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Low-temperature crystallization of solution-
derived metal oxide thin films assisted by
chemical processest
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Over the last few years the efforts devoted to the research on low-temperature processing of metal
oxide thin films have increased notably. This has enabled the direct integration of metal oxide layers
(amorphous semiconductors) on low-melting-point polymeric substrates for flexible electronic systems,
which adds to the economic and environmental benefits of the use of these processes with reduced
energy consumption. More challenging is the preparation of crystalline complex oxide films at
temperatures compatible with their direct integration in flexible devices. However, the usually high
crystallization temperatures (>600 °C) impede the development of devices that take full advantage of
the large variety of oxide functionalities available. This tutorial review analyzes a number of strategies
based on wet chemical methods for inducing the crystallization of metal oxide thin films at low
temperatures. The key mechanisms are explained in relation to the specific step of the fabrication
process reached in an earlier stage: the formation of a defect-free, highly densified amorphous metal—
oxygen network or the actual crystallization of the metal oxide. The role of photochemistry, where light
can be used as a complementary energy source to induce crystallization, is particularly highlighted. This
requires the synthesis of novel photosensitive solutions (modified metal alkoxides, charge-transfer metal
complexes or structurally designed molecular compounds) and a precise control over the reactions
promoted by UV irradiation (photochemical cleavage, ozonolysis, condensation or photocatalysis).
Relevant examples derived from the integration of crystalline metal oxide thin films on flexible substrates
(<350 °C) illustrate the most recent achievements in this field.

(1) Key strategies to promote the metal oxide formation and crystallization in thin films prepared by wet chemical methods.
(2) Solution chemistry for designing “a la carte’” molecular precursors.

@

)
)
@
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Light as an alternative energy source to induce crystallization of metal oxide thin films by photochemistry.
Integration of metal oxides in electronic devices, especially flexible systems.

(5) Environmental, economic, and technological implications of the low-temperature processing of advanced materials.

1. Introduction

products (e.g. smartphones, tablets or laptops) lies well above
that of other more conventional manufacturing processes. For

Heating (and cooling) accounts for around 70% of the energy
consumed in the manufacturing process of a product. Electro-
nics is not an exception, and the energy required to fabricate
many of the active electronic components present in consumer
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example, the thermal oxidative processes used in micro-
electronics for semiconductor oxide layers require an energy
input up to six orders of magnitude higher than the minimum
work needed in metalworking to melt aluminum or iron for
casting (~1 MJ kg~ ')." Therefore, the ever increasing demand
of electronics makes the reduction of the energy consumption
during their processing unavoidable for a sustainable and
competitive manufacturing industry worldwide. This has
pushed the research community to explore alternative fabrica-
tion processes with much lower heating demands that can
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efficiently substitute the traditional thermal annealing of most
electronic materials at elevated temperatures.”> The benefits
obtained from decreasing the processing temperature span
from minimizing the environmental impact (carbon footprint)
to reducing the overall costs of the production line. This is
much related to the principles of the so-called “green chem-
istry”, where the use of low temperatures and mild conditions
is specifically pursued in the synthesis of advanced materials.

Besides the aforementioned ecological and economic bene-
fits, the low-temperature processing has also opened the door
to the incorporation of an increasing number of materials in
technologically disruptive areas like flexible electronics.® This
is the case of metal oxides, a superb class of inorganic materials

Iiiigo Bretos is currently a
ComFuturo Researcher at the
Materials Science Institute of
Madrid ~ (ICMM-CSIC).  He
received his PhD degree in
Chemistry  from  Universidad
Auténoma de Madrid (Spain) in
2006. Then he joined RWTH
Aachen  University (Germany)
with a postdoctoral position. His
research  interests encompass
materials science and technology,
with a focus on the processing and
integration of functional oxide
layers (ferroelectrics, piezoelectrics, dielectrics, multiferroics or
superconductors) in advanced electronics and emerging
technologies for applications ranging from memory devices and
transduction to photovoltaics and flexible systems. Recently
(2017), he was awarded a Ramon y Cajal fellowship.

Inigo Bretos

Jestis Ricote received his PhD
degree in Physics from Univer-
sidad Complutense de Madrid
(Spain) in 1994. After a short
postdoctoral stay at the Centre
d’Elaboration et des Etudes
Estructurales de Materiaux, CNRS
(Toulouse. France) in 1995, he
Jjoined the Nanotechnology Group
of Cranfield University (United
Kingdom) as research officer
(1996-1998). Later he obtained a
postdoctoral  fellowship  (1998-
1999) at the Univ. du Maine-Le
Mans (France). In 1999 he joined the Materials Science Institute of
Madrid (CSIC) and became Tenured Scientist in 2007. His research
interests include the quantitative microstructural analysis of
ferroelectric  polycrystalline materials with XRD, electron and
scanning force microscopies.

Jesus Ricote

292 | Chem. Soc. Rev., 2018, 47, 291-308

View Article Online

Chem Soc Rev

that introduces an unprecedented wealth of functionalities
(electrical, magnetic or optical) to the existing flexible devices.
Thin films of metal oxides are consequently at the forefront of
current and next-generation devices, where systems supported
on low-cost, lightweight, and flexible substrates are expected to
revolutionize the electronic industry by new applications such
as large-area displays, wearable sensors, smart textiles or elec-
tronic skin. Nowadays, the direct growth of metal oxide layers
on low-melting-point flexible substrates (e.g. plastic, paper, or
textile) is only possible at processing temperatures below the
thermal degradation of the latter: around 350 °C in the most
favorable case (ie. polyimide foils). This constitutes a big
challenge for the effective integration of multifunctional metal

Ricardo Jiménez received his PhD
in Chemistry from Universidad
Autonoma de Madrid (Spain) in
1994. He made a postdoctoral
stay at the Laboratoire de electro-
chimie et physico-chimie of solids
and interfaces in Grenoble
(France). Then he joined the
Materials Science Institute of
Madrid (ICMM-CSIC) in 1997.
Since 2005, he is Tenured
Scientist. The formation in solid-
state electrochemistry joined with
his experience in ferroelectric
materials characterization contribute to his wide expertise in the
functional characterization of electro-ceramics in both bulk and
thin film forms. Besides, he has a long experience in preparation
and physical properties of composite materials and thermo-
mechanical properties.

Ricardo Jiménez

M. Lourdes Calzada obtained her
PhD degree in Chemistry from
Universidad of Alcald (Spain) in
1990. After a postdoctoral fellow-
ship at the School of Materials of
the University of Leeds (United
Kingdom), she joined the Materials
Science Institute of Madrid (ICMM-
CSIC), where she was appointed to
Research Professor in 2010. Her
= research interests are focused on
the development of low-temperature
sol-gel synthesis strategies to attain
metal oxides and the integration of
functional films in micro and flexible electronics. She is author of more
than 175 publications, multiple international conferences, 9 book chap-
ters and co-inventor in 3 patents.

M. Lourdes Calzada

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cs00917d

Open Access Article. Published on 22 November 2017. Downloaded on 2/24/2026 10:58:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

oxides, since their crystallization temperatures (usually over
600 °C) are still several hundred degrees above the values that
polymeric substrates can withstand. If crystallization is not
achieved, most metal oxides lack of the physical property that
ultimately defines the functionality of the material. The strong
electronic correlations imposed by the crystal lattice usually
rule the behavior of complex transition metal oxides.” For
example, crystalline oxides with the perovskite structure (ABOj,
where A and B stand for different metal atoms) show correlations
between the electrons of neighboring atoms that lead to ferroelec-
tricity (BaTiO;, PbZr; ,Ti,O3), multiferroicity (BiFeO;, BiMnOs),
high-temperature superconductivity (YBa,CuzO-), or ferromagnetism
(La;_,Sr,MnOj3). Other oxides show adequate properties in the
amorphous state, like post-transition metal oxide semiconduc-
tors (Zn-Sn-0, In-Zn-O and In-Ga-Zn-O systems). Indeed, their
electronic performance improves drastically with the formation
of a defect-free, highly densified metal-oxygen network, which is
actually the very prelude to the crystallization.® Therefore, any
advance in the crystallization process of metal oxide thin films
during low-temperature processing results crucial for their
successful integration in next-generation flexible electronics.

The processes leading to crystallization are in many ways
governed by chemistry. In this review we present a selection of
the most relevant chemical methodologies currently employed
to induce the crystallization of metal oxide thin films at low
temperatures, revealing tips and tricks used to this aim. Special
attention is paid to photochemistry, since light can be used as a
complementary energy source to induce crystallization at much
more moderate temperatures. Finally, recent applications in
devices resulting from the direct integration of crystalline metal
oxides on flexible polymeric substrates are highlighted.

2. Low-temperature chemical
methods

The fabrication temperature of metal oxides is strongly depen-
dent on both the material system (i.e. chemical composition)
and form (e.g. nanoparticles, single crystals, bulk ceramics,
thin films). Concerning this last point, before metal oxides were
prepared in thin film form almost all of the current compositions
had their beginnings in the bulk materials. Therefore, the high
sintering temperatures normally used in the well-established
ceramic method (far exceeding a thousand degrees Celsius) can
serve as the reference for the processing temperatures initially
required for these oxides. During the past several decades
chemical methods that lower these temperatures have been
searched. Since the 1950s, a series of sintering techniques (e.g:
hot pressing, flash sintering, microwave sintering, or spark
plasma sintering) was developed with the aim of increasing the
driving force for densification of the bulk ceramic. While these
methods actually led to a decrease in the temperature of the
process, the values obtained (over 900 °C) were still too high to
enable the incorporation of metal oxides in applications where
other components are compromised by them (e.g. microelectronics).
Recently, a method called “cold sintering process” (CSP) has
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allowed the fabrication of a wide range of bulk ceramics
(including metal oxides) between room temperature and
200 °C at high uniaxial pressures (50-500 MPa).® The chemical
strategy consists in the use of water as a transient solvent that
rapidly evaporates, enabling the supersaturation of the liquid
phase employed as an intermediate agent during sintering. The
CSP technique is actually based on the hydrothermal synthesis,
a widely used chemical method to crystallize compounds from
solution media using large pressures for very long times
(usually days) in an autoclave.'® Therefore, it is remarkable
the important role played by the liquid phases in these low-
temperature chemical methods applied to bulk materials.

The irruption of the semiconductor industry around 1960
promoted an intensive research in thin film electronics, mak-
ing possible the integration of metal oxides in microelectronic
devices by their deposition as layers onto a substrate (mainly,
silicon). To form the metal oxide thin film, deposition methods
based on chemical processes proceed by reactions in either
vapor or liquid phase. This results in a lower activation energy
(via thermal treatment) for the effective mass transport of
reactants compared to the rate limiting step of solid-state
diffusion (>1000 °C), as it was demonstrated before for bulk
ceramics. But as a major difference to the conventional ceramic
method—where the bulk material is finally consolidated by
sintering at the maximum temperature—the full crystallization
of the metal oxide film is now the final step of the fabrication
process. Metal oxides in thin-film form are conventionally
crystallized at around 800 °C. Although this temperature may
vary as a function of the composition, it is always above several
hundred °C for most electronic metal oxide films. Thus, this
becomes the reference temperature for the low-temperature
processing of these films by chemical methods.

Among the crystallization methods in vapor phase used for
the fabrication of metal oxide thin films, chemical vapor
deposition (CVD) is a mature technology with significant
success in the manufacturing of electronic semiconductors
since the 1970s.'' Most CVD processes are based on the
thermal decomposition of gaseous precursors after chemical
reaction on or nearby a heated substrate to yield a fully crystal-
line material. In the last decades several variants have been
developed to reduce the temperature of the process, such as
metalorganic chemical vapor deposition (MOCVD). The use of
metalorganic precursors instead of conventional halides or
hydrides results in a temperature decrease of several hundreds
of degrees Celsius (temperatures down to 500 °C) owing to the
lower decomposition temperatures of the former. Additionally,
once these vapor precursors are adsorbed on a surface they may
undergo complementary chemical reactions with other reactive
partners (e.g. hydrolysis induced by water vapor) to form the
desired material at still lower temperatures (below 500 °C). This
is the basis of atomic layer deposition (ALD), which proceeds
via alternating exposure of chemical precursors to crystallize
the final compound layers. Another alternative is the use of a
reactive plasma (ie. using electron energy as activation
method) in the plasma-enhanced chemical vapor deposition
(PECVD) that enhances the rate of the reactions and leads to

Chem. Soc. Rev., 2018, 47, 291-308 | 293


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cs00917d

Open Access Article. Published on 22 November 2017. Downloaded on 2/24/2026 10:58:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

the crystallization of metal oxide thin films at temperatures
below 500 °C. In the last few years, low-temperature atmo-
spheric pressure plasma processes (AP-PECVD) have gained
momentum due to additional advantages, such as the non-
dependence on expensive vacuum systems and the possibility
of using continuous, in-line processing at temperatures even
below 250 °C."

A considerable number of low-temperature processes for the
crystallization of metal oxide thin films came up from liquid
phase approaches, which set the basis of chemical solution
deposition (CSD) methods. The origins of this methodology are
attributed to the development of soft-chemistry routes in the
early 1980s. This original French term (“chimie douce”) refers
to a new concept for the synthesis of inorganic and hybrid
materials by molecular engineering, using reactions occurring
at mild conditions (e.g. low temperatures) in a solution
medium."® In essence, these methods are based on the hypo-
thesis that the molecular homogeneity of the starting liquid
precursor is preserved in the final crystalline material. The
ability of tailoring the properties of the metal oxide thin films
by modifications of the precursor solution chemistry con-
stitutes the main advantage of soft-chemistry routes over
vapor-phase reactions. Sol-gel can be considered the flagship
of soft-chemistry routes. It involves the use of several types of
molecular precursors, usually metal salts and alkoxides, that
undergo controlled reactions of hydrolysis and polycondensa-
tion forming an interconnected polymeric network of metal
centers via oxo- or hidroxo-bridges when in solution at moderate
temperatures.'” A crystalline film is obtained after the complete
decomposition of the organic matrix after deposition, achieved
by a thermal treatment in the relatively low-temperature
range of 700-500 °C. In addition to the standard hydrolytic
processes, alternative non-hydrolytic sol-gel routes have been
developed during the last decades, and have become powerful
methodologies for the crystallization of metal oxides at similar
temperatures.”® Their peculiarity lies in the use of organic
oxygen-donors (e.g. alcohols, ethers, carboxylic acids, ketones,
alkoxides) instead of water to promote the condensation reac-
tions at a comparatively slower rate, which favors the controlled
crystallization of the metal oxide with a one-step route. More
recently, the combination of wet-chemistry routes with micro-
wave and laser heating, or with light-induced reactions, has
reduced the processing of metal oxide thin films to impressive
low temperature limits (down to 200 °C). These non-
conventional, advanced chemical solution deposition (a-CSD)
methods have also opened novel crystallization pathways to be
explored in the synthesis of these materials, which will be
detailed in the present review.

The ever increasing demand for low-cost and energy efficient
manufacturing processes, together with the pressing need for
new materials and devices in emerging technologies, is driving
recent research efforts towards the near-room-temperature
processing of metal oxide thin films using chemical methods.
This is clearly inferred from Fig. 1, where a summary of the
crystallization temperatures used over the last few decades for
thin films of typical metal oxides (magnetic, superconducting,

294 | Chem. Soc. Rev., 2018, 47, 291-308

View Article Online

Chem Soc Rev

1000
-900
800
-700
600
-500
400
300
200

|,
sTO

BST SBT M
gro Mom W KN
PTOM

PZT

pro ST

(D o) @4neladws |

|-csb
) a-CsSD

1980 19[85 19|90 19]95 20|00 20[05 20|10 20]15 2020 Year
W MocvD AP-PECVD

@ ALD Tio,
A PECVD
W AP-PECVD

a-CSD o

200
300
400
500
600
700
800
900
1000

Fig. 1 Summary in chronological order of the temperature ranges typi-
cally used for crystallization of several metal oxide thin films with regard to
different chemical methods of fabrication (CSD = chemical solution
deposition, a-CSD = advanced chemical solution deposition, MOCVD =
metalorganic chemical vapor deposition, ALD = atomic layer deposition,
PECVD = plasma-enhanced chemical vapor deposition, AP-PECVD =
atmospheric pressure plasma-enhanced chemical vapor deposition). Data
are compiled from the open literature (corresponding references are listed
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conducting, semiconducting, dielectric, ferroelectric, piezoelectric,
or multiferroic) is shown. Whereas both vapor and liquid-based
methods show the general trend of lowering the processing
temperatures over the years, comparatively lower temperature
limits are achieved by the latter for the important family of
functional multimetal oxides. This can be attributed to the
large versatility of the liquid-phase approaches, which allows
further exciting developments in this field, as it will be
described in the following section.

3. Solution deposition of metal oxide
thin films

A metal oxide film is a solid material supported onto a
substrate that has oxygen anions chemically bonded to one
or more metal cations. The solid can be built either by a
disordered metal-oxygen network (i.e. the amorphous oxide)
or by the metal and oxygen ions arranged in a highly ordered
structure that extends in all directions forming a crystal lattice
(ie. the crystalline oxide).'® Differentiating the mechanisms

This journal is © The Royal Society of Chemistry 2018
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that lead to one state or another in the material is crucial to
understand the keys for the low-temperature processing of
metal oxide thin films.

Chemical solution deposition (CSD) is a low-cost method
that scales easily to large areas without complex manufacturing
systems. Fig. 2 shows the main steps of this fabrication
technique, together with the structural evolution of the material
during the process. In the first stage (stage i), a precursor
solution is obtained by the reaction among metal reagents,
solvents and other chemicals (e.g. catalysts)."* The deposition
of this solution on a substrate leads to a wet layer (stage ii),
where a rapid evaporation of the solvent prevents entanglement
and favors densification against condensation. Densification in
this layer occurs by viscoelastic flow, always faster than the
densification by solid-state diffusion that occurs in rigid layers.
Annealing of the wet layer is thus required for the evaporation of
low-boiling-point compounds (e.g. trapped solvent) and decom-
position of the metal precursors, as well as for promoting the
hydrolysis and condensation reactions with the subsequent
formation of oxo-bridges among the metal cations. If small
particle inclusions (e.g. precipitates, intermediate phases) are
formed before porosity and organic residuals are totally
removed, the densification rate of the amorphous layer will be
reduced. So rapid but long heat treatments are usually needed
for full densification. Ultimately, the wet layer is transformed
into a rigid solid constituted by an amorphous metal-oxygen
network (stage iii)."* Here, a close packing of the metal and
oxygen atoms with short diffusion distances facilitates the
conversion to the final crystalline metal oxide film (stage iv).
This means that a metal-oxygen network with an arrangement of
the atoms resembling that of the crystal structure can be crucial

This journal is © The Royal Society of Chemistry 2018

to bring down the crystallization temperature of the film.
The thermodynamic barrier between this ideal amorphous film
and the crystalline one would be so small that it could be easily
surpassed by supplying a small amount of energy.

In the so-called conventional processing, the formation and
crystallization of the metal oxide thin film usually take place at
temperatures between 200-400 °C (stage III) and above 600 °C
(stage IV), respectively. Here, we will review the keys to reduce
them until the crystallization is carried out below 400 °C in the
low-temperature processing of these materials by CSD.

3.1 Fundamental concepts

In order to find the key aspects that will allow decreasing the
processing temperatures, we need to revise the fundamentals
behind each step of the CSD of metal oxide thin films
(see Fig. 2). The first one concerns the synthesis of a stable
solution that must contain all the metal cations in the desired
stoichiometric ratio (step I). Table 1 summarizes the character-
istics of each of the most frequently used chemical routes to
obtain precursor solutions of metal oxides, including some new
promising approaches.’®'”>' Once the precursor solution is
synthesized, a thin layer is deposited (step II) onto a substrate
by any of the variety of coating techniques available (Fig. 3)."°
Among them, dip-coating, spin-coating, spray-coating or inkjet
printing are large-area deposition techniques commonly used
for precursor solutions of single and multimetal oxides. The
rest of the techniques included in Fig. 3 also have successfully
been used, but mainly for the deposition of layers of single
oxides. After the coating of the substrate, several phenomena
occur that are overlapped. These are the drying of the wet layer
by the evaporation of the low-boiling point chemicals, and the
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subsequent pyrolysis of the organic compounds and condensa-
tion of the metal precursors (step III). Thermal annealing is
applied to the sample during this third step at relatively low
temperatures, which is usually carried out on a hot plate. The
last step is the crystallization of the amorphous film, which is
traditionally carried out by thermal treatment at high tempera-
tures (step IV). We can distinguish two types of thermal
annealing: conventional furnace annealing (CFA) and rapid
thermal annealing (RTA). CFA uses heating rates of several
degrees Celsius per minute, whereas RTA uses heating rates
that are several degrees Celsius per second. The latter is the
process conventionally used in the microelectronic industry

This journal is © The Royal Society of Chemistry 2018

because it minimizes the diffusion reactions between film and
substrate, avoids the stabilization of intermediate phases and
enhances the film densification. Finally, it must be considered
that to obtain the desired film thickness, multiple deposition
and pyrolysis is usually required. The microstructure and
crystallographic orientation of the films can be affected
whether a layer-by-layer crystallization process or alternative
one-step crystallization is followed.

3.2 Thermodynamics and kinetics of nucleation and growth

Thermal energy is usually applied for the conversion of the
amorphous into crystalline film in a process affected by both
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thermodynamic and kinetics factors. RTA makes this transfor-
mation possible in a single nucleation-and-growth step similar
to that observed in the crystallization of glasses. The crystal-
lization driving force is proportional to the difference between
the free energies of the two material states:

— Gam (1)

where Gy and Gan, are the Gibbs free energies of the crystal-
line and amorphous phases, respectively.’”> AG is usually cal-
culated from the measurements of the entropy and enthalpy of
fusion, and the difference in the specific heat of the amorphous
and crystalline states. For the case of thin films, additional
contributions coming from interfacial energies have to be
considered for the estimation of the crystallization driving
force. This is because of the particular characteristics of these
materials, constituted by the bulk film, the top film surface and
the film-substrate interface, all of them with important effects
on the amorphous to crystalline conversion. The evolution
with temperature of the Gibbs free energies for these initial
(amorphous) and final (crystalline) states in the film is depicted
in Fig. 4a. Note that the driving force for this transformation
(AG) is always larger at low than at high temperatures. For film
crystallization, nucleation of the crystal phase should first take
place. This nucleation can be produced within the bulk of the
amorphous phase (homogeneous nucleation) or at the film
interfaces (heterogeneous nucleation), as shown in Fig. 4b. Free
energy barriers for homogeneous (AGgomo*) and heterogeneous
nucleation (AGyetero*) are defined by:

AG = Geryst

. 16my*
AGHomo - 3(AG)2 (2)
. 16my?
AGHetero” = m -f(O) (3)

where y is the interfacial energy and f(©) is a function related to
the contact angle as:

100) = 2 —3cos i+ cos(0)? @

It is worth mentioning that the f(6) term gives a lower energy
barrier for heterogeneous nucleation. Once the first crystallites
form, they grow at the expense of the surrounding amorphous
phase. These thermodynamic equations and the Fig. 4a clearly
indicate that crystallization is easier at low temperatures, where
the energy barriers for nucleation result lowered. So why is
approaching to the melting point (Tr,p) needed to crystallize the
film? This is due to kinetic factors that control the number of
crystal nuclei formed at a certain temperature and the sub-
sequent crystal growth. For both nucleation and growth
processes, atoms should rearrange to produce crystalline nuclei
first and to be incorporated into the crystallization front after-
wards. The evolution of the crystallization is therefore governed
by the diffusion of atoms, which is strongly dependent on the
temperature. Thus, a balance between the atomic diffusion and
the Gibbs free energy for nucleation occurs in the film. This
drives the crystallization of the system to a temperature where

298 | Chem. Soc. Rev., 2018, 47, 291-308

View Article Online

Chem Soc Rev

a)
amorphous film
B2
S
)
s
<3
o
= crystalline film
Temperature Top
b) Temperature

Heterogeneous nucleation

columnar textured
grain growth crystalline film

substrate

nucleation at the
substrate interface

aaaaa
substrate substrate
Homogeneous nucleation

nucleation at the equiaxed polycrystalline

bulk film grain growth film
+$78e RNATe NENRE
ececo® b X o

substrate substrate substrate
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nucleation and growth with temperature for solution derived thin films.

the number of nuclei should ideally be the largest one. Since
nucleation and growth at temperatures far below Ty, are
strongly limited by diffusion, a decrease in the crystallization
rate is usually obtained. This phenomenon can be studied by
using the isothermal Johnson-Mehl-Avrami (JMA) equation,”?
which takes into account the fraction of crystal phase conver-
sion (Xa) as:

In[—In(1 — Xa)]T =nlnk + nin¢ (5)

where T is the temperature, ¢ is the time, k is the reaction rate
constant, and n is the Avrami exponential expressed as a sum of
the following terms:

n=a+bm (6)

where a refers to the nucleation rate (1 for a constant nuclea-
tion rate, 0 for no nucleation, >1 when nucleation rate
increases, and <1 when nucleation rate decreases), m corre-
sponds to the dimensionality of the crystal growth process, and
b is related to the growth mechanism (1 for an interface
controlled process and 0.5 for a diffusion-controlled one). The
fraction of crystal phase conversion (Xa) can be experimentally
measured through the direct observation of the film micro-
structure by both optical and electron microscopy. Other tech-
niques like X-ray diffraction, Raman or Brillouin spectroscopies
can also be used to quantify the thin film crystallization.
Additionally, some properties in the film (such as electron

This journal is © The Royal Society of Chemistry 2018
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mobility of inorganic semiconductors) can be related to Xa by
applying simple models. The former equations provide valu-
able information about the crystallization process, where the
combination of temperature and time (i.e. thermal budget)
plays an important role in the formation of the crystalline film.
While the film crystallization is thermodynamically favored at
low temperatures, the crystal nucleation and growth result
kinetically limited at this stage. Therefore, the full conversion
of the amorphous material to the crystal phase at low tempera-
tures can only occur for long annealing times.

3.3 Low-temperature processing

In 1963, the invention of a complementary metal-oxide-
semiconductor (CMOS) circuit configuration established the
standard fabrication process followed by the semiconductor
industry for manufacturing of integrated circuits. These
components are fabricated on silicon wafers through several
processing steps, between 20 and 200 depending on the device
complexity, resulting in the final thin film transistor. The
potential introduction of any new material into microelectronic
devices entails thus the use of integration routines fully com-
patible with the current CMOS process technology.>* Specifi-
cally, the fabrication step required to activate the transistor’s
source/drain after the implantation of dopants sets the upper
temperature limit recommended for the whole process. This
value is strongly dependent on the CMOS technology node
(a concept related to the transistor gate length), which its
evolution towards lower values has made possible semi-
conductor scaling over the last five decades (Moore’s law).
While thermal budgets for dopant implantation at 850-900 °C
were used in 1992 (500 nm node), the transition to sub-100 nm
devices from 2004 (90 nm node) and the introduction of nickel
silicide for electrical contacts (65 nm node) has further reduced
this temperature limit to 450-500 °C at present (according to
International Technology Roadmap for Semiconductors). The
fact that most metal oxides require a crystalline structure to
reach the full potential of their physical properties, and that
such crystalline structure is usually attained only at high
temperatures (>600 °C), makes the crystallization process
the limiting step in the low-temperature processing of these
materials (see Fig. 2). This has led to the exploration of novel
crystallization pathways rather distant from their conventional
synthesis, a sort of paradigm shift introduced in the field not
long ago.”™

Over the past decade, we have witnessed a renewed interest
in the low-temperature processing of metal oxide thin films
that can be attributed to the latest developments of flexible
electronics.® Similar to the fabrication of conventional wafer-
based electronics (integrated circuits), the direct integration of
metal oxide layers with flexible systems proceeds via deposition
and growth onto the substrate. As stated in the Introduction,
commercial substrates based on polyimide compounds, like
Kapton®™ or Upilex™, are the ones that withstand the maximum
deposition temperature nowadays (around 350 °C). Therefore,
the integration of functional metal oxide thin films on flexible
plastic is challenging, requiring a substantial reduction of their

This journal is © The Royal Society of Chemistry 2018
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conventional processing temperatures. Inorganic semiconduc-
tors are practically the only metal oxide materials employed
today in flexible electronic devices. The reason behind this lies
in a particular behavior unique to semiconductor oxides: they
display acceptable values of electron mobility—the main physical
property that accounts for their electronic functionality—even at
the amorphous state (values between 1-10 cm® s~' V ').® The
explanation of this effect is related to the conduction band of post-
transition metal oxide semiconductors. This band is composed of
spatially spread metal ns orbitals with isotropic shape, where
overlapping with neighboring metal ns orbitals is not significantly
affected by the distortion of the metal-oxygen-metal chemical
bonds derived from the amorphous state. On the contrary, the
electron mobility of well-studied covalent semiconductors such as
silicon results severely degraded in the amorphous state due to
the strongly directive sp® orbitals, which are very sensitive to
structural distortion. This means that semiconductor oxides can
be prepared on flexible substrates even at temperatures below
350 °C, despite the disordered structure being obtained in
the material. The formation of a defect-free, highly densified
metal-oxygen network in the films is the main constraint to
afford the high performance of these amorphous materials in
electronic devices.

In the following sections, a brief description of the most
relevant strategies adopted to induce the crystallization of
metal oxide thin films at low temperatures is presented. The
strategies fall into two distinctive categories, depending on
whether the key process is designed to advance to an early
stage either the formation of the amorphous metal-oxygen
network (Section 3.3.1) or the direct crystallization of the oxide
phase from the former state (Section 3.3.2). Both situations
account for the lower temperature finally required to obtain
crystalline metal oxide thin films with potential application in
electronic devices.

3.3.1 Keys to promote metal oxide formation. Two key
strategies are reported in the literature to attain metal oxide
films with an ideal amorphous structure (like that shown in the
stage iii of Fig. 2) at low temperature from solutions: the design
of the solution chemistry and the use of chemical assisted
annealings.

In the first case, different approaches are included that may
involve the careful choice of solution chemicals or the synthesis
of structurally designed molecular compounds. An example
of the former is the introduction of catalysts in solution that
accelerate the condensation reactions by consuming hydroxide
anions (OH™), which promotes the early formation of the
metal-oxygen network in the film.>® Also, amorphous metal
oxide thin films have been prepared at low temperature by
making use of the localized energy generated in the system
during the reaction between acetylacetone or urea, and a metal
nitrate, incorporated as chemicals to the precursor solution.>®
According to these authors, the reagents may work as fuels and
oxidizers, respectively, in such a way that the external applica-
tion of a low-temperature heating would be able of initiating a
highly exothermic redox-based combustion in the as-deposited
layer converting the metal precursors into the corresponding

Chem. Soc. Rev., 2018, 47, 291-308 | 299
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metal oxide. Amorphous Zn,;Sn,,0;; films fabricated at
250 °C by this method showed similar physical properties
(electron mobility of ~1.7 cm® s™* V') as those of analogous
films prepared by conventional synthesis at 400 °C.>® A more
sophisticated strategy concerns the synthesis of homo- and
hetero-metallic molecular complexes as optimum precursors
for metal oxides basing on a close relationship between the
molecular structure of the former and the crystal structure of the
latter. Besides, these molecular precursors increase the chemical
homogeneity of the solution system.>” A good example is that of
solutions where polynuclear bismuth oxido -clusters are
synthesized.”® The molecular structure of this metal precursor
resembles that of the B-Bi,O; phase, which promotes the early-
stage formation of a condensed, highly densified amorphous
metal-oxygen network (i.e. the prelude to crystallization).

For reducing the temperature of formation of amorphous
metal oxide films, the second group of approaches combines
rapid thermal treatments with specific processing aids (chemical
assisted annealings). Thus, a vertical diffusion technique (VDT)
was employed for the fabrication at 280 °C of uniform and dense
In-Ga-Zn-O films with values of electron mobility adequate for
their use in transistor devices (~1.3 cm”> s~ V~).>° This method
enables the formation of the amorphous oxide by an enhanced
diffusion of atoms between two consecutively deposited gel
layers of the binary (Ga-O) and ternary (In-Zn-O) oxide systems.
Rapid post-annealing of this stack promotes the vertical diffu-
sion of the atoms of each layer, yielding a quaternary oxide film
(In-Ga-Zn-0O) with high performance. Heating processes of
solution derived films using different firing atmospheres have
also demonstrated to affect the formation of the corresponding
amorphous metal-oxygen network. In this way, the sol-gel on
chip process® is based on the enhancement of the metal oxide
formation through the hydrolysis and partial condensation of
the as-deposited layer on a hot-plate under a controlled atmo-
sphere of water vapor. Further heating below 230 °C led to
amorphous semiconductor MyM3O, films (M' and M> are
metals such as In, Ga, Sn or Zn) with competitive values of
electron mobility for applications (~10 cm® s™* V™). A strong
oxidizing environment formed by ozone and active atomic
oxygen can also be generated under the UV irradiation of an
oxygen atmosphere. The heating at 400 °C of Ta,Os layers under
this environment led to films with optimum properties for using
in charge storage memory devices.>’ This is because organic
residuals are quickly removed from the film by the ozone, and
the atomic oxygen reacts with suboxides, improving the film
stoichiometry and decreasing the density of charged defects
(e.g. oxygen vacancies). Additionally, an increase of the bulk density
of sol-gel films under UV irradiation has also been demonstrated
for amorphous In-Ga-Zn-O films. The high-energy UV photons
induce the photochemical cleavage of the reagents. This facilitates
the condensation reactions and the densification of the amorphous
film at a low temperature. Adequate values of electron mobility
(~3.8 cm® s~ ' V') were measured in these films photo-annealed at
~150 °C, as a proof of their quality.*”

3.3.2 Keys to promote metal oxide crystallization. As dis-
cussed in Section 3.2, crystallization of metal oxides is a
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Fig. 5 Schematic illustrations of the nucleation and growth phenomena
in metal oxide thin films assisted by the seeding effect, via (a) a seeding
layer previously grown on the substrate and (b) crystalline nanoseeds
previously introduced within the bulk film.

nucleation-controlled phenomenon. Therefore, one of the first
strategies to enhance crystallization kinetics of metal oxides
thin films was based on the so-called seeding effect (Fig. 5).*?
The key concept lies in the reduction of the energy barrier
required for the formation of the crystalline phase by promot-
ing its nucleation on a specific surface location (heterogeneous
nucleation). This can be done by the introduction of a seeding
layer (i.e. a buffer layer of a dissimilar material already crystal-
lized) on top of the substrate (see Fig. 5a). Thus, the crystal-
lization of the perovskite phase in Pb(Zr, 55Tig 47)O3 thin films
could be reduced by 100 °C (final annealing temperature of
500 °C) after their direct growth on a very thin seeding layer of
PbTiO;.** In a similar way, the introduction of crystalline
nanoparticles directly into precursor solutions of metal oxides
has also been investigated as an effective seeding process
(see Fig. 5b).** The presence of such nanoseeds increases the
density of nucleation sites within the as-deposited film when
compared to the generation of spontaneous nuclei. This favors
the crystallization of the metal oxide by nucleation over the
surfaces of the particles distributed within the bulk film. Studies
on nucleation kinetics showed that the activation energy was
lowered from 219 k] mol " (unseeded) to 146 k] mol " (seeded)
for Pb(Zry 5,Tip.45)O0s thin films, which resulted in the crystal-
lization of the perovskite phase at relatively low temperatures:
500 °C for 30 min or 410 °C for 30 h.**

Another key for lowering the crystallization temperature of
metal oxides is based on increasing the mobility of the atoms
during the annealing process. The use of a metal (oxide) flux in
the synthesis of intermetallic compounds and bulk ceramics is
a well-established method in solid state chemistry explicitly
designed for that purpose. Here, a metal or a metal oxide that
melts at reasonably low temperatures is added to the precursor
material, acting thus as a solvent that facilitates the crystal-
lization of high temperature phases by an enhanced diffusion
of elements. Due to their relatively low melting points, post-
transition metals (usually Ga, In, Tl, Sn, Pb, and Bi) have
extensively been used to produce metallic fluxes for the

This journal is © The Royal Society of Chemistry 2018
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preparation of a wide variety of inorganic materials. A similar
effect to the traditional flux synthetic method has been
observed in metal oxide thin films as corroborated by many
experimental studies. Thus, the addition of excess lead (up to
50 mol%) and bismuth (20 mol%) to precursor solutions
of Pb(Zry53Tip47)03 and Bi,yTizOq,, respectively, has made
possible the crystallization of the corresponding perovskite
films at lower temperatures (450-500 °C) than conventional
ones.?>*® The reason behind the enhanced crystallization of
these films upon metal excess addition remains, however,
unclear. Some authors point out that the metal oxide excess
may effectively act as a flux for crystal growth, but also as a
network modifier facilitating the long-range rearrangement of
ions (increase in atomic mobility within the amorphous
phase) necessary for crystallization.?” Anyway, the amount of
crystallized perovskite phase at a given annealing temperature
increases significantly with the percentage of such excess
addition.>®> Most probably this effect is also present in
other compounds, but it has not been systematically studied
in metal oxide semiconductors (e.g. Zn-Sn-O, In-Zn-O,
In-Ga-Zn-O systems) where the electrical properties of the
films are observed to be strongly influenced by the content of
certain post-transition metals.*® Finally, irradiation-assisted
methods comprising different wavelengths and modes are
also considered key strategies to promote the crystallization
of metal oxide films at relatively low temperatures. Microwave
annealing has shown a great potential for the synthesis of
inorganic materials such as nanoparticles, nanostructures,
and thin films.” Since the energy of a microwave photon
(2.45 GHz) is rather low to induce chemical reactions, the
energy is directly transferred to the material in the form of
dielectric heating. This results in a selective and uniform
heating within the material, showing lower annealing
temperatures and times compared to conventional processes.
For example, solution-derived Pb(Zr,5,Ti45)O; thin films
pyrolyzed at 400 °C were fully crystallized into the perovskite
phase by microwave annealing at 450 °C for 30 min.*® The
films were denser and exhibited superior electrical perfor-
mance (in terms of dielectric and ferroelectric properties)
when compared to samples crystallized by conventional heating
at 700 °C. Pulsed laser annealing is another irradiation-
assisted crystallization technique that employs excimer lasers,
usually of ArF (193 nm) and KrF (248 nm), with pulse lengths of
several tens of nanoseconds scanning the surface of films.*
Crystallization proceeds via photothermal effect (i.e. generation
of thermal energy by photoexcitation) allowing the growth of
both epitaxial and polycrystalline thin films. Thus, LaMnO;
thin films* were epitaxially grown on SrTiO; substrates at
500 °C and polycrystalline Ba,,Sro3TiO; perovskite films*
were also obtained at 450 °C by this method. The modeling of
the temperatures achieved by pulsed laser irradiation at differ-
ent thickness of the films reveals a variation from ~1500 °C
at the surface to ~400 °C at the film/substrate interface. The
small diameter of the laser spot (in the range of 2-8 mm),
however, restricts the application of this technique to large-area
devices.
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4. Photochemistry to induce
crystallization at low temperatures

During the last decade, crystalline metal oxide films have been
obtained at low temperatures exploiting the structural changes
induced by UV light in solution derived layers.*' Photochemical
reactions are produced in these systems by the absorption of
light with energy equal or higher than that of labile chemical
bonds of the molecular species present in the precursor. This
can lead to chemical bond cleavage and complementary photo-
reactions, with the subsequent structural evolution and crystal-
lization of the material. In the following sections we summarize
the latest and most relevant solution methods that use photo-
chemistry for inducing the low temperature crystallization of
metal oxide thin films.

4.1 UV light and solution chemistry

Penetration of UV light is limited to the surface region of con-
densed matter, typically below 200 nm. Therefore, UV irradiation
is very effective for inducing chemical changes in thin film
materials.’ The illumination of amorphous films with UV light
(either with pulsed lasers or continuous irradiation lamps) can
produce the thermal or electronic excitation of the system, as
shown in Fig. 6.

For pulsed laser irradiation, the optimum state of the film is
a defect-free, highly densified amorphous oxide. Here, irradia-
tion results in a photothermal effect because of the relatively
high absorbance of metal oxides in the UV range, the high
power provided by pulsed lasers (10°-10” W cm?) and the
small area irradiated by the high intensity source. This can lead
to local temperatures over thousand degrees Celsius at the
surface of the film, which may produce the crystallization of
the oxide without applying an external heating.*

On the other hand, precursor solutions used for the deposi-
tion of metal oxide thin films are excellent systems for inducing
chemical reactions in them by light since they are usually formed
by photosensitive compounds (e.g. alkoxides, B-diketonates, etc.).
Unlike with pulsed UV lasers, electronic excitation prevails when
solution derived films containing UV-absorbing compounds are
irradiated with continuous UV lamps. These have much lower
power than lasers (107>-10"" W em ?) and can irradiate over
large areas under controlled atmospheres, enhancing photo-
chemical reactions and minimizing thermal excitation. Nowadays,
high-efficiency excimer lamps from the near (354 nm) to the deep
(126 nm) UV region are commercialized to this aim. The range of
these excimer wavelengths is shown in Fig. 7, compared with the
chemical bond energies of typical functional groups.*” Thus,
energetic photons coming from these UV lamps can excite and
hence dissociate many types of molecules, generate active
chemical species, and ultimately modify the molecular network
of the gel layer. This allows pushing the chemical environment far
from equilibrium by producing selective reactions and species
that are not attainable by conventional thermal processes. Fig. 8
shows some key reactions produced under continuous UV irradia-
tion of solution derived films in an oxygen atmosphere, where
several processes may occur. First, irradiation can lead to the
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mission from ref. 42. Copyright 1997 Elsevier Science B.V.

bond cleavage of photosensitive organic compounds and metal
precursors (i.e. photolysis); formation of reactive species such as
strong oxidants like ozone (O;) or atomic oxygen (O('D)); and
reaction among the products and byproducts originated by UV
irradiation. Afterwards, metals and oxygen start to bond forming
an amorphous metal-oxygen network that becomes denser as
condensation proceeds further. The progress of these reactions
may result in the formation of the first crystal nuclei in the film.
Other compounds like atomic oxygen can react with suboxides or
oxygen vacancies (V¢) improving the metal oxide stoichiometry
and decreasing the density of crystal defects in the film by
compensation. In this environment crystallization can finally be
accelerated by the reactive species present in the chemical system,
such as *OH or *H radicals. Both reactivity and crystal nucleation
efficiency can be controlled not only by the selection of the
optimum UV light and irradiation conditions, but also by the
appropriate design of photosensitive precursor solutions.

4.2 Molecular design of photosensitive precursors

Transition and post-transition metals can react with some
organic compounds forming photosensitive coordination
complexes, where electronic transitions may induce intra- and
inter-molecular processes after light absorption. Excited states
associated with the bands of a metal centered (MC) ligand
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Fig. 8 Key processes occurring during the continuous UV light irradiation
in oxygen of metal oxide films prepared by chemical solution deposition.
Examples of some potential reactions are shown.

transition, ligand to metal charge transfer (LMCT), metal to
ligand charge transfer (MLCT) and intraligand centered (LC)
transitions can be generated by the UV irradiation of these
complexes.*

Few examples are found in the literature using this type of
photosensitive molecular precursors to attain crystalline metal
oxide films at low temperatures. This is the case of f-diketonate
metal complexes with absorption bands in the UV-range due to
LC transitions involving m — n* orbitals. The electronic excitation
of these compounds upon irradiation results in the dissociation
of the chelate bonds, which promotes the metal oxide crystal-
lization. Thus, ferroelectric PbTiO; and Pb(Zr, ,Ti,)O; perovskite
thin films have been obtained from solutions containing
titanium and zirconium alkoxides modified with acetylacetonate
groups. These are photosensitive solutions (Fig. 9a) where a
prompt elimination of the organic compounds is produced after

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) UV spectrum of a precursor solution of (Pb,Ca)TiO3 containing
titanium bis-acetylacetonate di-isoproxide, showing the molecular struc-
ture of this compound. A picture of the photosensitive solution and a
diagram of the corresponding electronic transition are also shown. (b) FTIR
spectra of the gel layers deposited from the former solution and treated
with and without UV-irradiation at 250 °C. (c) XRD pattern of the photo-
activated (Pb,Ca)TiOs film crystallized at 450 °C. Inset in (c) shows the
ferroelectric hysteresis loop of this film. Adapted with permission from
ref. 24. Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA.

UV irradiation of the films deposited from the corresponding
precursors (Fig. 9b). This advances the crystallization of the
perovskite phase at the low temperature of 450 °C (Fig. 9c),
leading in addition to ferroelectric films with properties of
interest for electronic devices.**

Other compounds like alkanolamines can also react with a
large number of metals, where charge transfer excited states
result from the transitions between the molecular orbitals of
the metallic center and the alkanolamine ligand (MLCT and
LMCT).*’ These transitions correspond to very intense absorp-
tion bands in the ultraviolet region, with molar attenuation
coefficients three orders of magnitude higher than the typical
values of other light absorbing compounds. Ti(v), Fe(u), Pb(u)
or Bi(m) are elements that have been reported to form photo-
sensitive metal complexes with N-methyldiethanolamine,
CH;N(CH,CH,O0H),.***** Fig. 10a shows the molecular structure
of this type of metal complex for a Bi(ur) precursor. The photo-
sensitivity of the solutions containing this complex is clearly
evidenced by its dark brownish color visible to the naked eye,
showing an absorption band in the UV region at ~250 nm.* The
irradiation of the films deposited from this solution produces a
quick elimination of the organics (Fig. 10b) accompanied by a
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Fig. 10 (a) UV spectra of the Bi(m) and Bi(n)-mdea (N-methyl-
diethanolamine) solutions, showing the molecular structure proposed for
the Bi(i)-mdea complex. Pictures of the mdea reagent, the Bi(in) solution
and the resulting Bi(i)-mdea one after synthesis are also shown. (b)
Decrease of the organics content (calculated from the (C—-H) bands of
the corresponding FTIR spectra) in the films deposited from the Bi(i)-
mdea solution as a function of the irradiation time. (c) XRD patterns of the
B-Bi>O3 thin films prepared from the former solution under UV-irradiation
at 250 °C for different times, and after further annealing at 350 °C. Adapted
with permission from ref. 45. Copyright 2014 The Royal Society of
Chemistry.

progressive crystallization at low temperature (250 °C) of the
B-Bi,O; phase (Fig. 10c). Note that this polymorph is a high-
temperature metastable phase (497-667 °C) that results stabilized
in these films at room temperature owing to photochemical
reactions.”® This type of complexes have also been synthesized
in solution as precursors for functional complex oxide thin films
(e.g. ferroelectric PbTiOs, piezoelectric (BipsNag 5)o.045B20.055TiO3
or multiferroic BiFeOs), which were crystallized at a temperature
as low as 400 °C after irradiation of the deposited layers. A
significant improvement in the physical properties of the irra-
diated films was obtained with respect to the non-irradiated ones,
which makes the former adequate for their potential use in
electronic devices with different functionalities (e.g., memories,
actuators, sensors).*®

4.3 Ozonolysis and photoactivation

The photolysis of oxygen, O,, produces reactive oxygen species
such as O(*P), O('D) and O('S). Subsequent processes are the
reaction of O(*P) with O, to produce O; (ozone) or the photo-
lysis of O; to form O, and O('D) again. The strong oxidant
character of the generated O; atmosphere promotes the
chemical bond cleavage by oxidation (ozonolysis) of the organic
compounds present in the solution derived film, which
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promotes the formation of a continuous metal-oxygen network.
Besides, UV illumination may lead to a photoactivated chemical
system (photoactivation), where reactions take place among the
excited species present in the film and those developed in
the local atmosphere by irradiation. In this highly reactive
medium, atomic oxygen (e.g. OCP), O('D) or O('S)) and other
free radicals (e.g. °C, *OH, *CO, *NH) are generated, which can
promote the crystallization of the metal oxide film by comple-
mentary photoreactions (see Fig. 8). Thus, the reduction of the
crystallization temperature of metal oxides by ozonolysis and
photoactivation is illustrated by the results previously shown in
Fig. 10b and ¢, where the irradiation of UV-absorbing molecular
precursors in oxygen leads to the formation of a very reactive
environment that facilitates the nucleation of the crystal phase
in the film.*

By making use of these phenomena, polycrystalline
(Pbyg.76Cap.24)TiO; films have been obtained at 450 °C after the
UV-assisted rapid thermal processing in oxygen of layers deposited
from photosensitive sol-gel solutions.”* Improvement in the
dielectric properties of these films is related to the higher degree
of crystallinity obtained after ozonolysis and to the more precise
stoichiometry resulted from the formation of reactive species that
compensate crystal defects. Another excellent example of how the
genesis of a photoactivated chemical system can affect the crystal-
lization of metal oxide films is the use of aqueous citrato-peroxo
metal precursors.’® The thermal decomposition of the respective
films produces intermediate organic acids, anhydrides, amides,
and imides which are strong UV-absorbing species. Besides, highly
reactive *H, *°NH and *NH, radicals are formed by the photolysis of
water and ammonia during irradiation. All this leads to a very
active chemical system by UV illumination under an optimum
temperature window, which is exploited for the low temperature
crystallization (400 °C) of perovskite PbTiO; films with an appro-
priate ferroelectric response.

Finally, it is also worth noting the role of the photoactivation
in the crystallization process observed for other materials. An
accelerated crystallization of aluminosilicate minerals (zeolites)
via hydroxyl radicals has been achieved with UV irradiation at
room temperature of Si0,/0.46A1,03/4.4Na,O0/60H,0 solutions
under hydrothermal conditions. The illumination with high
irradiances increases the concentration of the *OH radicals
generated by UV light, which speeds up the nucleation stage of
the zeolite crystals.*”

4.4 Photocatalysis-assisted decomposition

The term photocatalysis includes a wide variety of secondary
reactions (e.g. oxidation, reduction, condensation, etc.) promoted
by the photon-induced electron-hole pair generated in a photo-
catalytic material that can lead to the effective decomposition of
organic matter adsorbed on its surface. Particularly, hetero-
geneous photocatalysis has made possible the development of
self-cleaning windows through the action of a thin transparent
layer of TiO, (the semiconductor photocatalyst par excellence)
deposited on the glass window: organic dirt is chemically broken
down by sunlight photocatalysis and washed afterwards away with
rainwater.*® Today, more than 200 species can be decomposed by
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TiO, photocatalysis in aqueous media for wastewater purification,
including organic compounds such as alkanes, aliphatic alcohols
and carboxylic acids among many other classes (e.g. aromatics,
polymers, dyes and surfactants).

Recently, we have demonstrated that the photodegradation
of organic pollutants typically induced by TiO, photocatalysis
could be extrapolated to promote the decomposition of the
organic moieties of the metal precursors employed in chemical
solution deposition.> The proposed mechanism is depicted in
Fig. 11a, where precursor solutions of ferroelectric Pb(Zr, 3Tiy ;)O3
and multiferroic BiFeO; complex oxides were subjected to photo-
catalysis by TiO, nanoparticles dispersed in the liquid medium.
Upon light absorption, oxidation of the organic groups (hydro-
carbons, alcohols, carboxylates, ketones) present in the metal
precursors proceeds via photogenerated holes and electrons, the
last ones contributing to the formation of strong oxidizing
radicals such as °*OH. Experimental results confirmed the
modification of the molecular structure of the solution, where
the partial decomposition of metal precursors and their sub-
sequent polycondensation was observed. Most important, the
photocatalytic effects induced by TiO, nanoparticles when
irradiated were carried out by an advanced oxidation process
solely at room temperature.

Once the TiO, nanoparticles are removed from the solution
after the photocatalytic process, a so-called ‘‘low-temperature
liquid precursor” is obtained. Such precursor requires a lower
energy input (via thermal treatment) for the crystallization
of the corresponding metal oxide with respect to the initial
(non-photocatalyzed) solution. This is reflected in the decomposi-
tion temperature of both Pb(Zr, 3Ti,)O; and BiFeO; precursors,
which significantly decreases after an optimum photocatalytic
reaction time (Fig. 11b). The molecular structure of the precursor
at this stage results in a metal-oxygen network with an improved
degree of condensation prior to crystallization. The energy for the
formation of the perovskite oxide is thus reduced, and crystalline
thin films are obtained at lower temperatures with respect
to the initial precursor. Fig. 11c shows a comparative of the
X-ray patterns of metal oxide thin films processed at 350 °C
(Pb(Zr, 3Tip7)03) and 325 °C (BiFO3) with and without photo-
catalysis. Whereas amorphous films are obtained from the
initial solutions, reflections corresponding to the perovskite
phase are detected in the X-ray patterns of the films derived
from the photocatalyzed solutions. This demonstrates the
efficiency of this method for the crystallization of metal oxides
thin films at low temperatures. The proposed concept, which
merges two distant disciplines in materials science such as the
hererogeneous photocatalysis and the low-temperature processing
of functional films, is foreseen to be applicable to many other metal
oxides.

5. Crystalline metal oxide thin films
in flexible devices

Thin films of metal oxides can be at the core of next-generation
flexible electronic systems provided their integration with a

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 (a) Schematic representation of the photocatalysis-assisted

decomposition process. (b) Decomposition temperatures of PbZrg 3Tig 703
(PZT) and BiFeOsz (BFO) precursors as a function of the photocatalysis time.
(c) X-ray patterns of PbZrg3Tig7O3 (PZT) and BiFeOsz (BFO) thin films
annealed at low temperatures from their respective initial and photocatalyzed
precursor solutions. Adapted with permission from ref. 3. Copyright 2015
Wiley-VCH Verlag GmbH & Co. KGaA.

facile, low-cost technology is accomplished. Although transfer
printing methods have been used successfully, they require
multiple steps that increase the complexity (and hence the
costs) of the process and eventually frustrate their widespread
application. The alternative methods shown in this review
enable the direct growth of metal oxide layers on flexible
substrates, opening new and promising horizons in this field.
Particularly, the recent incorporation of crystalline oxides to
these systems provides a wide range of novel functionalities
beyond the capabilities of current flexible electronic devices. As
a result, metal oxides are readily available for the development
of disruptive applications in macroelectronics, digital informa-
tion and communication technologies or wearable systems,
being especially important for tackling societal challenges as
healthcare. A selection of the most representative applications
that can benefit from the use of low-temperature crystallized
metal oxide films is given in this section.

Transparent films with self-cleaning properties could signifi-
cantly extend the applications of new smart windows comprised
of flexible devices (e.g. electrochromic layers). In a recent work,
we have carried out the realization of photocatalytic Bi,O; thin
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films on a flexible polyimide (PI) substrate at 250-350 °C using
a photochemical solution process.”® The crystallization of
the metastable (high-temperature) p-Bi,O; polymorph is respon-
sible for the excellent photocatalytic activity under visible light of
these flexible films with potential applications in self-cleaning
surfaces, photocatalytic reactors or wearable antimicrobial
fabrics.

New lighting devices can be fabricated from metavanadate
phosphor films after their direct integration onto flexible
organic substrates. By using an excimer-lamp-assisted metal-
organic deposition process, crystalline RbvO; thin films have
been prepared on polyethylene terephthalate (PET) substrates
close to room temperature.” These compounds are character-
ized by the presence of absorption bands in the ultraviolet
region and broad-band emissions in the visible part. Con-
sequently, bright white emission is observed in the RbVO; thin
films on PET upon ultraviolet illumination, while no photo-
luminescence is noticed under ambient light. The introduction
of additional layers of other phosphor materials on the device
results in the possibility of color modification for the lumines-
cence of these films.

Flexible non-volatile memories are crucial components of
future smart cards and labels, RFID tags (radio-frequency
identification) or bendable mobile devices (smartphones,
tablets, laptops). Thin films of metal oxides provide two distinct
states of material resistance (resistor-based memory), capacitance
(capacitor-based memory) or polarization (transistor-based memory)
required for the storage information in the binary code. Active
layers of transition metal oxides (e.g. TiO,, nanoporous WO;_,)
have been prepared by low-temperature processes on PET or
poly(ether sulfone) (PES) substrates for new flexible resistive
random access memory (RRAM) devices.”® Fig. 12a shows the
memory switching characteristics of such type of flexible
devices, where the initial high-resistance state is changed to a
low-resistance one upon the application of an external voltage.
This behavior is reversible, and reliable operation is obtained
under bending conditions (radius of curvature of ~5.53 mm).

Crystalline Pb(Zr, 3Ti, ;)O3 ferroelectric thin films have also
been prepared on flexible PI substrates at temperatures
between 300-350 °C giving rise to new flexible ferroelectric
random access memories (FeRAMs). We have demonstrated
that this is feasible using a strategy that combines the photo-
chemical solution deposition of seeded diphasic sol-gel
precursors.’ The ferroelectric hysteresis loop of these films is
depicted in Fig. 12b, where the positive (upward) and negative
(downward) remanent polarizations are defined as the respec-
tive “1” and ““0” states of the memory. The values of remanent
polarization obtained from this loop meet the switching charge
density demanded today for this type of memory. In summary,
integration of these crystalline metal oxides on plastic foils
would pave the way for inexpensive, lightweight, and foldable
memory devices directed towards future high-tech products.

Flexible sensors are required for a wide range of biomedical
applications where the rigid counterparts present some tech-
nical limitations. For example, thermal sensors integrated on
flexible polymer substrates may provide significant benefits for
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Fig. 12 (a) Resistive switching characteristics of a flexible nanoporous
WOs3_ thin film showing the two resistance states with potential use for
memory devices (inset shows a photograph of the flexible sample).
Reprinted with permission from ref. 49. Copyright 2016 American
Chemical Society. (b) Ferroelectric hysteresis loop of a flexible
PbZry 3Tip 703 thin film denoting the two distinct polarization states that
allows binary memory storage (inset shows a photograph of the flexible
sample). Adapted with permission from ref. 5. Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA.

monitoring body temperature with respect to traditional
methods using sophisticated infrared digital cameras or punctual
temperature detectors. Crystalline thin film thermistors of
Mn, 56C0.06Nip4504 have been prepared for this purpose on
flexible PET substrates at room temperature by means of laser
irradiation.”® The resulting devices show strong variations on
their electrical resistance with small changes in temperature,
particularly a negative-temperature-coefficient (NTC) behavior,
which confirms their suitability for flexible sensors in skin
thermography applications. Particularly, when evaluating the
temperature sensing properties in a finger approach test, the
response of the metal oxide thin film thermistor results much
faster and more precise compared to that given by a commercial
rigid ceramic chip thermistor.

Ferroelectric oxides are also excellent candidates for flexible
sensors (and actuators) due to their pyro- and piezoelectric
properties. Recently, we have developed a low-temperature
solution method (i.e. a photocatalytically assisted decomposition
process) for the preparation of ferroelectric Pb(Zr, 3sTiy ;)O3 and
multiferroic BiFeO; perovskite thin films at temperatures com-
patible with flexible PI substrates (Fig. 13a).? Fig. 13b shows the
topography of a 325 °C-annealed BiFeO; thin film where inver-
sion ferroelectric domains (180°) can be also observed by piezo-
response force microscopy (PFM) (Fig. 13c). The functionality of
the flexible BiFeOj; film is not compromised due to the low
temperature crystallization, and polarization switching is
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Fig. 13 (a) Photograph of a flexible BiFeOs thin film. (b) Topography and
(c) out of plane PFM phase images of the surface of a 325 °C-annealed
BiFeOs thin film. (d) Local piezoelectric hyteresis loop measured on the
flexible film. Adapted with permission from ref. 3. Copyright 2015 Wiley-
VCH Verlag GmbH & Co. KGaA.

achieved, as the local piezoelectric hysteresis loop shown in
Fig. 13d demonstrates. This reveals its potential application in
tactile sensors or self-powering devices (based on piezoelectric
energy harvesting) for electronic skin or wearable systems.

6. Conclusions and outlook

The versatility of wet chemical methods allows the easy explora-
tion of novel crystallization pathways for metal oxides thin
films and makes them fundamental in the search of low-
temperature methods. The strategies shown in this review focus
either on promoting the formation of a defect-free, highly
densified metal-oxygen network (e.g. design of the solution
chemistry, chemical assisted annealings) or on aiding the sub-
sequent crystallization of the metal oxide phase (e.g seeding
effect, flux synthesis or microwave/laser annealing). While both
approaches are effective with regard to the low-temperature-
induced crystallization of metal oxides thin films, their synergistic
combination is expected to bring further fascinating advances to
this field.

The prospect of using light as an alternative source of energy
to induce crystallization by photochemistry has significantly
contributed to decreasing the processing temperatures of metal
oxide thin films at the bare minimum today. Complex oxide
films with processing temperatures traditionally over 600 °C
can be crystallized now below 350 °C, a temperature range
considered practically unfeasible several decades ago. While
the lower temperature limit achievable for these materials
remains uncertain, there is no doubt that it will be linked to
the nucleation and growth processes that ultimately define
their performance. Thus, low-temperature solution methods
show unique features for the reliable integration of crystalline
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metal oxides into flexible and cost-effective electronics over
large areas. Translating this technology to the industry still
requires some obstacles to be overcome, such as the imple-
mentation of certain processes (e.g. irradiation systems) into
the manufacturing routine. The reduction of the energy con-
sumption upon decreasing the processing temperature may
bring closer the transition towards a sustainable manufactur-
ing system with practically null heating demands. Up to now,
there is no limiting temperature reported below which crystal-
lization of metal oxide thin films is not possible. This makes
the room-temperature crystallization the most challenging
development envisioned for this field. For surpassing the
thermally-activated barriers required for diffusion, the for-
mation of an ideal metal-oxygen inorganic network with an
arrangement of atoms practically equal to the structure of the
crystalline phase may become the road to success.
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