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semiconductors
and an ever-lower fabricabrings a step closer to the fulfillment of large-area, flexible electronics. The
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maximum temperature of deposition is successfully reduced below the
fabrication. The limited performance of
softening temperature of the polymeric substrates. The method embodies
traditional electronics, especially those
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to an exothermic reaction resulting in low-temperature conversion and/or
of vacuum deposition techniques, impose
densification of the metal oxide thin films. A series of electrically conducting,
challenges in large-area deposition on
semiconducting, and high permittivity dielectric metal oxides are deposited
flexible substrates.[1,2] The thin film depoon varied substrates, including flexible plastic substrates, such as polyimide
sition on thermal sensitive flexible polyand aromatic polyester. The combustion processing is efficient in depositing
meric substrates demands a processing
metal, metal oxide, metal–metal oxide composite thin films at considerably
temperature below the softening temperature of respective substrate. Thus, a new
low temperatures. In addition, the combustible precursors are considered
class of materials, along with low-tempercompatible with diverse solution deposition methods such as spin coating,
ature deposition techniques, is needed
spray coating, inkjet printing, and blade coating. The combustion processed
to address the applications where tradimetal oxide thin films have the potential to exhibit acceptable device perfortional electronics is severely limited. The
mance of thin film transistors, solar cells, gas sensors, organic light emitting
alternate materials such as carbon nanotubes, silver nanowires (AgNWs), organic
diodes, and so on. The present review not only covers the on-going research
molecules, and 2D materials have shown
in solution combustion-based deposition, but also discusses potential of the
potential in realizing flexible and transvarious devices with combustion-derived thin films of functional oxides as
parent devices. Although organic semiactive/passive components.
conducting molecules have had successful
usage in light-emitting diodes, they still
need to overcome inferior electrical functionality and poor environmental stability for general usage in
1. Introduction
large-area electronics.
On the other hand, metal oxides are considered to be the
right candidates for both active and passive components of
The emergence of large-area electronics with unprecedented
various electronic devices. The large bandgap of metal oxides
multifunctionalities of optical and electrical properties and
makes them suitable for the passive-dielectric layer of thin
ubiquitous coverage, such as transparent displays, building
film transistors (TFTs)[3,4] and controlling the defect chemistry
sensors, smart windows, car surface, smart textiles, and solar
of the metal oxides results in tunable electrical conductivity.[5]
Because of the versatile nature of metal oxides, they have been
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Dr. P. Pujar, Dr. S. Gandla, Prof. S. Kim, Prof. M.-G. Kim
School of Advanced Materials Science and Engineering
makes them electrically conductive, exhibiting conductivity
Sungkyunkwan University
greater than 104 S cm−1.[5] Thus, both large-bandgap and tunSuwon, Gyeonggi-do 16419, South Korea
able defect chemistry offers a unique amalgamation of optical
E-mail: seonkuk@skku.edu; myunggil@skku.edu
transparency and electrical conductivity. Further, the functional
Prof. D. Gupta
metal oxides must be deposited in the form of thin films to
Plastic Electronics and Energy Laboratory
mold them into different device architectures. The convenDepartment of Metallurgical Engineering and Materials Science
Indian Institute of Technology
tional sputtering techniques are appropriate in depositing
Mumbai, Maharashtra 400076, India
metal oxides, but for low-cost devices, more innovative depoE-mail: diptig@iitb.ac.in
sition techniques need to be employed. Solution processing
The ORCID identification number(s) for the author(s) of this article
is one such method, where alkoxides or metal salts dissolved
can be found under https://doi.org/10.1002/aelm.202000464.
in a suitable solvent is typically utilized for the deposition of
metal oxides through various techniques such as spin coating,
DOI: 10.1002/aelm.202000464

Adv. Electron. Mater. 2020, 2000464

2000464 (1 of 25)

© 2020 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advelectronicmat.de

dip coating, spray coating, inkjet printing, etc.[7] The deposited
wet film needs to be thermally treated at elevated temperatures
to ultimately fetch away impurity-ligands and promote the formation of metal–oxygen bonds.[8] However, the high processing
temperature requirements for impurity removal and condensation reaction restrict the usage of thermally sensitive soft polymeric substrates, which hinder the implementation of solution
processing for next-generation flexible or stretchable electronic
applications. The advancements in the solution processing such
as sol–gel on chip,[9] ultraviolet (UV)-annealing,[10] combustion
processing,[1] synthetic metal complexes,[5] oxo-cluster compounds,[11] etc. have been addressed to minimize the temperature of deposition. In all of these, combustion processing offers
low-temperature deposition with relatively simple precursors
and general applicability for various materials. The combustible
precursor is composed of organic fuels (reducing agents), such
as urea and acetylacetone, and primarily nitrate of the respective metal cation as oxidizers.
In combustion process, the simultaneous charge exchange
reaction results in the intense liberation of heat energy with a
self-catalytic reaction pathway.[12,13] The amount of heat energy
output from the reaction is mostly dependent on the type of
reactants; the resultant temperature of the reaction is termed
“exothermicity.”[12] The heat energy output of the reaction allows
metal salts to decompose at relatively low levels of supplied
energy. Thus, the combustible precursors are capable of depositing functional metal oxides at low processing temperatures
as energy input to initiate combustion reaction.[1,12] The combustion processing have been a well-established synthesis technique for bulk metal oxides and other functional ceramics.[13,14]
In 2011, combustion processing has been employed in depositing ultrathin functional metal oxides at low temperatures,
which clearly showed a general roadmap for the realization of
low-temperature deposition.[1] The scientific interest in such
combustion derived thin films is evident from the number of
publications addressing the issue. The feasibility of combustion
processing in depositing metal oxides at low temperatures can
fulfill the current demand for low-cost and large-scale microelectronics. This review is dedicated to the on-going research in
combustion derived thin films of various functional materials,
its mechanism, and its application in TFTs, solar cells, transparent conducting oxides (TCOs), and so on.

limited (0.5–1.0 cm2 V−1 s−1).[15] Also, the limitations such as
inferior current-carrying capacity, optical opacity, and moderate
mechanical flexibility impose challenges for advanced large
scale, flexible electronics.[15] To overcome such impediments
and to enhance the electrical functionalities, various alternative materials have been proposed, such as transition metal
oxides, organic small molecules, 2D materials (MoS2 and graphene), organic polymers, and single-wall carbon nanotubes
(SWCNTs).[20–22] The gist of these unconventional functional
materials is depicted in Figure 1.
Recently, post-transition metal oxides have been widely
accepted and successfully commercialized for display applications with various range of electrical properties from insulator,
semiconductor, and conductor. The recent discovery of multicomponent amorphous metal oxide semiconductors, such as
amorphous indium gallium zinc oxide (a-IGZO), have shown
potential to act as active components of TFTs.[3,23,24] The advantage of the amorphous post-transition metal oxide system lies
in its orbital configuration. The metal oxides with heavy-metalcation [electronic configuration: (n − 1)d10 ns0] possess large
spatial distribution of s-orbitals at conduction band minima
with low effective mass[3] (Figure 2). The μ of charge carriers in
amorphous metal oxides can be uniform over a large area with
the absence of irregular scattering sites such as grain boundaries (Figure 2). Another advantage of amorphous metal oxides
is that the feasibility of low-temperature deposition is compatible with flexible substrates.[1,5]
The practical application of a-IGZO based TFTs is dependent
on the design of display panels.[17] For other applications, such
as mobile telephones demanding high μ (>20 cm2 V−1 s−1)
comparable to LTPS requires indium-rich a-IGZO.[25–27] On
the other hand, for large-area displays, the critical aspect is
to reduce the cost of fabrication. Unlike LTPS TFTs, the TFTs
based on a-IGZO can be fabricated without intentional ion
doping and crystallization, which minimizes process complexity and cost of production. Furthermore, after the discovery
of a-IGZO, various firms have adopted it as an active layer of
TFTs and improved the quality of the displays. Gadgets such
as laptops, mobiles, televisions, etc. have already integrated
a-IGZO TFTs (Table 1).[16,28]
2.2. Metal Oxides as Transparent Conductors

2. Design of Functional Metal Oxides
2.1. Amorphous Metal Oxide Semiconductors
The discovery of a-Si:H and low-temperature polycrystalline
silicon (LTPS) has advanced display technology to new horizons.[15,16] Currently, both technologies have secured a place
in the commercial display sector. In the case of LTPS, high
electron mobility (μ > 80 cm2 V−1 s−1),[17] outstanding electrical
stability, and good form factor makes it a right candidate for
applications such as mobile telephones.[17] On the other hand,
a-Si:H based TFTs drive the largest market of televisions due
to its large-scale uniformity, ease of scalability, and low-cost
production.[18,19] Although a-Si:H is a popular candidate for the
mainstream backplane of displays, yet its carrier μ is severely
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TCOs are another class of functional metal oxide with considerably high carrier concentration (>1020 cm−3) and excellent optical
transparency (T550nm > 80%). The tin-doped indium oxide (ITO)
with In:Sn = 9:1, as an industrial standard material, finds application as an electrode in optoelectronic devices, energy-efficient
windows, and transparent heaters.[5,29] Further, the presence
of high proportion of indium in ITO increases the cost. The
total commercial value of ITO can be brought down significantly by either choosing an alternative TCO or by utilizing a
low-cost deposition technique. Several alternate TCOs with an
acceptable combination of both optical transparency and electrical conductivity have been reported over the years (Table 2),
such as indium doped cadmium oxide (In0.05Cd0.95O),[30] aluminum doped zinc oxide (Al:ZnO; AZO), fluorine doped tin
oxide (F:SnO2; FTO). However, the alternative materials still
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Figure 1. Gist of various functional materials.

suffer from several drawbacks, such as lack of adequate optoelectronic performance, environmental toxicity, and difficulty in
mild etching process.

2.4. Challenges in Conventional Vacuum Processing Methods

2.3. High κ Metal Oxide Dielectrics
Besides, tunable semiconducting and conducting characteristics, the metal oxide thin films of Al2O3, ZrO2, and TiO2, etc.
exhibit high dielectric permittivity (κ) and excellent dielectric
strength, which allows the low voltage operation of TFTs.[37]
Apart from amorphous metal oxides, few other dielectrics
satisfy the essential requirements are mainly categorized as
self-assembled monolayers (SAMs), electrolyte-based high
capacitance materials, fluorinated polymers, and inorganic–
organic hybrid materials.[6,38] However, there are issues associated with each of the dielectrics mentioned above.[6] On the
other hand, a moderately thick high κ metal oxide maintains
an appreciable areal capacitance with low leakage current
density. The selection of an optimum metal oxide is based on
specific prerequisites that are worth considering. Amorphous
metal oxide dielectric with low surface roughness is the basic
morphological requirement. Also, a large breakdown field
(>4 MV cm−1), high κ magnitude (Figure 3), and low leakage
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current density (<1 nA cm−2 at 1 MV cm−1) are the added
essentials.[6,39]

Irrespective of the type of functionalities, metal oxide thin films
have been deposited using vapor phase deposition techniques
for industrial applications. These commercially accepted thin
film deposition methods enjoy the luxury of being electrically
robust and mechanically durable.[5,27] The vapor phase deposition techniques include thermal evaporation, sputtering, pulsed
laser deposition, and atomic layer deposition. The thermal
deposition is widely used to deposit metalized products and the
deposition of compositionally robust metal oxides requires a
proper tuning of oxygen concentration.
Sputtering is widely used for the deposition of metal oxides.
Although sputtering produces robust metal oxide thin films
even at room temperature on plastic substrates, the process is
costly due to specialized targets and equipment. In the case of
pulsed laser deposition (PLD), the metal oxide target is irradiated with high-power UV pulses to vaporize the metal oxide
in a plasma plume. Although PLD can grow morphologically
robust thin films with well-controlled chemical compositions,
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Figure 2. Design concept of amorphous metal oxide semiconductors and the difference between the micrographs of polycrystalline and multicomponent amorphous metal oxides.

slow deposition rates and small area deposition make the
process capital intensive. Further, the atomic layer deposition
(ALD) technique is based on subjecting the substrate to the
alternate pulses of gaseous reagents. The self-limiting reactions
between the gaseous reagents allow the growth of atomically
thin films. The ALD deposited thin films are robust and can
have large area uniformity. ALD processes are generally used
to grow metal oxide dielectrics. However, slow deposition rates
make ALD a costly and time-consuming technique.
The vapor phase deposition methods remain ideal for the
exploration of new material systems because of their ability to
yield morphologically robust thin films with benchmark properties.[5] However, atmospheric-pressure solution-based deposition techniques are an attractive and alternative to high-vacuum
assisted deposition techniques due to their scalability, ease of
fabrication, and potential to lower manufacturing costs.[5] The
realization of solution-based deposition had come into existence, when L. Gordon and his research colleagues, during the
conduction of gravimetric analysis through the precipitation
method, observed transparent layers retained on the inner surface of the glass beaker.[40,41] The transparent layers opened up
a new area of understanding the nature of these films and their
implications. This accidental discovery led to a new area of thin
film deposition called “solution processing.” In contrast to the
inherent issues of various vacuum-based techniques, solutionbased deposition technique offers relatively simple alternatives,
which is classified into three main categories: spin coating,
spray coating, and printing. Spin coating evenly distributes
the precursor solution onto the substrate via centrifugal force.
The thickness of the film depends on acceleration, the viscosity
of the solution, the volatility of the solvent used, and the con-
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centration of the solute. Spray coating uses a mist of atomized
droplets injected from a nozzle. The method demands a volatile
and low viscous solvent for efficient atomization. Spray deposition is commercially used for the deposition of transparent and
electrically conductive thin films. The spray coating requires
optimization to achieve smooth thin films. Further, printing is
an additive deposition process, which allows simultaneous deposition and patterning. The commonly used printing processes
Table 1. List of commercial products based on a-IGZO TFTs.
Product

Maker

Display

Laptop and tablet
TOSHIBA

12.5″, 3840 × 2160, 352 ppi

Skylake NS850

NEC

15.6″, 3840 × 2160, 282 ppi

X3 Plux v3

Aorus

13.3″, 3200 × 1800, 276 ppi

i6 Air

Cube

9.7″, 2048 × 1536, 264 ppi

iPad Pro

Apple

12.9″, 2732 × 2048, 264 ppi

Sharp

31.5″, 3840 × 2160, 140 ppi

Ultrasharp UP3214Q

Dell

31.5″, 3840 × 2160, 140 ppi

PA322UHD-BK-SV

NEC

31.5″, 3840 × 2160, 140 ppi

Meizu

5.5″, 1080 × 1920, 401 ppi

Radius 12

Monitor
PN-321Q

Phone
m1 note
Redmi 2 Prime

Xiaomi

4.7″, 720 × 1280, 312 ppi

Torque G02

Kyocera

4.7″, 720 × 1280, 312 ppi

Numbia Z5S

ZTE

5″, 1080 × 1920, 441 ppi
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Table 2. List of alternate TCOs with their properties.
TCO
Al:ZnO

σ [S cm−1]

Thickness [nm] Transparency [%]

Ref.

300

750

85

[31]

In0.05Cd0.95O

17 000

650

90

[30]

Mo:In2O3

1369

–

90

[32]

Ga:ZnO

1000

300

85

[33]

Nb:TiO2

1136

40

97

[34]

Ti:In2O3

800

200

90

[35]

F:SnO2

4546.8

1100

85

[36]

are ink-jet, gravure, screen printing, flexo, slot casting, and
aerosol printing.[42] For example, screen printing is widely used
to deposit metallic lines for solar cells. Besides, ink-jet printing
has been successfully used to deposit both organic and inorganic-metal oxides. Figure 4 shows generally employed solution-based deposition techniques.

3. Solution Processing of Functional Metal Oxides
Solution deposition of electronically functional metal oxide
thin films generally falls into two main categories a) preformed oxide nanoparticle dispersion and b) soluble chemical
precursor.[43] In the first case, the dispersion of nanoparticles
of the material of interest needs the additional step of synthesizing nanoparticles and designing proper dispersants and
surface-active agents. In addition, the challenges such as limited dispersion stability, difficulty of multicomponent system,
and high-temperature requirement for ligand removal, make
dispersions of nanoparticles inappropriate for industrial implementation in solution processed large area electronics. However, in the case of soluble chemical precursor, the formation
of metal oxide thin films on a substrate of interest is accomplished by a series of steps.[44] In the first step, a precursor solution is formulated using various metal reagents, solvent(s), and
stabilizers. In the second step, the deposition of the formulated
homogeneous precursor results in a wet film, which leads to
the removal of carrier solvent. The escape of the solvent allows
the densification via viscoelastic flow. Further, in the third step:
the thermal treatment (i.e., annealing) of wet films promotes

the removal of compounds with low boiling points and builds
oxo-connecting bridges between the cations through hydrolysis
and condensation reactions.[5,44] The densification is greatly
affected by intermediate phases and other particle inclusions.
The subtle control of solution composition and deposition
profile is crucial to achieving high quality film. Also, in general, the high-temperature treatment is essential for the complete densification and removal of organic residuals. Further,
the high-temperature annealing facilitates the short-range diffusion resulting in the crystallization of the thin film (fourth
step). The amorphous oxide semiconductors do not require a
high-temperature crystallization process, but high film density
is always desired. The quality of the thin film is dependent on
the type of starting materials used in formulating the coating/
printing solution. The most commonly used precursor system
is sol–gel, which is classified into two categories: a) alkoxides
and b) metal salts with stabilizer.[45] The sol–gel process initiates with the alcoholic solution of an alkoxide (M-(OR)n), where
n is the valency of cation, and R is an alkyl group. The hydrolysis of the alkoxide results in hydroxyl groups, which on polycondensation produces a polymeric network. These reactions
take place simultaneously and produce low molecular weight
by-products, such as water and alcohol.[45][46] The terminology
“sol–gel” relates to the stable suspension of tiny particles called
“the sol,” which further evolves into a 3D polymeric network
called “the gel.” The formation of sol is the direct consequence
of hydrolysis and polycondensation reactions of the starting
material, which on gelation and drying produces required
metal oxides (both bulk-powders and thin films). In the case
of sol–gel derived thin films, the gelation step can be termed
“film gelation”[5]. The process of formation of a complex polymeric network is a time-dependent phenomenon, and the time
required is called “aging.” Aging a precursor has direct implications on the quality of the thin film. The bridging between
metal cations and oxygen anions takes place as a result of
continuous hydrolysis and condensation reactions (Figure 5).
The transformation from M–OR to M–O–M and final polymerization to form a continuous network of M–O–Ms demands
high temperatures. Nevertheless, a thin film with large fraction of M–O–Ms network does not solely serve the purpose.
The formed metal and oxygen bonds should sinter and create
dense metal oxide thin film with negligible porosity. Due to
the requirement of high-temperature, sol–gel processing is not

Figure 3. Periodic table showing criteria for the selection of metal oxide dielectrics based on the magnitude of κ. Adapted with permission.[6] Copyright
2018, Wiley-VCH.
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Figure 4. Schematic depicting various solution-based film deposition techniques. Adapted with permission.[5] Copyright 2011, Royal Society of Chemistry.

feasible for thermally sensitive polymeric substrates. Moreover,
the high processing temperatures not only demand more input
power, but also limit processing flexibility for the inclusion of
thermally labile functional materials, such as quantum dot,
self-assembled monolayer, and organic materials. The alterations of soluble chemical precursors are to decrease the temperature of processing. The steps involved in the deposition of
dense thin films need to be carefully designed to reduce the
maximum temperature of processing. The first step of formulating the precursor is subjected to scientific scrutiny by many
researchers and developed various classes of precursors with
distinct chemistries.[44] The following paragraphs describe a few
such precursor systems.
3.1. Chelating Agent-Based Sol–Gel Precursors
The modification in the sol–gel precursor is brought by the
incorporation of chelating ligands.[47] The intentional addition

of keto- or amine-groups alters the organic part of metal
alkoxide reagents resulting in stabilization towards hydrolysis.[44] This method applies to diverse metal oxides with
transition, post-transition, and alkaline earth metal cations.
However, the high-temperature requirement makes these
precursors hard to integrate with thermally sensitive plastic
substrates.[48]
3.2. Polymer-Assisted Precursors
The reagents such as metal nitrates with water-soluble
polymer forms a stable and homogeneous precursor.[49] The
polymer capped metal cations arrest undesired chemical
reactions and precipitation. Although the deposited films
are of uniform thickness and controlled stoichiometry, high
annealing temperatures are necessary for depolymerization, impurity removal, metal-oxide network formation, and
crystallization.[50]

Figure 5. Hydrolysis and condensation reactions involved in “sol–gel” processing.
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3.3. Metal Organic Decomposition-Based Precursors

4. Combustion Reaction

This is relatively less versatile compared to conventional sol–
gel. The precursor is composed of short alkyl chain carboxylates dissolved in polar solvents.[48] The precursor ensures
no secondary reactions between the reagents. The deposited
thin films demand a high thermal budget for the complete
elimination of organic residuals. The large outflux of residuals compromises the thin film homogeneity and chemical
stoichiometry; also, high crystallization temperatures are
essential.[51]

The bulk combustion reaction was first proposed as a modification in sol–gel.[56] The alkoxides, carbonates, and metal nitrates
are employed along with carboxylic acids, such as citric acid.
The metal cations from nitrates undergo chelation with the
multi carboxylic acids present in the solution.[56,57] Various such
chelation events result in the formation of complexes constituting an organic matrix with uniform distribution of metal
cations. The method was introduced to synthesize bulk ceramic
powders such as titanates and niobates;[57] furthermore, it
has been successfully utilized in synthesizing complex metal
oxides. Another method using modified precursor chemistry is
the “glycine-nitrate” process,[57] where a solvent-free viscous gel
contains a glycine–nitrate complex impregnated with metal cations. The complex organic network containing glycine does not
allow the metal cations to suspend, which in turn enables the
precursor to have compositional homogeneity. Consequently, a
series of complex metal oxide powders have been synthesized.
It is important to note that the reaction between the glycine and
the metal ion complexes is highly exothermic, and the glycine
component acts as a reducer of metal salt, which in turn gets
oxidized due to the presence of oxygen-ligands of the metal salt.
This simultaneous oxidation-reduction (redox) reaction effectively results in the formation of metal oxide.[12] The reducing
agent is called “the fuel,” and the chemical species which provides oxygen for the redox reaction is termed “the oxidizer.”
Generally, metal nitrates serve the purpose of oxidizer and also
as the source of cations. The exothermic reaction between the
fuel and the oxidizer are utilized systematically in building
materials of interest. The exothermic combustion reaction initiates at low-temperatures, and the energy output decides the
path of the reaction. If the heat energy output is higher than
the amount of energy required to initiate the reaction, then the
combustion is self-propagating. The ingredients of the combustion reaction (fuel, oxidizer, and requisite temperature) are pictorially presented in the form of a triangle (Figure 7) along with
the various potential fuels. Over the years, the bulk combustion is utilized to synthesize nanoscale materials such as metal

3.4. Liquid Exfoliation of Layered Materials
This is a relatively new technique of formulating stable dispersions of nanometer thick layered materials.[52] The method utilizes oxidizing agents, ultrasonic waves, and ion intercalation
strategies to break weak out-of-plane bonds of bulk oxide materials, such as Nb6O17, Ti0.91O2, TaO3, Sr2RuO4, Ti3O7, etc.[52,53]
The synthesized nanosheets are dispersed into a suitable solvent with appropriate surfactants/dispersants. Thin films can
not only be grown at room temperature, but also deposition
of highly textured ultrathin metal oxides is possible. However,
the poor coverage control with uniform thickness, the limited
material scope, and high temperature requirement for surfactant removal should be overcome for large area electronic
application.
3.5. Sol–Gel-on-Chip
The precursor used in this case is an alkoxide cluster, which
on hydrolysis on the surface of the film results in the formation of metal oxide at low processing temperatures. Unlike conventional sol–gel, this process utilizes a mediated hydrolysis in
the humid atmosphere. The process was first demonstrated for
amorphous ternary (indium zinc oxide: IZO) and quaternary
(IGZO) metal oxides.[9]
3.6. Combustible Precursors
The metal nitrate(s) and organic fuel(s) are the ingredients of combustible precursors.[13,54,55] The exothermic
reaction between these species can be ignited at low temperatures compared to the endothermic decomposition
of pure metal nitrates. Figure 6 presents a reaction coordinate diagram of combustion and conventional thermal
decomposition pathways. The high localized temperature
produced from the combustion reaction allows the formation of metal oxide at minimum supplied energy. The use
of combustible precursors was first introduced in 2011
by Kim et al. and successfully demonstrated a spectrum
of functional metal oxide thin films at low-temperature
(200 °C).[1] The following section is dedicated to the implication of combustion reactions in depositing functional
metal oxides.

Adv. Electron. Mater. 2020, 2000464

Figure 6. a) Reaction coordinate diagram of combustion and conventional thermal decomposition pathways. Adapted with permission.[1]
Copyright 2011, Nature Publishing Group.
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oxides, sulfides, alloys, and metals.[13] The recent advancements
in the combustion reactions involve the synthesis of 2D materials and the deposition of functional thin films.[13]
4.1. Combustion Derived Metal Oxide Thin Films

Figure 7. Triangle mentioning the ingredients of combustion reactions
and different fuels.

Combustible precursors are used in the fabrication of thin
films of functional metal oxides, metals, and metal–metal oxide
composites. The first study on the fabrication of In2O3, IZO,
ITO, and zinc tin oxide (ZTO) was reported in 2011,[1] where
a combustible precursor containing metal nitrates and fuel in
an organic solvent (2-methoxyethanol: 2-ME) was spin-coated
and annealed at a temperature of 200 °C to produce functional
metal oxides. The deposited thin films of all metal oxides were
smooth (Figure 8a). Additionally, the semiconducting In2O3 thin
films deposited at 200 °C were crystalline (Figure 8b). The lowtemperature deposition of functional metal oxides has widely
been explored after its first realization, in various areas of electronic device fabrication such as TFTs, solar cells, organic lightemitting diodes (OLEDs), and gas sensors. The list of different
applications, along with performance parameters, is shown in
Table 3. Further the combustion processing is also investigated
to develop new oxide systems such as yttrium doped In2O3
(IYO). The ternary IYO is preferred over quaternary IGZO due

Figure 8. a) Surface topography from atomic force microscopy of In2O3, In0.7Zn0.3O1.35, Zn0.3Sn0.7O1.7, In9.0Sn1.0O15.5 thin films deposited on n++ silicon
substrate and annealed at 200 °C, b) grazing incidence angle X-ray diffraction of In2O3 thin films annealed at different temperatures, c) surface morphology of deposited In2O3 thin films by scanning electron microscopy via multiple coating steps and annealed at 250 °C. Adapted with permission.[1]
Copyright 2011, Nature Publishing Group.
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Table 3. Performance parameters of thin films of various materials deposited using combustion technique. HIL: hole injection layer, OLED: organic
light-emitting diode, T: annealing temperature, F–M–O: ferroelectric–magnetic–optical, AcAc: acetylacetone, 2,4-PENT: 2,4-pentanedionate, EG: ethylene glycol, SMCCR: Suzuki–Miyaura cross-coupling reaction, 2-ME: 2-methoxyethanol, An-E: anhydrous ethanol, g-Ac: glacial acetic acid, t: film
thickness, CE: current efficiency, EQE: external quantum efficiency, PS: polarization, M: magnetization, Eg: bandgap, conc: concentration.
Material

T [°C]

Fuel

Solvent

t [nm]

Performance parameters reported

Ref.

“HIL” in OLED

Application

NiOx

150

AcAc

2-ME

≈15

A−1

[89]

Acetone vapor sensor

SnO2

350

Urea

2-ME

≈40–60

Sensitivity = 5 with conc: 10 ppm

[90]

Pd

250

Glycine

H2O

≈260

Yield: 89% (one cycle) (SMCCR)

[91]

“HIL” in OLED

Cu: NiOx

200

AcAc

2-ME

≈30

CE 85.3 cd A−1 EQE 22.3%

[92]

“HIL” in OLED

NiO

220

Glycine

An-E

≈85

CE 4.56 cd A−1, Lifetime: 2711 h

[93]

Thin film catalyst ethanol
oxidation

F–M–O
Thin film
Gas sensor
(Porous sheet)
Phototransistor with
(combustion derived
semiconductor)

CE 45.8 cd

EQE 10.9%

BiFeO3

500

2,4-PENT

H2O/HNO3/g-Ac

≈215

PS ≈ 67 μC × cm
M: 2.50 emu × g−1
Direct Eg ≈ 2.82 eV

[94]

NiO

400

EG

H2O

–

Concmin: 5 ppm
Concmax:1000 ppm

[95]

ZnSnO

350

AcAc

2-ME

≈47

OFF state: UV sensitivity ≈105
ON state: UV sensitivity ≈101

[96]

to reduced scattering sites and effectively suppressed oxygen
vacancies with minimum fraction of yttrium.[58] The IYO thin
films annealed at 250 °C were found to be amorphous with
microscopically smooth morphology (Figure 9a,b). The TFTs
based on IYO/SiO2 have shown a μ, threshold voltage (Vth), and
on:off ratio (Ion:Ioff) of 0.75 cm2 V−1 s−1, 105–106, 10 V, respectively. Figure 9c,d shows the transfer and output curves of IYO/
SiO2 TFTs. Although initial demonstrations present the efficacy
of low-temperature combustion processing in the deposition of
robust functional metal oxide thin films, there were still significant issues of morphology control in thick film deposition. In
general, the single step deposition of thick metal oxide results
in porous thin film, which is not advisable for electrical functionalities. Figure 8c shows the surface morphology of deposited In2O3 thin films with different thicknesses. To achieve a
dense or porous/pinhole-free thin film, multiple coatings with
intermediate densification through thermal annealing is essential. On the other hand, controlled spraying of a combustible
precursor onto a preheated substrate achieves better densification.[59,60] The subsequent section deals with the advancements
in the combustion processing of thin films.

2

the combustion peak temperature depends on the thickness of
the film. Figure 10 shows the strategy of thin film deposition
using both spin and spray combustion techniques. Moreover,
the nanoscopic density, roughness, and thickness of thin films

4.2. Advancements in Combustion Processed Thin Films
A thin film of functional metal oxide is considered as robust
if it is dense with nonporous morphology. In this regard, the
low-temperature spray combustion derived films have shown
extraordinary performance equivalent to those of sputtered thin
films.[59] However, the gaseous products of combustion readily
compromise the quality of spin-coated thin films (Figure 10).
While the sole advantage of spray combustion is that the deposited film is of high density, but controlling the thickness and
surface roughness of the thin films can be challenging. The
thickness of the films needs to be as low as possible (<5–10 nm)
in one step deposition because the exothermicity of the reaction retains for a short period.[12,59,61] Successful utilization of
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Figure 9. a) X-ray diffraction patterns of IYO thin films with varying
yttrium concentration annealed at 250 °C, b) AFM surface topography
of 2.5 mol% IYO annealed at 250 °C, c) transfer, and d) output characteristics of IYO/SiO2 TFTs. Adapted with permission.[58] Copyright 2012,
American Chemical Society.
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Figure 10. Thin film deposition strategy depicting the advantages of multiple spin coatings with intermediate annealing and spray combustion technique along with the AFM topography of IZO and IGZO semiconducting films deposited at different temperatures. (Note: σ is the root mean square
roughness) Adapted with permission.[60] Copyright 2016, Wiley-VCH.

of technologically relevant semiconducting IZO and IGZO are
presented (Figure 10).[60] The effortless transformation of the
precursor to metal oxide takes place when the atomized droplets
come in contact with the preheated substrate. Since the molecular mixing ensures the compositional homogeneity, all atomized droplets embody the required quantity of both fuel and
oxidizer for the combustion. Since the densification is strongly
dependent on the exothermicity of the combustion reaction, it
is essential to use stoichiometric amounts of fuel and oxidizer.
Any deviation in the quantities results in the creation of pores
or pinholes. In addition, due to prolonged processing time,
the cost associated with multilayer spin deposition may reach
conventional vacuum-based fabrication methods. In contrast,
the single step spray deposition has the capability to achieve
electrically robust dense thin film within a short time span.
Figure 11a,b illustrates the quality of 20 nm thick single step
spray deposited and multilayer (four times coating with 5 nm
thickness in each step) spin deposited In2O3 along with its performance in TFTs[59] (Figure 11c,d).
The single step spray combustion has resulted in polycrystalline In2O3 with pronounced crystallinity compared to multilayer
spin deposition. In contrast, multicomponent systems such as
IGZO and IZO are found to be amorphous with single step
spray deposition. TFTs based on spin (multilayer) and spray
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(single step) deposited In2O3 (at 200 °C) channel layer have
clearly shown the improved performance with spray deposition.[59] The static performance parameters such as μ, Vth, and
Ion:Ioff have boosted from 0.83 ± 0.17 to 1.44 ± 0.22 cm2 V−1 s−1,
11.5 ± 5.1 V to 9.6 ± 5.0 V, and ≈105–106, respectively.[59] The TFTs
with spray combustion deposited IGZO has presented high performance approaching those fabricated by magnetron sputtered
IGZO (μspray: 8.4 ± 0.99 and μsputtering: 10.9 ± 0.12 cm2 V−1 s−1
with sol–gel processed ZrOx).[59] Further, the integration of spray
combustion deposited dielectrics and semiconductors had been
reported for the realization of low voltage operation of TFTs.[60]
Figure 12 shows the surface roughness, and transfer characteristics of TFTs based on spray combustion derived dielectrics
(Al2O3 and/or ZrO2) and semiconductors (IGZO and/or IZO).
Furthermore, the feasibility of spray combustion is also
investigated in depositing thin films of pure metallic systems.[62]
The formation of metals from the combustion reaction is an
outcome of fuel-rich precursors. The presence of excess fuel, in
turn, helps in reducing the metal oxide to pure metal.[63] Based
on this, pure metals such as nickel and alloys of nickel–copper–
iron have been synthesized using glycine as a fuel.[63] With
an increase in the fuel:oxidizer ratio (φ) from 0.75 to 1.0, 1.25,
and 1.75, the transition from nickel oxide (NiO) to pure nickel
has been achieved. Both fuel-lean (φ < 1) and stoichiometric φ
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Figure 11. a) High-resolution, bright-field TEM images with selected area energy-filtered electron diffraction patterns of In2O3 films deposited by
multilayer spin coating and single step spray combustion. b) AFM surface topography of 20 nm In2O3 films. c) TFT transfer characteristics and d) μ
distribution statistics for 20 nm thick In2O3 on Si/SiO2 substrates. (Note: CS: combustion synthesis, SCS: spray combustion synthesis). Adapted with
permission.[59] Copyright 2015, United States National Academy of Sciences.

processes provide excess oxygen to the reaction resulting in the
formation of NiO. The X-ray diffraction (Figure 13a) of the SEM
micrographs revealed the formation of metallic nickel at larger
magnitudes of φ (Figure 13b).[64]
In view of this, there was an attempt to deposit pure silver
and silver–copper oxide composite films on glass substrates.[62]
Nitrates of copper and silver served the purpose of the oxidizer,
and citric acid acted as the fuel. The presence of excess fuel
helped in reducing silver oxide to pure silver. Figure 14 shows,
step-by-step derivation, and comparison of combustion reactions involved in the formation of both silver oxide and metallicsilver. The amount of fuel required to form pure silver is higher
than that of its oxide. This analogy is further implemented in
depositing electrically conductive silver–copper oxide composite
films.[62] The aqueous precursors of silver and copper were
mixed and sprayed on a preheated substrate (at 170 °C). The
maximum electrical conductivity reported was of the order of
105 S cm−1 for the composite films with 50% silver and the rest
copper oxide.[62] Further, it is interesting to note that the molecular level mixing of the precursor did not yield an alloy of silver
and copper; instead, the reaction between copper and oxygen
prevailed. Therefore, it is clear that spray combustion is efficient in the in situ fabrication of metal–metal oxide composite
films. The advantage of spray combustion is not only attributed
to the realization of dense and robust metal oxide thin films,
but also in the achievement of short processing periods.
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The processing time is a crucial parameter, which decides
the total cost of production. It is important to note that the
as-deposited thin films of combustible precursors require
prolonged annealing time (≈10 min–2 h) to eliminate organic
contaminants entirely and to ensure high densification
with porous-free morphology.[64] Such a postannealing step
demands a continuous supply of heat energy, raising the
cost of production. In this regard, modification in combustion chemistry is utilized to reduce processing time significantly (10–60 s).[64] The use of co-fuel system, coupled with
blade coating technique, has reduced not only the time of
processing, but has also proved that the efficacy of combustion in depositing wafer-scale functional metal oxides.[64]
Figure 15a–f shows a wafer (4″) scale TFTs with IGZO-semiconductor and Al2O3-dielectric along with μ statistics, characteristic curves, and Vth shift versus time plots. The waferscale TFTs (100 devices) have shown μ, Vth, and Ion:Ioff of 18 ±
2.5 cm2 V−1 s−1, 0.55 ± 0.27 V, and ≈104–105 respectively with
a negligible Vth shift.[64] The addition of co-fuels yields high
densification and enhanced metal oxide lattice formation. The
substantial improvement in the TFT performance is attributed to an optimum concentration of co-fuel in the precursor
(Figure 16a). In an investigation, a range of co-fuels has been
employed with primary acetylacetone.[65,66] The improvement
in the amount of heat energy liberated from the exothermic
reaction (ΔHexo), due to the presence of co-fuels, is greater
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Figure 12. AFM topography and transfer characteristics of TFTs based on spray combustion derived various functional metal oxides processed at a) 300
and b) 350 °C. (Note: σ is the root mean square roughness). Adapted with permission. [60] Copyright 2016, Wiley-VCH.

than those with only acetylacetone. Also, various co-fuels obey
a linear relationship between ΔHexo and TFT μ (Figure 16b).[66]
Note that excess co-fuel in the system can act adversely and
reduce the performance of TFTs due to carbonaceous impurity. Moreover, the precursors without a primary fuel also show
exothermic combustion response; the presence of an organic
solvent serves the purpose of fuel as well.[67] The dual role of

organic solvent, 2-ME, has shown marginal improvement in
the performance of SiO2/ZTO TFTs in the absence of ureafuel,[67] which is attributed to increased generation of defect
states at the semiconductor–dielectric interface. Another investigation[68] on semiconducting indium zinc tin oxide (IZTO)
deposited using the dual role of 2-ME has quantified the fraction (0.3%) of 2-ME serving the purpose of fuel.

Figure 13. a) X-ray diffractograms b) scanning electron micrographs of combustion products synthesized with different magnitudes of φ. Adapted with
permission.[63] Copyright 2017, American Chemical Society.
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Figure 14. Derivation of stoichiometric combustion reactions to achieve silver oxide and its comparison with reaction forming metallic silver. (Note:
n = number of moles of fuel required for one more of an oxidizer).

Most of the studies on combustion derived metal oxide thin
films are based on organic solvent, mainly 2-ME. Due to the
large carbonaceous load from the organic solvent, the as-deposited film needs high annealing temperatures. Thus, the replacement of organic solvent by an ecofriendly aqueous solvent is
reported in depositing high κ Al2O3.[69] A comparative study
on 2-ME and water-based combustible precursors of Al2O3
has revealed that the thin film deposited from as-prepared
(without aging) aqueous combustible precursors are amorphous and depict high areal capacitance. On the other hand,
2-ME based precursors require aging of 72 h (Figure 17a,b), to
achieve nearly similar areal capacitance. The TFTs based on
aqueous combustion processed 10 nm thick Al2O3, and solution-processed gallium zinc tin oxide (GZTO)-semiconductor
(Figure 17c), have depicted a saturation μ and turn-on voltage of
1.3 cm2 V−1 s−1 and 0.5 V, respectively.[69] Figure 17d shows the
transfer characteristics of aqueous Al2O3/solution processed
GZTO TFT. Another way of reducing carbonaceous load is to
incorporate both fuel- and oxidizer-ligand in a single chemical
species.[70] Figure 18 shows the Oak Ridge thermal ellipsoid
plots of water-soluble indium nitrate–urea [In(urea)6(NO3)3],
and zinc nitrate–urea [Zn(urea)4(H2O)2][NO3]2 complexes;
Adv. Electron. Mater. 2020, 2000464

where nitrates are the oxidizers and urea is the fuel. Such
complexes are directly utilized in the fabrication of IGZO TFTs
and the performance parameters, such as μ, Vth, and Ion:Ioff is
estimated to be 3.1 cm2 V−1 s−1, 4.3 V, and ≈107, respectively.[70]
Although combustible precursors fall into the category of
soluble chemical precursors, their utilization is also demonstrated in the nanoparticle-based system as electrical lowtemperature solder.[71] The thin films processed via nanoparticle precursor route show poor electrical connectivity due
to retained surface capping agents, which compromises the
inherent electrical characteristics of functional nanoparticles.
The integration of a nanomaterial-based precursor system with
low-temperature combustion improves not only the electrical
connectivity between the nanostructures, but also preserves
the intrinsic electronic character. The as-deposited zinc oxide
(ZnO) nanorod-based TFTs has depicted an electron μ of the
order 10−2–10−3 cm2 V−1 s−1.[71] However, when nanorod based
thin films are impregnated/overcoated with the ZnO combustible precursor, the electron μ is enhanced to 0.2 cm2 V−1 s−1.
Figure 19a,b shows the thickness, and surface morphology
(inset) of ZnO nanorod thin films and nanorods impregnated
in combustion derived ZnO matrix, respectively. Figure 19c–e
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Figure 15. a) Blade coating process with inset: 4″ wafer, b) optical micrograph showing the top view of IGZO/Al2O3 TFT, c) μ statistics, d–e) output
and transfer characteristics IGZO/Al2O3 TFT, f) bias stress measurements (ΔVth versus time). Adapted with permission.[64] Copyright 2019, United
States National Academy of Sciences.

shows the transfer and output characteristics of ZnO nanorodbased and nanorods impregnated in combustion derived ZnO
matrix-based TFTs. Further, the low-temperature combustion
processing is also employed in the fabrication of p-type metal
oxides such as copper doped nickel oxide (Cu:NiO).[72] The lowtemperature (150 °C) deposited Cu:NiO (5 at% copper doping)
has been found to exhibit excellent electrical characteristics.
The TFTs composed of Cu:NiO and high κ ZrO2 has shown a
μ, Ion:Ioff, and Vth of 1.5 cm2 V−1 s−1, 104, 0.45 V, respectively.
Figure 20 shows the transfer curves of ZrO2/Ni:CuO TFTs with
varying doping concentrations of copper and histogram of TFT
performance parameters (μ and Vth).

To further improve the performance of both n- and p-type
TFTs, combustion processing is accompanied by photochemical activation. UV irradiation promotes the formation of
metal–oxygen bonds through the successive breaking of alkoxy
groups.[54,73,74] Park et al. introduced the photochemical activation process for the conventional sol–gel precursor system of
ternary-IZO and quaternary-IGZO.[73] The successful integration of combustion processing and photochemical activation
has resulted in outstanding TFT characteristics at low temperatures (<200 °C)[75] (Figure 21a). The far UV (FUV) irradiation has
depicted a substantial improvement in the dielectric response
of AlOx (Figure 21b) and the performance of IGZO and In2O3

Figure 16. a) μ of 10% and 20% co-fuel content-derived Si/SiO2/IGZO/Al TFTs, b) plot of TFT μ versus ΔHexo. (Note: Sor: sorbitol, Gly: glycine, VC:
l-ascorbic acid, Ery: erythritol, Glu: glucose, Xyl: xylitol, Suc: sucrose). Adapted with permission.[66] Copyright 2019, Wiley-VCH.
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Figure 17. Capacitance versus voltage characteristics of Si/AlOx/Al capacitors with a) aqueous, b) 2-ME processed AlOx depicting the effect of aging,
c) high-resolution focused ion beam-scanning electron cross-sectional micrograph of TFT, d) transfer characteristic of Si/aqueous processed AlOx/
GZTO/Al TFT. Adapted with permission.[69] Copyright 2014, American Chemical Society.

TFTs.[75] The photochemical activation and combustion processing are also employed in the deposition of multilayer oxide
dielectrics (HfOx and AlOx), and the TFTs fabricated with the
compound dielectric have revealed stable performance.[76] Also,
p-type TFTs with lithium doped nickel oxide (Li:NiOx) active
layer have been investigated using combined photochemical
activation and combustion processing.[77] The UV irradiation
has contributed to improving hole transport at considerably
low processing temperature (150 °C). Figure 21c–e shows the
transfer characteristics of TFTs with varying concentrations
of lithium in Li:NiOx along with the statistical distribution of
performance parameters. Further, combined UV irradiation
and combustion processing have also been employed in large
area AlOx/In2O3 TFTs on a flexible substrate using flexographic
printing.[78]

4.3. Combustion Processed Transparent Electrodes
Although combustion processing ensures the acceptable performance of functional metal oxides at considerably low temperatures, the increase of annealing temperature further enhances
the functionalities, which can be attributed to defect chemistry
and enhancement in crystallinity. For example, commercialgrade TCO (i.e., ITO) with a composition of In:Sn::9:1 has
shown an improvement in electrical conductivity with annealing
temperature (200 °C: 0.35 S cm−1 and 250 °C: 130 S cm−1),[1] due
to the formation of oxygen vacancies, contributing to the overall
charge concentration. Similar observations have been made in
complex ternary oxides such as IZTO.[79] The low-temperature
crystallinity achieved in IZTO films is evidence of the fuel-acetylacetone additive. Apart from conventional dopants (i.e., Sn and

Figure 18. Oak Ridge Thermal Ellipsoid plots of metal–urea complexes. Adapted with permission.[70] Copyright 2018, Wiley-VCH.
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Figure 19. The thickness and surface morphology (inset) of a) ZnO nanorod thin films, b) ZnO nanorods impregnated in combustion derived ZnO
matrix, c) transfer, and d–e) output characteristics TFTs (Si/SiO2/ZnO/Al) based on ZnO nanorod and ZnO nanorod impregnated in combustion
derived ZnO matrix (nanocomposite). Adapted with permission.[71] Copyright 2012, American Chemical Society.

Zn in In2O3), doping of several elements from the group 3/4f
has been demonstrated using the combustion processing. In
addition, combustion processing is useful in depositing other
electrically functional metal oxides, such as CaVO3,[80] which

is of enormous importance because of the utilization of lowcost materials for TCO such as calcium rather than rare-earth
indium. Moreover, CaVO3 is classified as a “correlated metal,”
which shows a metallic conductivity when deposited at near

Figure 20. a) The transfer characteristics of combustion derived Cu:NiO TFTs with varying concentrations of copper doping. Histograms depicting TFT
performance parameters, b) μ, c) Vth for 5 at% copper doped nickel oxide. Adapted with permission.[72] Copyright 2017, Wiley-VCH.
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Figure 21. a) Improvement in the TFT performance at low processing temperature due to UV aid, b) capacitance versus frequency characteristic of FUV
irradiated AlOx at a low processing temperature of 180 °C. The performance of Si/ZrO2/Li:NiOx/Ni TFTs: c) transfer characteristics and d–e) histograms
presenting the statistical variation of performance parameters (μ and Vth). Adapted with permission.[75,77] Copyright 2016, American Chemical Society
and Copyright 2018, Royal Society of Chemistry.

room temperature.[81] The maximum electrical conductivity of
CaVO3 at 140 °C was found to be about 3 S cm−1[80] (Table 4),
which is comparatively low and requires a further improvement
by increasing combustion efficiency by adopting recent advancements in thin film combustion. The solution combustion technique was successfully adopted in depositing transparent and
conducting titanium doped indium oxide (In14TiO23) films, and

it was reported that the films deposited at a temperature of
350 °C (Table 4) have resulted in excellent optical transparency
(≈100%) in the visible spectrum.[82] Furthermore, the composite
films comprising ITO and AgNWs have also been demonstrated using solution combustion[83] (Table 4). Metal oxides are
well-known for n-type behavior due to the large concentration
of anion vacancies, but few p-type metal oxides have also been

Table 4. Solution combustion derived TCOs and respective deposition conditions. t: film thickness, T: annealing temperature, Rs: sheet resistance,
σ: electrical conductivity, Ce-AcAct: cerium acetylacetonate, 2-ME: 2-methoxyethanol, Tr: optical transparency, AcAc: acetylacetone, AgNWs: silver
nanowires, FTO: fluorine doped tin oxide, IZTO: indium zinc tin oxide, ITO: indium tin oxide.
Material

t [nm]

T [°C]

Fuel

Solvent

σ [S cm−1] or Rs [Ω sq−1)

Tr [%]

Ref.

In14TiO23

≈166

350

AcAc

2-ME

20 S cm−1 (at 450 °C)

≈100

[82]

CuCrO2 (p-type)

≈75

180

Glycine

2-ME

≈90

[84]

0.14 S

cm−1
−1

ITO

–

250

AcAc

2-ME

≈81 Ω sq

IZTO

–

200

AcAc

2-ME

≈14 S cm−1
cm−1

–

[97]

≈83

[79]

–

140

AcAc

2-ME

≈3 S

–

[80]

AgNWS-ITO
(composite)

≈120

250

AcAc

2-ME

≈18 Ω sq−1

≈80

[83]

Ce: In2O3

≈100

500

Ce-AcAct

2-ME

≈60.7 Ω sq−1

≈90

[98]

ITO

≈160

250

AcAc

2-ME

≈23 S cm−1

≈90

[99]

FTO

–

420

Urea

2-ME

≈6.6 Ω sq−1

≈90

[100]

CaVO3
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Table 5. Performance of solar cells with one of the components (in bold letters) deposited using combustion reaction. t: thickness of thin film, T:
annealing temperature, Rs: sheet resistance, Tr: optical transparency, VOC: power conversion efficiency, JSC: short circuit density, FF: fill factor, PCE: power
conversion efficiency, 2-ME: 2-methoxyethanol, AcAc: acetylacetone, Zn-AcAct: zinc actylacetonate, Poly-TPD: poly (4-butyl-phenyl-diphenyl-amine).
Solar cell configuration

ITO/Cu:NiOx/CH3NH3PbI3/C60/Bis-C60/Ag

Reaction parameters

t [nm]

Tr [%]

Fuel

Solvent

T [°C]

AcAc

2-ME

150

≈50

>95

Rs
[Ω sq−1]

Performance parameters

Ref.

VOC [V]

JSC [mA cm−2]

FF

PCE [%]

1.8

1.05

22.23

0.76

17.74

[101]

Glass/Mo/CIGS/[AZO-AgNWs-AZO]

Zn-AcAct

2-ME

200

≈150

93.4

11.3

0.54

36.43

0.56

11.03

[102]

ITO/SnO2/CH3NH3PbI3/spiro/Ag

Urea-AcAc

2-ME

140

≈20

–

–

1.04

19.20

0.52

10.36

[103]

AgNWS/ZnO/PTB7-Th:PC70BM/MoO3

Zn-AcAct

2-ME

180

≈50

≈87

30

0.80

16.48

0.64

8.48

[104]

FTO/NiO/MAPbI3/PCBM/Ag

AcAc

Alcohol

330

≈40

–

–

1.03

17.42

0.71

12.7

[105]

ITO/MoO3/P3HT:PC61BM/Al

AcAc

H 2O

150

≈25

–

–

0.60

8.88

0.63

3.56

[106]

ITO/In2O3/PCBM/MA1−yFAyPbI3−xClx/Spiro/Ag

AcAc

2-ME

150

–

≈85

–

1.04

20.85

0.64

13.75

[107]

ITO/NiOx/ PC71BM/LiF/Al

AcAc

2-ME

175

≈10

≈90

5.87

0.87

10.50

0.70

6.42

[108]

ITO/PEDOT/NiO/Poly-TPD/PC70BM/Al

Urea

An-E

225

≈65

≈95

–

0.52

5.28

0.62

1.72

[109]
[110]

FTO/Zn:Nb2O5/CH3NH3PbI3/Spiro/Ag

AcAc

2-ME

200

–

≈80

–

1.12

22.55

0.70

17.70

FTO/NiOx/MA1−yFAyPbI3xClx/PCBM/BCP/Ag

AcAc

2-ME

250

≈30

≈98

–

1.12

23.7

0.76

20.2

[111]

ITO/ZnO/ CH3NH3PbI3/Spiro/Au

AcAc

2-ME

150

≈30

–

–

1.0

23.03

0.7

16.47

[112]

reported. The origin of p-type conduction can be traced to the
formation of cation vacancies such as VCu
′′ in CuO, VSn′′ in SnO.
One such p-type (CuCrO2) TCO has been reported to display an
electrical conductivity of 0.14 S cm−1, deposited using a combustible precursor involving metal nitrates and glycine as oxidizers
and fuel, respectively[84] (Table 4).
Additionally, combustion derived thin films have been
employed as various components of solar cells, such as electron
transport layers, hole transport layers, and contact electrodes.
Series of metal oxides have been investigated for their electrical/
optical features in solar cells. Table 5 shows the configuration of
solar cells, the components with combustion assisted deposition
followed by the cell performance parameters. A large number
of metal oxides have been deposited using solution combustion
with acetylacetone/urea-fuel. Various other potential fuels still
need to be investigated for their combustion efficiency in the
formation of thin films. Furthermore, along the side of combustion derived metal oxides in TFTs (Table 6), there are a few
reports that describe attempts to fabricate high κ metal oxide
dielectrics, such as hafnium oxide (HfOx),[85] and sodium beta
alumina (SBA)[86] with dielectric permittivity of 14.2 and 21,
respectively. In particular, the low-temperature (about 200 °C)
formation of the beta phase in SBA (NaAl11O17) via spray deposited aqueous combustible precursor is the evidence of lowtemperature phase stabilization.[12] In addition to the applications mentioned above, the solution combustion method is also
extended to deposit electrochemically active porous films.[87,88]
Overall, the functional thin films derived from low-temperature combustion processing are of high technological importance due to the fact that the process is compatible with flexible and large area substrates. After the first realization of
combustion reactions at nanoscale thin films, there have been
numerous advancements such as spraying atomized droplets of combustible precursors to achieve single step dense
and porous/pinhole morphology, use of ecofriendly water as a
medium of dissolution, significant reduction in annealing time
by incorporating optimized quantities of co-fuels and fetching
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the dual role of organic solvent. Notably, the performance of
combustion derived thin films is comparable with those deposited with conventional sputtering techniques. In addition, the
versatility of combustion processing in depositing not only
metal oxides but also metals/metal–metal oxide composite
films have paved the way towards commercialization of combustion processing for solution processed low-cost large area
electronics on flexible substrates.
Over the years, a continuous effort has been made to develop
low-temperature processing and post-treatment methods for
functional metal oxides thin films. Apart from combustion
processing, the other methods such as alkoxide precursors,
microwave annealing, high pressure annealing, aqueous precursors, photochemical activation, and O2/O3 annealing have
been developed.[37] A comparative plot comprising of processing
temperature and device performance parameters is presented
in Figure 22. Despite significant advancements in combustion
processed nanoscale thin films, there are few shortcomings,
which are worth noting. The proper selection of fuel, co-fuel,
and solvent(s) requires a good knowledge of reaction chemistry.
Also, inadequate thermal analysis tools to predict the nanometer
thick precursor films’ decomposition behavior impose difficulty
in selecting the right annealing temperatures. The selection of
fuel, in bulk combustion processing, is well defined, and several fuels have been investigated for their combustion efficiency.
But, in the case of thin film combustion, most of the studies
are based on acetylacetone and urea. In this regard, a large
number of organic fuels are yet to be investigated. Further, the
deposition method in the case combustion-derived thin films
plays a crucial role in deciding the devices’ performance. The
spin coating demands multiple layers of deposit to achieve the
desired thickness; such multistep deposition increases the cost
of production. Nevertheless, a proper understanding of the reaction thermodynamics and decomposition strategy of nanometer
thick as-deposited precursors plays a vital role in achieving highperformance devices. The subsequent section deals with the
mechanistic understanding of combustion derived thin films.
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Table 6. Performance of TFTs with components (in bold letters) deposited using combustion reaction. t: thickness of thin film, T: annealing temperature, μ: mobility, Vth: threshold voltage, SS: subthreshold swing, Ion:Ioff: on:off ratio, 2-ME: 2-methoxyethanol, AcAc: acetylacetone, Zn-AcAct: zinc
actylacetonate, TFPD: 1,1,1-trifluoro-2,4-pentanedione, NAcAc: nitroacetylacetone, Zr-SAND: zirconia-based self-assembled nanodielectric, ZATO: zinc
aluminum tin oxide, GZTO: gallium zinc tin oxide, SBA: sodium beta alumina, ILZO: indium lanthanum zinc oxide, PVP: polyvinylpyrrolidone, IGO:
indium gallium oxide, g-Ac: glacial acetic acid, ZTO: zinc tin oxide, IZO: indium zinc oxide.
Architecture of TFTs

Reaction parameters
Fuel

Solvent

t [nm]
T [°C]

Performance parameters
μ [cm2 V−1 s−1]

Ion:Ioff

Vth [V]

SS [V dec−1]

Ref.

Si/SiO2/ZATO/Al

AcAc

2-ME

300

≈35

5.23

≈106

−3.74

0.91

[113]

Si/AlOx/GZTO/Al

Urea

H2O

350

≈44

1.3

≈105

0.5

0.3

[69]

Si/SiO2/IGZO/Al

Urea

H 2O

350

≈9.7

3.1

≈107

4.3

–

[70]

Si/HfOx/IGZO/Al

Urea

2-ME

150

≈18

31.2

≈105

−0.04

0.08

[76]

Si/SiO2/IZTO/Al

AcAc

2-ME

300

≈45

1.44

≈106

1.23

0.41

[114]

PI/ITO/Al2O3/IGZO/ITO

AcAc

2-ME

200

≈20

0.85

≈108

29.21

0.49

[115]

Si/SiO2/IZO/Al

AcAc

2-ME

400

≈12

17.54

≈107

1.43

0.35

[116]

Si/SiO2/IZO/Mo

Zn-AcAct

2-ME

400

≈4.9

1.5

≈108

5.0

≈0.3

[117]

Si/SBA/IZTO/Al

2-ME

2-ME

200

≈45

4.21

≈102

0.47

–

[68]
[118]

Si/SiO2/In2O2/Al

2-ME

2-ME

200

–

3.98

≈108

1.83

0.4

Si/SiO2/NiO(p)/[Ni/Au]

AcAc

2-ME

350

≈30

0.015

–

–

–

[119]

Si/SiO2/AZO/Al

AcAc

2-ME

250

–

1.2

≈106

17

4.5

[120]

PI/Mo/SiO2/In2O3/Al

AcAc

2-ME

250

–

2.24

≈108

3.05

0.45

[121]

PET/ITO/ZrOx/Li:NiOx (p)/Ni

AcAc

2-ME

150

–

1.69

≈106

5.47

0.21

[77]

0

0.186

[122]

−0.3

0.16

[123]

Si/Al2O3/IGZO/Al

AcAc

2-ME

260

≈45

2.26

≈104

Si/Al2O3/IGZO/Al

AcAc

2-ME

300

Al2O3 ≈ 70
IGZO ≈20

7.3

≈105

Si/HfOx/SAND/IGZO/Al

AcAc

2-ME

300

≈2.7

20

≈107

0

0.19

[124]

ITO/AlO2/ZnO/Al

Urea

2-ME

250

≈250

2.4 × 10−3

≈105

7.11

–

[125]

Si/SiO2/ZTO/Al

2-ME

2-ME

350

≈18

3.8

≈106

–3.98

0.89

[67]

1.2

0.540

[72]

6.3

–

[126]

ITO/ZrO2/Cu:NiO/Ni

AcAc

2-ME

150

≈35

1.87

≈102

Si/SiO2/In2O3/IGO/Al

AcAc

2-ME

250

In2O3 ≈3
IGO ≈10

2.56

≈108

Si/SiO2/IGZO/Al

AcAc-Glycine

2-ME

300

≈10

6.95

≈107

2.5

0.9–2.0

[66]

Si/SiO2/IGZO/Al

AcAc-TFPD

2-ME

300

≈11.5

1.62

≈106

3.34

–

[64]

Si/SiO2/IGO/Al

AcAc

2-ME

300

≈10–15

13.29

≈106–7

–1.50

2.80

[127]

Si/SiO2/IGZO/Al

NAcAc

2-ME

300

≈7–8

5.69

≈107

2.77

0.57

[128]

Si/SiO2/IGZO/Al

AcAc-Sugar

2-ME and H2O

300

≈10–11

3.87

≈106

3.5

–

[65]

9.5

3.0

[59]

23

–

[129]
[58]

Si/SiO2/In2O3/Al

AcAc

2-ME

225

≈20

1.87

≈105–6

Si/SiO2/ILZO/Al

AcAc

2-ME

250

≈12

0.65

≈108

Si/Zr-SAND[132]/IYO/Al

AcAc

2-ME

250

–

5.0

≈104

1.01

–

Zn-AcAct

2-ME

350

≈8

8.70

≈108

12.47

7.2

[8]

Si/SiO2/[In2O3+PVP]/Al

AcAc

2-ME

250

≈18–23

0.92

≈105–6

6.4

3.7

[131]

Si/ZrO2/In2O3/Al

Urea

H2O

300

≈30

2.76

≈106

–

0.10

[132]

Si/Al2O3/ZTO/Al

Urea

2-ME

500

≈48

17.36

≈106

1.72

0.14

[133]

PI/Al:Nd/AlOx:Nd/ZTO/Al

g-Ac

g-Ac

300

–

3.9

≈105

0

0.35

[134]

Si/SiO2/IZO/Al

4.4. Mechanism of Combustion in Nanoscale Films
After the first article[1] on combustion derived functional
metal oxide thin films, there have been a consecutive report
about a systematic understanding of combustion reactions in
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nanoscale thin films.[71] Owing to the large surface-to-volume
ratio of thin films facilitate both heat and mass transfer with
greater ease.[71] The factors such as predecomposition, heating
profile, and sample size play a vital role in realizing thin film
combustion.[71,135] The presence of fuel-ligand indeed helps to
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Figure 22. A comparative plot of device performance of various functional metal oxides processed using different low-temperature techniques. Adapted
with permission.[37] Copyright 2018, American Chemical Society.

lower the metal oxide formation temperature, but a progressive
reaction demands a certain degree of predecomposition of the
precursor. The vacuum dried (at 70 °C) In2O3 combustible precursor with acetylacetone-fuel requires a temperature of 150 °C
for the complete formation of In2O3 under isothermal heating

(Figure 23a). Similar observations have also been made in ITO
(Figure 23b) and ZnO systems[71] (Figure 23b). The delayed
period was attributed to the generation of sufficient amount
of self-catalytic species to induce combustion reaction. The
exponential decrease of delay time with the rise in temperature

Figure 23. Thermal analysis of bulk precursor a) In2O3, b) ITO, and c) ZnO. d) Grazing incident angle X-ray diffraction of In2O3 thin films. Adapted
with permission.[71] Copyright 2012, American Chemical Society.
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could explain the reaction kinetics of self-catalytic species generation.[71] The complete decomposition of the combustible
precursor depends on not only the heating profile, but also the
sample size. At 150 °C, thicker films have resulted in the efficient conversion of precursor into metal oxide by generating
sufficient internal heat due to combustion. On the other hand,
the thin films and films that resulted from multiple thin film
depositions are amorphous. Structural analysis by X-ray diffraction has revealed the crystalline nature of In2O3 films with
thickness ≈60 and ≈105 nm[71] (Figure 23d). Besides, the film
with identical thickness has resulted from multiple coats is
amorphous, with a significant quantity of indium hydroxide.
The absence of combustion in thin films is attributed to the
loss of combustible autocatalytic species, via evaporative outflux, before the combustion condition is reached, leading to
a nonstoichiometric φ. Although the thicker films have provided evidence of combustion reaction, the resultant films
are of poor morphology due to the outgassing of the reaction
products, which compromises electrical functionality. Thus,
there exists a trade-off between the film morphology and its
thickness in achieving robust functional metal oxides via lowtemperature combustion reactions. Overall the combustion in
thin-film could be ignited with preheating up to the desired
temperature. In this case, the self-heating is bit different
from conventional combustion. In traditional bulk systems,
the exothermic reaction could induce sufficient heating of
near materials and thus combustion reaction. In a small heat
system (i.e., thin films), the self-generated heat is not enough
to induce combustion; hence it requires sufficient external
heat. The sum of external heat and self-heating has resulted
in metal oxide formation, as revealed by the thin-film analysis.
For the acetylacetone and nitrate-based system, slow heating
could result in undesired fuel and/or oxidizer depletion before
reaching ignition conditions.[71,136]
Although the thin film embodies required combustible
elements, the kinetics of the reaction gets severely affected
by parameters such as the surface-to-volume ratio and the
thermal conductivity of the substrate/sample. A detailed
study on the combustion mechanism of molybdenum acetylacetone–ammonium nitrate has depicted the process conditions involving an optimized surface-to-volume ratio and
high heating rates to promote oxidative decomposition,
encouraging the occurrence of combustion reactions in thin
films.[137] Although the slow heating rate of 10 °C min−1 with
typical commercial thermogravimetric analysis resulted predecomposition of fuel and induced significant imbalance in fuel
to oxidizer ratio, the extremely fast heating with direct placement of a precursor film on hot plate resulted clear combustion reaction behavior. For the MoO3 combustion processing,
the extremely fast heating to target temperature of 250–300 °C
within few second resulted organic residue free films with
enhanced crystallinity.
The reports describing the mechanism and parameters
that affect the decomposition pathway in thin films with
fuel additives and nitrates have strictly emphasized the
geometry of the spin-coated wet film. As-spun thin films,
with a thickness of less than 100 nm on a substrate of size
2 × 2 cm2, will have a surface-to-volume ratio of the order of
106–107 m−1. However, in the case of spray combustion, the

Adv. Electron. Mater. 2020, 2000464

situation is entirely different because the atomized droplets
of several micrometers’ diameter (for example, 100 μm) can
have a surface-to-volume ratio of the order of 103–104. Moreover, the atomized droplets, with a high surface-to-volume
ratio, on being exposed to the preheated substrate, acquire
heat spontaneously. This is attributed to high heating rates,
which is stated as one of the requirements for combustion.
Further, it can be noted that the droplets are minuscule and
directed from the nozzle to the substrate individually in order
to undergo combustion. Consequently, spray deposition is
expected to exhibit much easier transportation of the gaseous
products of combustion. It is well-known that spray-deposited
films are generally of higher thickness than spin-coated
films, with multiple spray depositions eventually increasing
the volume of the deposit. Given all the observations previously mentioned, combustion in sprayed precursors is most
likely to occur. As an example, the spray deposited ≈1.2 μm
thick silver film from an aqueous precursor containing silver
nitrate/citric acid in the ratio 1:2/6 at 200 °C, reveals the
existence of combustion front (Figure 24). The propagation
of the combustion front provides evidence of combustion in
spray deposited films (supporting video). This approach of
depositing metallic films at low-temperature can be used in
the deposition of electrodes of various electronic devices. Further development of characterization techniques, which can
track the thermal explosion in thin films with uniform abrupt
heating, could further reveal the precise nature of thin film
combustion of metal oxide.

5. Outlook
The review is focused on the recent advancements of combustion derived functional metal oxide thin films for various electronic device applications. The combustion processing was
initially proposed as a modification in conventional sol–gel
processing to synthesize bulk materials, and the first realization of thin film combustion was brought to limelight in the
year 2011. The initial results describe the efficacy of low-temperature deposition of semiconductors (In2O3, a-IZO, a-ZTO)
and a transparent conductor (ITO) at a low-temperature of
200 °C. The variations in combustion processing, in terms of
precursors and deposition methods, have been proposed for
betterment in the performance of the electronic devices. The
aqueous combustible precursors and the dual role of organic
solvents have improved the performance of the devices, especially TFTs. In addition, the spray combustion technique has
resulted in an outstanding performance of TFTs matching with
their sputtered counterparts. The spray deposition has also
been extended in depositing electrically conductive metallic
and metal–metal oxide composite thin films. Along with spray
and spin coating techniques, the combustible precursors are
compatible with inkjet printing and blade coating methods.
The blade coated combustion derived thin films have depicted
the large area compatible fabrication as well as compatibility
with flexible substrates. Further, a substantial improvement in
the performance of the TFTs has been reported using an integrated approach of combustion processing and photochemical
activation.
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Figure 24. Deposition of silver film on a glass substrate by spray combustion and propagation of combustion front.
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