wide bandgap, leading to efficient suppression of the
gate leakage current and high compatibility with CMOS technology
for large-scale integration.*”'*”'"" In particular, we present a brief
overview of the developments of sol-gel-derived ferroelectric doped-
HfO; thin films with their research features and challenges over the
past decade (Table IV).

In 2014, Starschich et al. presented ferroelectric HfO, films
with yttrium (Y)'"””*"" and different dopants of lanthanide groups,
such as ytterbium (Yb), lanthanum (La), neodymium (Nd), samar-
ium (Sm), and erbium (Er), with the same doping concentration’”’
of 52 mol. % to investigate the phase formation and influence
of the ferroelectric properties. Furthermore, they further studied
HfO, films with very different dopants, such as magnesium (Mg
with the ionic radii of 72 pm), strontium (Sr), and barium (Ba
with the ionic radii of 135 pm) in terms of size, valence, and dop-
ing concentrations in the same film thickness of 42 nm.””’ The
ionic radius of dopants larger than ~85 pm linearly affected the
resulting ferroelectric performance with a higher P;. Various alka-
line earth metal ions induced the maximum P; of the sol-gel-based
HfO, films with a doping concentration of 7.5 mol. %, in con-
trast to the doping of the boron group (Al, Ga, and In) and rare
earth metals with similar ionic radii (Co and Ni) with 5.2 mol. %.
They also showed the importance of determining the failure mech-
anism of ferroelectric thin films via pulse measurements for the
lifetime of ferroelectric memory devices, indicating that the lifetime
is strongly related to pulse frequencies (Fig. 17).”"? The results of
the wake-up effects of solution-derived Y-doped HfO, and the gen-
eration of oxygen vacancies at the interface of electrodes lead to
the dielectric breakdown due to the high frequency of the pulsing
bias.

The remnant polarization (P;) is strongly correlated with the
relative fractions of different crystalline phases in polycrystalline
HfO,, especially from a noncentrosymmetric orthorhombic (o-)
phase (metastable) with the Pbc2; space group.”’””"" Therefore, the
promotion of crystallization and stabilization of the o-phase, among
the centrosymmetric phases [monoclinic (m-) at RT, tetragonal
(t-), and cubic (c-) at higher temperatures]'®” in HfO,-based

scitation.org/journal/apm
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FIG. 17. (a) Schematic of the flow for the fabrication of the solution-processed
ferroelectric HfO, thin film: loading the synthesized precursor solution with vari-
ous metal dopants on the platinized (Pt) substrate, drying the as-spun films with
soft-heating on a hot plate (with repeating for several times to obtain the desired
thickness), annealing the film for crystallization at ~800 °C by a rapid thermal
annealing process, and then depositing the top electrodes for MFM device struc-
tures. Reproduced with permission from Starschich et al., ECS J. Solid State Sci.
Technol. 4, P419 (2015). Copyright 2015 IOP Publishing. (b) Distribution of rem-
nant polarization (Pr) of solution-based HfO, ferroelectric devices with various
dopants, including the different ionic radii, such as rare earth metals (Sm, Er, Nd,
and La), alkaline earth metals (Mg, Sr, and Ba), boron group elements (In, Ga, and
Al), and cobalt and nickel. Reproduced with permission from S. Starschich and
U. Boettger, J. Mater. Chem. C 5, 333 (2017). Copyright 2017 Royal Society of
Chemistry.

films are vital for high-performance applications in ferroelectric
memory devices. Zheng et al.'* employed a four-valent dopant of
Ce in sol-gel-derived HfO, on an n-type-doped silicon wafer sub-
strate based on the preceding studies”""" of (1) theoretical calcula-
tions by first-principles computational investigation and (2) exper-
imental results by physical vapor deposition on the epitaxial sub-
strate, that is, the good solubility in the overall HfO, matrix and the
preferred stabilization of the o-phase. They studied the microstruc-
tures and ferroelectric properties of CeO,-HfO; solid solution thin
films. With 15 mol. % of CeO, content, the doped HfO, ferroelec-
tric films show the maximum value of P, of 28.6 yC/cmz to 15
mol. % and good endurance behavior over 10° switching cycles (at
2.9 MV/cm with 100 kHz frequency), promising for sol-gel-based
ferroelectric memory devices.

APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014
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V. PHASE TRANSITION DEVICES

Recently, novel metal oxide materials have been intensively
developed to overcome the physical limitations of the present Si
technology (e.g., scaling issues and energy transfer loss). Since Mott’s
theory was reported in the 1940s,”'”**" the abrupt metal-insulator
transition (MIT) behavior of the materials under external
stimuli, such as various energy fields (e.g., thermal, electric, and
magnetic), mechanical forces (e.g., strain, surface, and pressure),

RESEARCH UPDATE scitation.org/journal/apm

Mott insulators can be categorized into two major material
classes: (1) the transition metal oxide group with a specific thresh-
old temperature of MIT (Tmrr): VO2 (Twmit ~ 340 K),m’222 NbO,
(TMIT ~ 1073 K),223 CazRuO4 (TMIT ~ 357 K),Z24 and ANiO3 (A =
Pr, Nd) (Tmrr of 400-600 K),””” and (2) the different metal chalco-
genide crystal group of AM4Xs (A = Ga, Ge; M = V, Nb, Ta, Mo; and
X =, Se, Te) with low electric fields (<2 kV/cm) and/or hydrostatic

226,227

pressures (GPa).”"

and photonic energies (e.g., visible, IR, and UV lights), can

be interpreted as conventional phase transition types in metal
oxides.

Among the above Mott insulating materials, crystalline vana-
dium dioxide (VO;) has attracted much attention in the V-O system
due to the following properties: (i) Twrr close to room temperature
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FIG. 18. (a) The processing temperatures required for forming crystalline VO, films from sol-gel precursor solutions under conventional (Air), combustion (N, + AN),
photoactivation (N, + DUV), and photocombustion (N, + AN + DUV) conditions. (b) lllustration of an in situ gas flow TEM holder and its customized chip assembly for
the morphological and structural analysis of VO, films from the different sol-gel precursor solutions. Schematic plots of the processing temperature-dependent (c) VO,
crystalline coverage and (d) stoichiometric evolution of V/O ratio in VO, films prepared under the different sol-gel precursor conditions [from (c) in situ TEM and (d) TEM-
EDS measurements of (b)]. (e) lllustration of the photocombusted VO, film directly grown on a flexible polyimide substrate with 24 device arrays (inset: the cross-sectional
view of the fabricated VO, device structure). (f) Plots of resistivity vs temperature of the flexible 24 VO, device arrays before and after bending with the bending radius of
5 mm. (g) Statistical distributions of upward (yellow) and downward (blue) phase-transition temperatures as functions of the bending radius (5-20 mm) and bending cycles
up to 100 cycles. Reproduced with permission from Jo et al., Chem. Mater. 32, 4013 (2020). Copyright 2020 American Chemical Society.
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(340 K, ~67 °C), (ii) the reliable phase transition with a large change
in electrical resistivity, and (iii) high transmittance in the visible light
region.””” The reversible and rapid resistivity change of VO, can be
described as a first-order phase transition between a monoclinic (M)
insulator phase (at low temperature) and a rutile (R) metallic phase
(at high temperature). With interesting MIT behaviors, various types
of applications, including Mott memristors,””* data storages,” "
metamaterials,””’ "’ bolometers,”**> smart-windows,”** and strain,
and gas-sensors,”*® have been demonstrated with advances in the
fabrication strategies.

For the formation of the crystalline VO, phase, various depo-
sition methods have been developed with relatively high process-
ing temperatures: physical vapor deposition (at 450 °C)**"*** and
chemical vapor deposition (at 550 °C).”*° Such relatively high pro-
cessing temperatures hinder the large area film uniformity and the
choice of thermally weak plastic substrates. In addition to the vac-
uum process, the sol-gel derived VO film formation has been widely
explored for large-area and high throughput production, facile con-
trol of stoichiometry, and ease of tailoring device functionalities
and performances by doping.”* *** According to previous reports,
however, the formation of the VO, film with the specific function-
alities'” from the sol-gel approach required a high annealing tem-
perature above 600°C**"*** due to the hard to form crystalline
lattice structure with strongly correlated electron systems (cf. addi-
tional key reviews”'”*'* for solution-based VO, phase-transition
devices).

Jo et al.?” developed the novel photo-combustion process to
significantly lower the formation temperature of the crystalline VO,
phase from 600 to 250 °C by utilizing synergetic effects between
solution combustion synthesis (SCS) and deep-UV (DUV) pho-
toactivation. The sol-gel VO, precursor solutions were intermixed
with ammonium nitrate (NH4NOs, AN) as a carbon-free oxidizing
agent to promote an efficient exothermic combustive reaction with
organic fuel agents [i.e., acetylacetonate (AcAcH)] and a photoac-
tive radical generation via DUV photoactivation for efficient resid-
ual impurity removals and crystalline formation [Fig. 18(a)]. The
crystallization kinetics of the prepared sol-gel VO, precursor solu-
tions with five different conditions [(i) Air, (ii) Ny, (iii) N; + AN
(combustion), (iv) N, + DUV (photoactivation), and (v) N,+AN
+ DUV (photocombustion)] were carefully investigated by in situ
gas heating transmission electron microscopy (TEM) with a tem-
perature increase in every 10 °C [Fig. 18(b)]. Through the overall
investigation of bright-field TEM images and selected-area electron
diffractions, the conversion temperature from the amorphous and
crystalline phase could be clearly distinguished under five (i)-(v)
different conditions: the maximum temperatures of 450, 400, 340,
310, and 230 °C and the minimum temperatures of 600, 550, 420,
350, and 250 °C were indicated in Fig. 18(c) for the persistence
of the amorphous regime and complete VO, crystalline coverage,
respectively.

It is noted that the photocombustion conditions (v) of sol-
gel VO, precursor solution films showed the lowest crystalliza-
tion temperature of 250 °C compared to previous studies (30 cases)
of sol-gel derived VO, films.”*” To further examine the dramatic
reduction in VO, crystallization temperature via DUV photocom-
bustion, the energy-dispersive x-ray spectroscopic (EDS) measure-
ments were made to evaluate the V/O stoichiometric ratio of
sol-gel VO, films [Fig. 18(d)]. The V/O ratio of 0.5 exhibits the

RESEARCH UPDATE scitation.org/journal/apm

completed conversion of crystalline VO, films (V:O = 1:2) after
the oxygen reduction (i.e., oxygen vacancies), indicating a similar
trend with the sharp slopes of crystal coverage (i.e., crystallization)
in Fig. 18(c). For the first time, they demonstrated the sol-gel-based
VO, flexible phase-transition device arrays (4 x 6 devices) on the
plastic substrate due to large-area uniformity and reliable mechan-
ical bendability by employing the DUV photocombustion process
[Fig. 18(e)]. Under the reversible temperature changes, the first-
order transition in stoichiometric VO, crystals has been success-
fully examined, along with the electrical resistive switching charac-
teristic from the insulating (i.e., monoclinic phase) to the metallic
state (i.e., rutile phase) with a hysteresis window. Finally, the phase-
transition reliability and uniformity of the large-area VO, film on
the flexible substrate were statistically characterized with 24 device
arrays under bent conditions in Figs. 18(f) and 18(g). The statistical
distributions of phase transition temperatures exhibit very narrow
deviation within +9% for the entire substrate area, regardless of
severe reliability tests. Overall, the DUV -assisted photocombustion
process can be applied to form large-area and flexible crystalline
metal oxide materials for future electronics and energy devices
with various functionalities with the evolution of a novel material-
processing paradigm.

VI. CONCLUSION AND OUTLOOK

We have reviewed recent research advancements in solution-
processed metal oxide dielectric materials. In comparison with
our previous review,* this Research Update comprehensively cov-
ered the practical use of the dielectric layer in various electron-
ics: (1) three-terminal-based devices such as a gate dielectric layer
for field-effect transistors and (2) two-terminal-based devices, such
as resistive, ferroelectric memory, and phase switching electronic
devices. Unlike conventional vacuum-based deposition techniques,
solution approaches (i.e., sol-gel precursor solution) can provide
cost-efficient and large-area high-quality oxide dielectric materials.
Furthermore, emerging low-temperature processes to compensate
inevitable requirement of a high-thermal budget for oxide film con-
densation/densification/crystallization have been intensively stud-
ied over the past five years for the realization of proper electri-
cal characteristics and reliability in the application of electronic
devices. We have reviewed cutting-edge research approaches of
the solution-processed metal oxide dielectric layer in a view of
the following technical challenges: (1) low-temperature fabrica-
tion processes (even on flexible substrates), (2) large-area and
high-throughput manufacturing processes, (3) creative design and
strategy of solution synthesis and oxide composition, and (4)
oxide structure formation (from amorphous to crystalline) for
multi-functionalities.

For the further development of advanced electronic devices,
studies on the low-temperature processes and large-area deposi-
tion/printing techniques of other functional electronic materials,
such as semiconductor (e.g., carbon-based materials, metal organic
framework, perovskite, organic small molecules, and liquid crystals),
conductor (e.g., various metal alloys with various nanostructures
or polymer conductors), and their formation onto suitable (flex-
ible) substrates (e.g., engineering plastics and ultra-thin glasses),
must be accompanied. The creative strategies of solution synthesis
and designs of oxide composition will open the avenue for further

APL Mater. 9, 120701 (2021); doi: 10.1063/5.0066014
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research studies on functional oxide dielectric materials. Through
combinatorial composition to ternary and quaternary oxide sys-
tems, important clues can be found for developing novel materi-
als with not only dielectric properties but also new physicochem-
ical properties (e.g., simultaneous effects: both ferroelectrics and
magnetic and/or photocatalytic effects). Comprehensive studies on
(non-)stoichiometric oxide materials will also expand the use of
solution-derived dielectric materials for various applications, such
as energy storage, catalytic, and encapsulation layers. It is also nec-
essary to further establish the reaction/formation mechanism of the
crystallization pathway under various processing conditions with
advanced characterization platforms (e.g., in situ/operando mea-
surements of TEM/SEM/EDS/Raman),"”**” beneficial to intention-
ally controlling of oxide functionalities based on the modulation
of (i) the internal structure: crystal phases, grain size, strain and
density, and crystal growth orientation, and (ii) surface/interfacial
properties. The operational stability and reliable retention under
external environmental conditions should be secured to have a qual-
ity guarantee close to that of the commercial Si and/or vacuum-
processed oxide films. We hope that further research progress on
solution-processed oxide dielectric films will pave the way for prac-
tical applications into next-generation IoT and future ubiquitous

devices.
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