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Preface

Thin films have been employed in many applications as surfaces that possess specific 
optical, electronic, chemical, mechanical, and thermal properties. This book covers 
the deposition methods and applications of thin films. It also includes a study of 
ion beam techniques for depth profiling of multilayer thin films. These ten chapters 
include original research studies and literature reviews written by experts from 
the international scientific community.

Chapter 1 presents an overview of various thin film deposition technologies used 
in the fabrication of photovoltaics. Chapter 2 gives a comprehensive overview of 
sputtering processes, including the design and basic operations of the sputtering 
systems, the effects of mass, concentration, energy and angle of incident ions on the 
ion‒matter interaction during the sputtering process, and the benefits, limitations 
and future trends for sputtering techniques. Chapter 3 presents a very detailed 
overview of the successive ionic layer adsorption and reaction (SILAR) technique 
for the deposition of thin films of metal oxides, sulfides, selenides, and tellurides. 
Chapter 4 explains the fundamentals and applications of ion‒matter interactions 
at MeV energies. It also gives examples of the ion beam analysis (IBA) techniques 
(Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil Detection 
Analysis (ERDA)) used to analyze multilayer thin films. Chapter 5 outlines 
perovskite degradation mechanisms and includes a summary of the progress made 
to date in the encapsulation of perovskite solar cells, with a particular focus on the 
most recent and promising advances that employ thin films. Chapter 6 introduces 
work on the deposition and magnetic property characterization of the bilayer thin 
film, Ta/CoFeB, deposited by sputtering. It reveals that post-annealing can induce 
a change in the crystal structure of the bilayer film from amorphous to crystalline 
as well as alter its damping factor and exchange stiffness. Chapter 7 presents an 
overview of the fabrication and application of photocatalysts based on thin films of 
CuO or Fe2O3 composited with other semiconducting materials. It also introduces 
the design and construction of semiconductor–semiconductor heterostructures 
and gives various examples of α-Fe2O3- and CuO-based heterostructures for the 
photocatalytic degradation of pollutants in wastewater. Chapter 8 describes research 
on the deposition and characterization of transparent conductive oxide (i.e., ITO 
and AZO) thin films on glass substrates with or without surface patterns created by 
ultraviolet nanoimprint lithography. Chapter 9 is a detailed review of the crystalline 
structures, physicochemical properties, deposition and characterization of AlN thin 
film as well as the relationship between structure-property and deposition process 
parameters. Chapter 10 summarizes the fundamentals, advantages and applications 
of various thin film batteries.

Through these chapters, the reader will gain a better understanding of various thin film 
deposition techniques and their applications. I gratefully acknowledge the enthusiastic 
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Chapter 1

Thin Film Deposition Technologies
and Application in Photovoltaics
Ning Song and Shuo Deng

Abstract

Renewable energy will play a critical role in reducing emissions to mitigate climate
change. Photovoltaic (PV) is one of the most promising and prominent techniques for
electricity generation based on renewable solar energy. Thin films play a critical role
in PV in Si and thin film solar cells and solar modules. They can be used as an absorber
layer, buffer layer, hole/electron transportation layer, passivation layer, transparent
conductive oxide and antireflection coating on solar cells or solar modules. This
chapter provides an overview of thin film deposition techniques and applications in
photovoltaics and highlights techniques that are currently in use or are promising for
mass production.

Keywords: photovoltaic, thin films, Si solar cell, thin films solar cells, solar modules

1. Introduction

In the past two decades, human-induced climate change has increased the fre-
quency and intensity of weather and climate extremes around the globe and has cost
countries hundreds of billions of dollars and thousands of lives [1]. The world is facing
an energy crisis, and the prices of fossil fuels keep increasing, affecting every house-
hold. From personal, national and global perspectives, carbon neutrality is necessary.
Renewable energy is a predominant term in carbon-neutral roadmaps for every coun-
try, and solar photovoltaics (PV) is currently the most affordable, accessible and
prevalent technology. It involves the generation of electricity from sunlight shining
through the front cover onto solar cells packaged into a solar module.

As of May 2022, global PV installations have reached 1 TW. In the PV market,
crystalline-Si (c-Si) solar cells account for 95% and thin film solar cells account for 5%
[2]. Thin films (<1um) have an important role in Si solar cells, thin film solar cells and
solar modules as absorber, passivation, buffer, electron/hole transport and
antireflection coating (ARC) layers on solar cells and modules. Thin films can range
from single crystal to amorphous, fully dense to less than fully dense, pure to impure
and thin to thick [3].

Any new technology adapted to PV would be suitable for mass production at a
reasonable cost. Meanwhile, the industry is shaping itself in the direction of higher
conversion efficiency and lower cost, hence new materials and technologies are
always under investigation for companies to keep their products competitive.
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Therefore, it is significant to evaluate the scalability and cost-effectiveness of
fabrication technologies.

The following benefits of thin films make them naturally attractive for the
industry [3]:

• Conservation of scarce materials,

• Production of nanostructured coatings and nanocomposites,

• Ecological considerations—a reduction of effluent output and power
consumption,

• Improved functionality of existing products,

• Solution to previously unsolved engineering problems by adding functional thin
layers and

• Creation of entirely new and revolutionary products such as thin film solar cells.

In materials science, thin film technologies can be divided into gaseous state,
solution state and molten or semi-molten state, where gaseous and solution states
produce films with a thickness level of nanometers (nm) and Angstroms (Å), which
are at the desired level of controllability for photovoltaics. Considering the accessibil-
ity and cost, the main thin film deposition techniques used in photovoltaics are
physical vapor deposition (PVD), chemical vapor deposition (CVD), chemical solu-
tion deposition and sol–gel [3].

2. Crystalline silicon solar cells

As mentioned above, c-Si is dominating the PV industry with a market share of
95%. In c-Si, thin film technologies are commonly applied to fabricate anti-reflection
coatings (to reduce surface reflection loss) and passivation layers (to reduce carrier or
surface recombination) during c-Si solar cell manufacturing. Figure 1 shows sche-
matics and fabrication flow steps for mainstream c-Si solar cells: a. Al back-surface
field (Al-BSF) solar cell; b. passivated emitter and rear solar cell (PERC); c. n-type
solar cell with a tunnel oxide passivating contact (TOPCon); d. silicon heterojunction
solar cell (SHJ) contacted on both sides with intrinsic and doped bilayers at front and
rear, respectively, and indium tin oxide (ITO). It can be seen that the deposition of
ARC/passivation layers is a key step among all four crystalline silicon solar cell
configurations.

The technique mainly used for these ARC/passivation layers is CVD, in particular,
PECVD, LPCVD and ALD. PVD-sputtering is the main technique that is used for ITO
layers in SHJ solar cells. The distinguishing feature between PVD and CVD is the
states of vapor. In PVD, the vapor is made up of atoms and molecules that simply
condense on the substrate; in CVD, the vapor undergoes a chemical reaction on the
substrate which results in a thin film [3]. Films produced by CVD generally have
better quality in terms of very high purity and density and better coverage on rough
surfaces than those produced by PVD methods, although the process usually involves
toxic and/or corrosive gases [7].

4
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2.1 PECVD

Plasma-enhanced chemical vapor deposition (PECVD) is one of the most com-
monly used methods to deposit thin films in c-Si solar cell manufacturing. The current
fabrication process involves PECVD deposited silicon nitride (SiNx) used as a front
side anti-reflection coating being applied to Al-BSF, PERC and TOPCon solar cells.
PECVD SiNx:H stacked with PECVD or atomic layer deposition (ALD) deposited AlOx

provides excellent passivation and is involved as a standard step in the PERC and
TOPCon fabrication processes [8, 9]. Amorphous silicon (a-Si) is another thin film
material with excellent passivation property that is commonly deposited by PECVD
[10]. Figure 2 shows the schematics of a PECVD reactor. The PECVD deposition

Figure 1.
Schematics and fabrication flow for a. Al back-surface field (Al-BSF) solar cell; b. localized rear contacts in the
passivated emitter and rear cell (PERC); c. n-type solar cell with a tunnel oxide passivating contact (TOPCon); d.
silicon heterojunction solar cell (SHJ) contacted on both sides with intrinsic and doped bilayers (i/n and i/p at
front and rear, respectively) and indium tin oxide (ITO) [4–6].

Figure 2.
Schematic of a PECVD reactor.
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process normally takes place at a temperature range of 150–400°C and uses RF or DC-
generated plasma to initiate the reactant gases into reaction.

2.2 LPCVD

Compared with PECVD, low-pressure chemical vapor deposition (LPCVD) is
another CVD thin film deposition technique but with a higher deposition tempera-
ture, lower deposition pressure and typically lower deposition rate. It uses heat to
initiate a reaction of a precursor gas on the solid substrate. This reaction at the surface
forms a solid phase material. The reactor is kept at low pressure to suppress any
unwanted gas phase reactions, which also increases the uniformity. The temperatures
can range from 400 to 900°C depending on the process and the reactive gases being
used. Figure 3 shows a schematic of an LPCVD reactor. LPCVD deposited films are
typically more uniform, have fewer defects and exhibit better step coverage than films
produced by PECVD.

LPCVD dominates in producing poly-Si for TOPcon solar cells in the PV industry.
However, the technical difficulties of LPCVD are also required to be overcome to
reduce the cost, in terms of higher deposition temperature, lower deposition rate and
wrap-around deposition issues which increase the energy consumption for production
[5, 11].

Basic CVD (PECVD and LPCVD) chemical reactions with silane gas (SiH4) are
shown below:

Silicon nitride (SiNx):

SiH4 þNHx ! SiNx þH2ð Þ:
Or SiH4 þN ! SiNx þH2ð Þ:

Silicon oxide (SiOx):

SiH4 þN2O ! SiOx þH2 þN2ð Þ:
Silicon oxynitride (SiONx):

SiH4 þN2OþNH3 ! SiONx þH2 þN2ð Þ:

Figure 3.
Schematic of a PECVD reactor.
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Hydrogenated amorphous silicon (a-Si:H):

SiH4 ! Si þH2ð Þ:
Silicon carbide (SiCx):

SiH4 þ CHx ! SiCx þH2ð Þ:

2.3 ALD

ALD is a widely used deposition technique in the field of solar cells, energy storage,
catalysis and semiconductor technology. ALD deposition for AlOx has been successfully
employed by the PV industry for its excellent film quality and process economics [12–14].

In ALD, thin films are built up in cycles, in which the surface is exposed to various
vapor or gas-phase species in alternating, separated doses. One cycle typically involves
using the precursor dose as the first half-cycle and the co-reactant as the second half-
cycle. In each cycle, a sub-monolayer of material is deposited. The precursor mole-
cules and co-reactants react neither with themselves nor with the surface groups
created. The products generated during the gaseous reactions, as well as any unreacted
precursor or co-reactant molecules, are removed from the ALD reactor in the purge
and/or pump steps. This is necessary to avoid reactions between the precursor and co-
reactant molecules directly in the gas phase or on the surface, as this could lead to an
undesired CVD component. The various steps in a typical ideal ALD cycle are shown
in Figure 4. As shown, a typical cycle consists of four steps: (i) a precursor dosing
step; (ii) a purge and/or pump step; (iii) a co-reactant step, where a small molecule is
typically involved, such as water vapor; and (iv) a purge and/or pump step. This
figure shows a schematic illustration of the self-limiting surface reactions during the
two half-cycles, as well as the saturation of the surface coverage in every step of the
cycle. The saturation of both half-cycles leads to a characteristic amount of growth per
cycle (GRC) [15].

Figure 4.
Illustrations of the ALD cycle process.
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3. Thin film solar cells

Even though the photovoltaic module market is dominated by crystalline
silicon wafer-based technologies, thin film solar cells have the advantages of
being lightweight, flexible, transparent and high temperature and radiation tolerant,
making them competitive alternatives for c-Si in applications such as wearable
devices, space applications, building-integrated PV and vehicle integrated PV. Thin
film solar cells also avoid the massive energy consumption in the fabrication of
high-purity silicon ingots in c-Si manufacturing. Moreover, thin film solar cells can be
fabricated on Si solar cells to form tandem solar cells, enabling higher conversion
efficiency.

Figure 5 shows three different configurations for CdTe, perovskite and CuInGaSe
(CIGS) solar cells. The basic structure of CdTe and CIGS (same as Cu2ZnSnS4
(CZTS)) solar cells includes a window layer (TCO), buffer layer, absorber layer and
back contacts and substrates, while perovskite solar cells have an n-i-p structure with
extra electron/holes transport layers. Different layer stacks are coated on the substrate
with thin-film coating methods using either solution-based processes like a chemical
bath or an ink-like coating procedure, or using vacuum-based processes like thermal
evaporation or sputtering [16].

3.1 Solution processing

3.1.1 Spin coating

Since it was first reported in 2009, the power conversion efficiency of perovskite
solar cells has increased from 3.8–25% (lab scale) within 13 years. The emerging
perovskite solar cells are under massive investigation in both research and industry
due to their low-cost and high efficiency, as well as their use in Si-based tandem solar
cells with further enhanced efficiency. Solution processing is the traditional fabrica-
tion method for perovskite solar cells. Spin coating is the most common fabrication
approach used in the laboratory, and it has the advantages of a simple process, with no
requirement for expensive and complex vacuum systems. This method could also
introduce additives into the perovskite precursor solution to improve device perfor-
mance [17]. Figure 6 shows the schematics of the spin coating method for perovskite

Figure 5.
(a) Superstrate configuration for CdTe cells; (b) perovskite cells in the n-i-p configuration; c. substrate CIGS cell
configuration. Reproduced from [16] with permission.
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fabrication. The fabrication of perovskite absorber can be achieved by one-step depo-
sition, two-step deposition or solvent engineering methods with spin-coating deposi-
tion and post annealing processes, as shown in Figure 6. However, the spin-coating
method is generally not suitable for mass production.To translate such PV technology
from the laboratory to industrial-scale manufacturing, other techniques need to be
explored.

3.1.2 Slot-die coating

One of the most promising techniques for achieving large-scale (roll to roll)
perovskite solar cell production is slot-die coating [18–20].

Slot-die coating can achieve highly precise control of material usage and results in
very low waste levels of ink compared to other deposition methods such as spin
coating or spray and screen printing. Figure 7 shows the schematics of slot-die coat-
ing. By adjusting the ink flow pumped to the die coating head by syringe and the
substrate speed, fine control of the deposited film thickness can be achieved, from
tens of nanometers to tens of microns. An air knife with nitrogen gas flow would help
with drying the perovskite ink, and heating could also be applied for better crystalli-
zation [18, 21].

The film formation process can also be controlled by the choice of precursor,
solvent and additive. Figure 8a shows a schematic of slot-die coating setup with two
inks and the influence of the strongly coordinating solvent dimethyl-sulfoxide
(DMSO) as an additive in 2-methoxy-ethanol (2-ME) based perovskite ink on film
formation. Adding a limited amount of DMSO (11.77 mol%) leads to a denser

Figure 6.
Schematic illustration of the deposition of a perovskite layer by spin-coating and post annealing. In the one-step
method, all perovskite precursors are mixed in a single solution, which is deposited onto the substrate; In the two-
step approach, the precursors is deposited first, followed by the deposition of a second precursor and thermal
annealing; solvent engineering approach is to deposit all perovskite precursors in a single step, during which an
antisolvent is applied triggering the crystallization of the perovskite film. Reproduced from [17] with permission.
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thin-film without pinholes and large columnar crystallites as shown in the SEM cross-
section images in Figure 8b [22]. Research on the film morphology and optimization
of perovskite ink and chemicals is still ongoing.

Figure 7.
Schematic of roll-to-roll slot-die setup. Reproduced from [20] with permission.

Figure 8.
(a) Schematic of slot-die coater setup with 2-ME ink and 2-ME-DMOS ink. (b) SEM cross-sectional images of the
coated films without and with DMOS. Reproduced from [22] with permission.
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3.1.3 Inkjet printing

Inkjet printing is another promising large-scale production method for perovskite
solar cells, as it offers several favorable properties. Ink-jet printing of perovskite can
achieve high-resolution film formation with customized patterns under ambient con-
ditions.

A schematic of inject printing is shown in Figure 9. Inkjet printing of
perovskite is carried out by a drop-on-demand (DOD) printing approach, which
by definition, enables the generation of a single droplet when required, hence
enabling high precision of material usage. The location of film formation can be
finely controlled by motions of the inkjet printhead nozzles and the substrate.
The ejection of printing materials (perovskite ink) is forced out of the nozzle by
regular pressure pulses caused by contractions of ink chamber volume in the
nozzles. The pressure pulse can be generated by either the mechanical deformation
of a piezoelectric transducer or the collapse of thermal bubbles which involves
resistive localized heating in the ink chamber. Due to the technical challenge
of generating vapor bubbles in high-vapor pressure fluid, and the fact that a
piezoelectric inkjet printing system can control droplet size and velocity by
simply adjusting the actuation pulse, piezoelectric DOD inkjet printing would
be more suitable for large-scale production of perovskite solar cells. Figure 9
demonstrates the schematic of an inkjet printing nozzle, which an industry-scale
printhead would have several hundreds of, enabling rapid and high-resolution
printing at a low cost [23, 24].

Figure 9.
The schematic of an inkjet printing nozzle (Saule technologies). Reproduced from [23] with permission.

11

Thin Film Deposition Technologies and Application in Photovoltaics
DOI: http://dx.doi.org/10.5772/intechopen.108026



3.2 Vacuum-based processing

3.2.1 Evaporation

Among vacuum-based processing techniques, evaporation is a widely used depo-
sition process for the formation and growth of thin films in PV. The process is
beneficial in a contemporary environment and extensively applicable in the laboratory
and industrial manufacturing for the deposition of thin films. A schematic of the
evaporation coating is shown in Figure 10a.

The basic sequential steps for the evaporation process are given below:

• A vapor is created from subjecting the target material to a very high temperature by
subliming or boiling (thermal) or bombarding with a beam of electrons (E-beam).

• The ejected vapor from the target material is transported to the substrate through
a vacuum.

• Condensation of the vapor takes place to form a solid thin film on the surface of
the substrate and further repeats of the deposition cycles result in thin film
growth and nucleation.

The evaporation process has been reported to be performed using different con-
figurations, including molecular beam epitaxy, reactive evaporation and activated
reactive evaporation [3].

Snaith and his team first demonstrated that perovskite can also be deposited by
thermal evaporation, reaching an efficiency of 15.4% in 2013 [25]. A recent study by

Figure 10.
Schematics of (a) evaporation coating methods. Reproduced from [36] with permission. (b) Close space
sublimation (CSS) system. Reproduced from [37] with permission.
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Bruno and co-workers demonstrated thermally evaporated perovskite mini-modules
with an active area of 21 cm2 and an impressive efficiency of 18.13% [26]. These
results are superior to all other reports of large-area devices in the literature, among
which the highest is a blade-coated perovskite solar cell with a maximum efficiency of
16.4% [27]. Notable progress was made in 2016 by Momblona et al., who demon-
strated a fully evaporated planar perovskite solar cell with an efficiency above 20%. It
is worth noting that the charge carrier-selective layers, the MAPbI3 absorber and the
metal electrode were all sequentially evaporated, demonstrating an all vacuum-based
process for the first time [28].

Thermal evaporation offers the unique possibility of depositing multilayers of
perovskite materials. Moreover, the fact that perovskite layers can be formed without
the need for thermal annealing makes thermal evaporation particularly suitable for
flexible optoelectronics application, in which low processing temperatures are
required. Finally, this process avoids the use of the toxic solvents and allows the
deposition of perovskite films without the risk of damaging the underlying layers of
tandem devices [17].

Thermal evaporation is also employed in fabrication processes for commercial CIGS
and CdTe solar cells [29–32]. CIGS absorbers are usually fabricated by thermal co-
evaporation of the constituents, using the so-called 3-stage process. During this process,
In, Ga and Se are evaporated in the 1st and 3rd stages, while Cu and Se are deposited in
between, leading to the so-called double gradient of the In and Ga concentrations [33].

Close-spaced sublimation (CSS) is the fastest and simplest deposition process for
both the CdTe and CdS semiconductors used in CdTe thin film solar cells, permitting
high-speed in-line production [34]. The current CdTe thin film solar cell record is 21%
on an approximately 1cm2 cell on glass made by First Solar [35].

Figure 10b shows a schematic of a CSS system, in which the CdTe is deposited at a
pressure between 1 and 100 mbar in argon or nitrogen. The substrate and crucible are
kept a few centimeters apart for vapourization of CdTe granulate and condensation
(crystallization) on the substrate. Because the substrate is kept at a temperature range
from 450–600°C for high-quality crystallization, a relatively high pressure is applied
to suppress re-evaporation of the material [34, 37, 38].

3.2.2 Sputtering

Sputtering is another widely used PVD technique in PV that can be upscaled. In
sputtering processes, a magnetron is positioned near the target. The ionic gas is
introduced in an accelerated way into the vacuum chamber, blasting the target,
releasing atomic-sized particles to be deposited, which will be violently projected onto
the substrate. A schematic of sputtering deposition is shown in Figure 11a. Sputtering
deposition has become a generic name for a variety of sputtering processes. These
processes are named based on their source and the orientation of the process. Variants
of sputtering include diode sputtering (cathode or radio frequency), reactive
sputtering, bias sputtering, magnetron sputtering and ion-beam sputtering with a DC
or RF power source [3]. Because of the mechanism nature of sputtering, it is ideal for
the deposition of doped materials with multiple target sources. With gas inlets, the
sputtering process could be used for the deposition of thin film metal or nonmetal
oxides, and with hydrogen gas, hydrogenated thin films as well. Sputtering enables
the production of smooth surfaces using lower temperatures, presenting excellent
mechanical and tribological properties and having very good adhesion to the main
materials used as substrate.
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Sputtering has been used in the deposition of CIGS and CZTS absorber layers
[39, 40]. A record efficiency of 23.35% in CIGSSe thin film solar cells was achieved
with a sputtered absorber layer [40]. Sputtering is also commonly used for TCO,
buffer layers and ETL/HTL with materials such as ITO [41], FZO [42], MoOx [43],
AZO [44], TiOx [45], and other metal oxides as interlayers, passivating thin film solar
cells [46–48]. A commercialized all-sputtering system was developed by Midsummer
for CIGS production with process sequence completed in different sputtering cham-
bers for diffusion barrier, absorber, buffer, window and TCO layer deposition [49].
The sputtering method could also be employed for the deposition of poly-Si contacts
and passivation for heterojunction solar cells [50–53].

3.2.3 MOCVD (MOVPE)

III–V thin film solar cells are widely used in aerospace applications, due to the high
energy conversion rate, wide operating temperature range and high radiation resis-
tance [54]. The record efficiencies for III–V multijunctions are 38% for a five-junction
cell (bonded) and 37.9% for InGaP/GaAs/InGaAs solar cells. The record efficiency for
a GaAs single-junction cell is 25.1%, held by Alta Devices [35]. One key deposition
method used in III–V thin film solar cell fabrication is metalorganic chemical vapor
deposition (MOCVD), also called metalorganic vapor-phase epitaxy (MOVPE).
Metal–organic CVD (MOCVD) is a CVD process for growing epitaxial films and is
done by flowing precursor gases over the substrate. In III–V semiconductors, the
metallic element is carried by an organic gas such as Ga(CH3)3) and In(CH3)3 along
with AsH3 or phosphine (PH3). The gases are allowed to decompose due to pyrolysis
on the heated substrate surfaces to produce the desired film. A schematic is shown in
Figure 12. Commercially available MOCVD tools are designed to produce traditional
III–V semiconductor devices for electronic and optoelectronic applications. Relative to
solar cells, these devices have complex layered structures that require extremely
precise control of thickness, composition and doping profiles, and each fabrication
typically takes multiple hours to complete. The simpler structure and relatively wide
process windows of solar cells present an opportunity to use correspondingly simpler

Figure 11.
Schematic of sputtering deposition. Reproduced from [36] with permission.
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and less expensive equipment. With customized MOCVD, combining automated
substrate loading and unloading, fast temperature ramping, high growth rate and the
elimination of pressure cycling, the fabrication process time could be reduced to
15 min, which makes a significant contribution to fabrication cost reduction [55].

4. Solar modules

Another important application of thin films in PV is the antireflection coating (ARC)
on the surface of solar glass where the light first reaches the solar panels. Currently,
single-layer antireflection coated solar glass has a dominant market share of 95% com-
pared to glass with other coatings or no coating, for Si PV modules [2]. This ARC results
in an efficiency gain of 2–3%; that is, 2–3% more light can enter the solar modules to be

Figure 12.
MOCVD reactor basic scheme and fundamental working principle: I—Precursor, II—Cracking, III—Deposition
and IV—Removal of residual gases.

Figure 13.
Schematic of roller coating process.
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absorbed by the solar cells and converted into electricity. The most common PV ARC
consists of a � 100 nm single layer of nano-porous silica deposited onto the solar glass
cover via sol–gel roller coating, followed by a high-temperature sintering and tempering
process. The roller coating is one type of sol–gel method that is scalable and low cost. A
schematic of a roller coating process is shown in Figure 13. Other chemical methods
such as slot-die coating, dip coating, spin coating, spray coating, as well as PVD
methods like sputtering multilayer ARC are also under investigation.

5. Conclusion

This chapter reviewed thin film deposition techniques in the PV industry and
research and highlighted those which are suitable for mass production including
vacuum-based techniques such as CVD, evaporation, sputtering and non-vacuum based
like slot-die coating, roller coating and inkjet printing. Thin films are important compo-
nents for solar cell and solar module devices which enable high solar energy to electricity
conversion efficiency. The increasingly enormous deployment of PV and rapid devel-
opment of the PV industry has placed higher requirements for fabrication technologies
and equipment in terms of good film properties and low cost for mass production.

Acknowledgements

The authors acknowledge the support from the Australian government through the
Australian Renewable Energy Agency (ARENA) and the Australian Centre of
Advanced Photovoltaics (ACAP, Grant No. R5-NS01) and UNSW Career Advanced
fund. The authors also acknowledge Dr. Kaiwen Sun, Dr. Udo Römer, Mr. Xinyuan
Wu, Dr. Chang Yan, Dr. Lei Shi and Dr. Jianghui Zheng and Dr. Jizhong Yao for
valuable discussion and advice.

Conflict of interest

The authors declare no conflict of interest.

Author details

Ning Song* and Shuo Deng
University of New South Wales, Sydney, Australia

*Address all correspondence to: n.song@unsw.edu.au

©2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

16

Thin Films - Deposition Methods and Applications



References

[1] Jackson RB et al. Global fossil carbon
emissions rebound near pre-COVID-19
levels. Environmental Research Letters.
2022;17(3):031001

[2] ITRPV. International Technology
Roadmap for Photovoltaic. Twelfth ed.
2021

[3] Oluwatosin Abegunde O et al.
Overview of thin film deposition
techniques. AIMS Materials Science.
2019;6(2):174-199

[4] Ballif C et al. Status and perspectives
of crystalline silicon photovoltaics in
research and industry. Nature Reviews
Materials. 2022;7(8):597-616

[5] Chen D et al. 24.58% total area
efficiency of screen-printed, large area
industrial silicon solar cells with the tunnel
oxide passivated contacts (i-TOPCon)
design. Solar Energy Materials and Solar
Cells. 2020;206:110258

[6] Deng W et al. 22.61% efficient fully
screen printed PERC solar cell. In: 2017
IEEE 44th Photovoltaic Specialist
Conference (PVSC). IEEE; 2017

[7] Green J. Table Comparison: Physical
vapor deposition Vs. Chemical Vapor
Deposition. 2021. Available from:
https://www.sputtertargets.net/blog/
table-comparison-physical-and-chemical-
vapor-deposition.html

[8] van de Loo BW et al. On the
hydrogenation of poly-Si passivating
contacts by Al2O3 and SiNx thin films.
Solar Energy Materials and Solar Cells.
2020;215:110592

[9] Gao T et al. An industrially viable
TOPCon structure with both ultra-thin
SiOx and n+�poly-Si processed by
PECVD for p-type c-Si solar cells. Solar

Energy Materials and Solar Cells. 2019;
200:109926

[10] Neuhaus D-H, Münzer A. Industrial
silicon wafer solar cells. Advances in
Optoelectronics. 2007;2007:24521

[11] Chen Y et al. >25% large-area
industrial silicon solar cell: Learning from
history and future perspective. In: 36th
European Photovoltaic Solar Energy
Conference and Exhibition. 2019

[12] Huang H et al. 20.8% industrial PERC
solar cell: ALD Al2O3 rear surface
passivation, efficiency loss mechanisms
analysis and roadmap to 24%. Solar
Energy Materials and Solar Cells. 2017;
161:14-30

[13] Hoex B et al. Ultralow surface
recombination of c-Si substrates
passivated by plasma-assisted atomic
layer deposited Al 2 O 3. Applied Physics
Letters. 2006;89(4):042112

[14] Hossain MA et al. Atomic layer
deposition enabling higher efficiency
solar cells: A review. Nano Materials
Science. 2020;2(3):204-226

[15] KuechT.Handbook ofCrystalGrowth:
Thin Films and Epitaxy. Elsevier; 2014

[16] Powalla M, et al. Thin-film solar cells
exceeding 22% solar cell efficiency: An
overview on CdTe-, Cu(In,Ga)Se2-, and
perovskite-based materials. Applied
Physics Reviews. 2018;5(4):041602

[17] Vaynzof Y. The future of perovskite
photovoltaics—thermal evaporation or
solution processing? Advanced Energy
Materials. 2020;10(48):2003073

[18] Patidar R et al. Slot-die coating of
perovskite solar cells: An overview.

17

Thin Film Deposition Technologies and Application in Photovoltaics
DOI: http://dx.doi.org/10.5772/intechopen.108026



Materials Today Communications. 2020;
22:100808

[19] Yang Z et al. Slot-die coating large-
area formamidinium-cesium perovskite
film for efficient and stable parallel solar
module. Science Advances. 2021;7(18):
eabg3749

[20] Dou B et al. Roll-to-roll printing of
Perovskite solar cells. ACS Energy
Letters. 2018;3(10):2558-2565

[21] Li H et al. Recent progress towards
roll-to-roll manufacturing of perovskite
solar cells using slot-die processing.
Flexible and Printed Electronics. 2020;
5(1):014006

[22] Li J et al. 20.8% slot-die coated
MAPbI3 perovskite solar cells by optimal
DMSO-content and age of 2-ME based
precursor inks. Advanced Energy
Materials. 2021;11(10):2003460

[23] Forgacs D, Wojciechowski K,
Malinkiewicz O. Perovskite
photovoltaics: From laboratory to
industry. In: High-Efficient Low-Cost
Photovoltaics. Springer; 2020. pp. 219-255

[24] Peng X et al. Perovskite and organic
solar cells fabricated by inkjet printing:
Progress and prospects. Advanced
Functional Materials. 2017;27(41):
1703704

[25] Liu M, Johnston MB, Snaith HJ.
Efficient planar heterojunction
perovskite solar cells by vapour
deposition. Nature. 2013;501(7467):
395-398

[26] Li J et al. Highly efficient thermally
Co-evaporated Perovskite solar cells and
Mini-modules. Joule. 2020;4(5):
1035-1053

[27] Deng Y et al. Tailoring solvent
coordination for high-speed, room-

temperature blading of perovskite
photovoltaic films. Science Advances.
2019;5(12):eaax7537

[28] Longo G et al. Fully vacuum-
processed wide band gap mixed-halide
perovskite solar cells. ACS Energy
Letters. 2017;3(1):214-219

[29] Ablekim T et al. Thin-film solar cells
with 19% efficiency by thermal
evaporation of CdSe and CdTe.
ACS Energy Letters. 2020;5(3):
892-896

[30] Huang C-H et al. Deposition
Technologies of high-efficiency CIGS
solar cells: Development of two-step and
co-evaporation processes. Crystals. 2018;
8(7):296

[31] Roß M et al. Co-evaporated
Formamidinium Lead iodide based
Perovskites with 1000 h constant
stability for fully textured monolithic
Perovskite/silicon tandem solar cells.
Advanced Energy Materials. 2021;11(35):
2101460

[32] Fu F et al. Monolithic perovskite-
silicon tandem solar cells: From the lab to
fab? Advanced Materials. 2022;34:
2106540

[33] Li W et al. Enabling low-
temperature deposition of high-
efficiency CIGS solar cells with a
modified three-stage Co-evaporation
process. ACS Applied Energy Materials.
2020;3(5):4201-4207

[34] Bonnet D. Manufacturing of CSS
CdTe solar cells. Thin Solid Films. 2000;
361-362:547-552

[35] Green MA et al. Solar cell efficiency
tables (version 58). Progress in
Photovoltaics: Research and
Applications. 2021;29(7):657-667

18

Thin Films - Deposition Methods and Applications



[36] Baptista A et al. On the physical
vapour deposition (PVD): Evolution of
magnetron sputtering processes for
industrial applications. Procedia
Manufacturing. 2018;17:746-757

[37] Romeo A, Artegiani E. CdTe-based
thin film solar cells: Past, present and
future. Energies. 2021;14(6):1684

[38] Bonnet D, Henrichs B, Richter H.
High-rate deposition of high-quality
CdTe films for high-efficiency solar cells.
In: The Conference Record of the
Twenty-Second IEEE Photovoltaic
Specialists Conference -1991. IEEE; 1991

[39] Song N et al. Epitaxial growth of
Cu2ZnSnS4 thin film on Si by radio
frequency magnetron sputtering.
Applied Physics Letters. 2020;116(12):
123901

[40] Nakamura M et al. Cd-Free Cu(In,
Ga)(Se,S)2 thin-film solar cell with
record efficiency of 23.35%. IEEE Journal
of Photovoltaics. 2019;9(6):1863-1867

[41] Sousa MG, da Cunha AF.
Optimization of low temperature RF-
magnetron sputtering of indium tin
oxide films for solar cell applications.
Applied Surface Science. 2019;484:
257-264

[42] Wang F-H et al. Effect of rapid
thermal annealing time on ZnO:F thin
films deposited by radio frequency
magnetron sputtering for solar cell
applications. Applied Physics A. 2022;
128(3):1-8

[43] Yu J et al. Activating and optimizing
evaporation-processed magnesium oxide
passivating contact for silicon solar cells.
Nano Energy. 2019;62:181-188

[44] Slauch IM et al. Model for
characterization and optimization of
spectrally selective structures to reduce

the operating temperature and improve
the energy yield of photovoltaic
modules. ACS Applied Energy Materials.
2019;2(5):3614-3623

[45] Alberti A et al. Nanostructured TiO2
grown by low-temperature reactive
sputtering for planar Perovskite solar
cells. ACS Applied Energy Materials.
2019;2(9):6218-6229

[46] Kephart JM et al. Sputter-deposited
oxides for Interface passivation of CdTe
Photovoltaics. IEEE Journal of
Photovoltaics. 2018;8(2):587-593

[47] Comparotto C et al. Chalcogenide
Perovskite BaZrS3: Thin film growth by
sputtering and rapid thermal processing.
ACS Applied Energy Materials. 2020;
3(3):2762-2770

[48] Arepalli VK, Shin Y, Kim J.
Photovoltaic behavior of the room
temperature grown RF-sputtered SnS
thin films. Optical Materials. 2019;88:
594-600

[49] Bras P et al. Ga-grading and Solar
Cell Capacitance Simulation of an
industrial Cu(In,Ga)Se2 solar cell
produced by an in-line vacuum, all-
sputtering process. Thin Solid Films.
2017;636:367-374

[50] Köhler M et al. A silicon carbide-
based highly transparent passivating
contact for crystalline silicon solar cells
approaching efficiencies of 24%. Nature
Energy. 2021;6(5):529-537

[51] Tao K et al. The impact of indium tin
oxide deposition and post annealing on
the passivation property of TOPCon
solar cells. Solar Energy. 2018;176:
241-247

[52] Parashar PK, Komarala VK. Sputter
deposited sub-stochiometric MoOx thin
film as hole-selective contact layer for

19

Thin Film Deposition Technologies and Application in Photovoltaics
DOI: http://dx.doi.org/10.5772/intechopen.108026



silicon based heterojunction devices.
Thin Solid Films. 2019;682:76-81

[53] Truong TN et al. Deposition pressure
dependent structural and optoelectronic
properties of ex-situ boron-doped poly-
Si/SiOx passivating contacts based on
sputtered silicon. Solar Energy Materials
and Solar Cells. 2020;215

[54] Oreski G, Stein J, Eder G, Berger K,
Bruckman LS, Vedde J, et al. Designing
New Materials for Photovoltaics:
Opportunities for Lowering Cost and
Increasing Performance through
Advanced Material Innovations.
Albuquerque, NM (United States):
United States: Sandia National Lab.
(SNL-NM); 2021

[55] Vijh A, Washington L, Parenti RC.
High performance, lightweight GaAs
solar cells for aerospace and mobile
applications. In: 2017 IEEE 44th
Photovoltaic Specialist Conference
(PVSC). IEEE; 2017

20

Thin Films - Deposition Methods and Applications



21

Chapter 2

Sputtering Deposition
Humaira Ghazal and Nadeem Sohail

Abstract

Hundreds of research papers on various elements of sputtering have been published. 
The goal of this chapter is to present different aspects of sputtering that have been 
observed when materials are exposed to intense ion beams. Sputtering deposition is 
a common physical vapor deposition technology that has benefits over the molecular 
beam epitaxy and pulsed laser deposition in order to produce films of large area for a 
variety of industrial applications. Sputtering deposition has a reputation for produc-
ing high-quality epitaxial coatings and complicated oxide super-lattices at a cheaper 
cost than other methods, and the resulting films have proven to be essential enablers 
of scientific advancement. The sputtering process is discussed in detail, as well as the 
design and basic operations of the sputtering system, the effects of low and high energy 
sputtering, and changes in sputtering performance as a function of both the sputtering 
gas composition and the incident ion mass, dose, energy and angle. Sputtering deposi-
tion’s benefits, limits, and future trends are also discussed. Sputtering deposition is an 
important green technology for material production.

Keywords: sputtering, deposition, physical vapor deposition, ion bombardment,  
film coating, emission

1. Introduction

Greene, J. E. [1] reported that the sputter deposition, described in the early 1800s, 
had already controlled the optical-coating industry by 1880. In 1891, radio frequency 
(rf) glow discharges were recorded. The term “magnetron” first appeared in literature 
in 1921, and the first magnetron sputtering experiments were reported in the late 
1930s. In the early 1960s, capacitively-coupled rf sputtering devices were conceived 
and modeled. The first reactive sputtering kinetic models appeared in the 1960s. 
Parallel-plate magnetron was described in 1962. In 1975, a patent was submitted that 
led to pulsed dc and mid- frequency-ac sputtering. In the early 1980s, rotatable mag-
netrons were introduced. During the 1990s, two new types of magnetron sputtering 
emerged, both with the purpose of effectively ionizing sputter-ejected metal atoms. 
In 1992, tunable “unbalanced” magnetron sputtering was invented [1]. Historical 
flowchart is represented by Figure 1.

2. Sputtering deposition

Sputtering is a physical vapor deposition process (PVD) and was firstly coined by M. 
Blocher. This process is initiated by the bombardment of positive ions, usually Ar + gas 
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is used due to its low cost, chemical inertness and high sputtering yield provider ability. 
It is the process of directing high-energy ions to a target in a vacuum and remove target 
atoms. The deposition of these emitted atoms on the surface of substrate is called  
Sputter deposition.

Sputter deposition takes place in an evacuated chamber with a low pressure of a 
rare gas such as argon backfilled in, as shown in Figure 2. The film is then formed on 
a substrate with a dc voltage applied between a metal target (the source of the film 
atoms) and substrate upon which the film is deposited. The voltage causes the gas to 
break down into Ar + ions and electrons, forming a glow discharge. Positively charged 

Figure 1. 
Historical flowchart.

Figure 2. 
Sputtering tube.
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ions are accelerated and collide with the target, to sputter the target atom through 
momentum transfer. Some of it deposits on the substrate or sample [1].

There are some requirements for sputtering deposition as given below:

• Ion beams and potentials
 Ion beams and potentials extract ions from a plasma by means of a potential 
applied to the sputtering target. This sprayed plasma can be free when it occupies 
the entire processing volume.

• Low Pressure (less than 5 m torr)
 The pressure in the system must be low enough to prevent the sputtered particles 
from being subjected to excessive gas phase collisions.

• Good vacuum
 In order to maintain clean surfaces and prevent contamination from residual gas 
molecules, especially on the substrate, a good vacuum is required (< 10−5 Torr).

Sputtering can also be induced by electronegative elements like oxygen and fluo-
rine as negative ions. Reflection of high-energy ions from a sputtered surface produce 
high-energy neutrals [2, 3].

The energy of incident ions influences the sputtering effect. With energy less than 
10 eV, the ions can also adsorb to the surface and provide that energy to phonon. At 
energies over around 10 keV, the ion enters the substance, passes through multiple 
atomic layers, transmitting the majority of its energy in the form of heat deeply into 
the material and altering the target materials’ configuration [4].

The Figure 3 predicts a series of collisions that occur when an ion hits the sur-
face of a target. When the surface is bombarded with the high energy ions, emitted 
electrons from the metal surface are known as secondary electron. Under this ionic 
interaction between atoms of the substrate, ions might be neutralized or reflected.

2.1 Ionic interaction with superficial atoms

The specific methods by which atoms are ejected from a surface under ionic 
impact are unknown, but details of the associated interactions can be inferred. 
Because an ion is about the same size as an atom, when it collides with a surface, it 
first collides with a surface atom. The sputtering process depends on the value of the 
energy interchange between an incident ion and a superficial atom; it also depends 
on the difference in size of the incoming ion and the superficial atom. The detailed 
description is given below [5].

The energy exchange between a surface atom and incoming ion is substantially 
greater than the binding energies of the lattice atoms, hence ions impact the bom-
barded surface in the normal parallel direction of the surface.

As a result, the primary collision is strictly binary, with the incident particle 
delivering a considerable portion of its core energy to the damaged atom and keeping 
the rest. If the incident ion’s mass is less than the mass of the surface atom it collides 
with, and the collision occurs in front or close, the incident ion must bounce off the 
surface, as seen in Figure 4 (Event-I).

If the mass of incident ion is greater than the affected atom, both the ion and the 
atom will leave the collision point following inward paths from the surface, regardless of 
whether the collision is frontal or lateral as seen in Figure 4 (Event-II). So we have at least 
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Figure 4. 
Ionic interaction with superficial atoms at normal incidence.

Figure 3. 
Series of collisions under the ionic impact between atoms of substrate.
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one and usually two particles traveling to the surface with energies lower than the impact-
ing ion’s fundamental energy but still much greater than the energies of the lattice.

2.2 The impact of primary & secondary collisions on the surface

As a direct result of the primary collision, no atoms are emitted from the surface. 
For an atom to be emitted from the surface, it must have a velocity component in the 
opposite direction of the incident ion’s actual velocity.

2.2.1 When the angle between ionic and damaged atomic momentum vector is 90°

As indicated by event C in Figure 5, the maximum feasible angle between the ion’s 
actual momentum vector and the subsequent momentum vector of the affected/dam-
aged atom is 90°, and the momentum vector of the hit atom is zero. In this instance, 
as a direct outcome of the basic collision, surface atoms cannot acquire the velocity 
components in the direction away from the surface. A primary collision will result in at 
least one and usually two secondary collisions, all of which will be close to the surface.

2.2.2  When the angle between ionic and damaged atomic momentum vector is 
greater than 45° (less than 90°)

We see that atoms can emerge from the surface as a direct result of the second 
series of binary collisions. Looking at event B in Figure 5, we can see that the affected 
ion or atom must be able to depart the collision point at an angle greater than 45° 

Figure 5. 
Three types of collisions between ions and superficial atoms.
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(relative to the actual direction of movement of the ion). As a result of the secondary 
impact on the same plane of motion, it should be possible for the lattice atoms to leave 
the secondary impact point at angles greater than 45°. Since two angles greater than 
45° intersect at an angle greater than 90°, this lattice atom has an outward component 
of motion from the surface and can therefore be emitted.

Further consideration reveals that atoms cannot be pulled out parallel to the 
surface normal. Such atoms cannot be pulled in the opposite direction of the incident 
ion. This necessitates two 90° reflections, at least one of which moves the atom 90° 
in the grid/lattice while acquiring the zero velocity. Atoms with zero velocity cannot 
be created or ejected. Atomized atoms can be pulled towards the surface with greater 
force than usual, but this is not the case.

It has been determined that when ions are normally generated at the energy of 
interest, the sputtered atoms are removed off the surface essentially with a cosine 
distribution, similar to the evaporated atoms.

This is significant because the most likely emission direction is the exact 
opposite to the direction of the incident ion. Obviously, the incident ion’s energy 
provided by the incident ion is so arbitrarily dispersed by the multiple collisions 
before the atom’s emission that the incident momentum vector vanishes completely 
and has no effect on the emission. Note that this result applies only to the regular 
sputtering events [5].

2.2.3 Interaction at oblique angles

Bombarding ions can collide with the surface at oblique angles in some instances. 
In this instance, a basic/fundamental collision between the incident ion and the sur-
face atom is very likely to result from a collision that occurred earlier in time. In the 
case of diagonal events, the incident momentum vector is found to have a significant 

Figure 6. 
(a) Direct and (b) indirect penetration by ions.
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influence in the emission pattern, with the sprayed atoms being expelled extremely 
powerfully in the forward direction.

2.3 Direct and indirect penetration by ions

The large-angle knockout process can be broadly divided into direct and indirect 
as shown in Figure 6. “Direct” means that the surface atoms are knocked out directly 
by the incident ions and “indirect” means knockoff of surface atoms by incident ions 
just before scattering from other target atoms near the surface. Only indirect inci-
dence works if the angle of incidence is not very oblique, but direct incidence plays a 
major role if the angle of incidence is grazing [6].

3. Sputtering yield

Sputter yield Y is the average number of sputtered atoms ejected by incident ions 
from a solid’s surface per incident ion. It is represented by

( ) .of sputtered atoms ejected from thesolid s surface incident ionsSputtering Yield Y
number of incident ions

No by′
=  (1)

In 1923, A. Hull discovered that the yield of sputtering was proportional to the 
mass of impact ions, and increased with the mass of the impact ions.

Sputtering yield increases when energy of the ion exceeds a particular threshold, 
regardless of substrate temperature. For smooth target faces, sputtering yield rises 
with increasing oblique angle bombardment up to a point, then falls as the angle 
of bombardment rises, resulting in increased bombarding particle reflection. The 
impact of changing the morphology of surface on sputtering yield have been exam-
ined by researchers. Because a large portion of the energy from high bombarding 
energies is deposited below the region right near the surface, energy does not directly 
enhance the sputtering yield.

In 1973, Attention was paid to the change in sputtering yield due to the amount of 
target impact on the pure metal surface. This phenomenon could be caused by bom-
barding species being incorporated into the region near the surface, recoil interstitials 
straining the near the surface region, and/or ion bombardment generating a highly 
defective film near the region of the surface [2].

3.1 Elements influencing the sputter yield

The interactions of incident ions with target surface atoms create sputtering. The 
following elements/factors will influence the sputter yield: 1) The bombarding par-
ticle’s angle of incidence: The angle of Ar atoms from the target metal’s surface affects 
the sputter yield as well. As the incident angle increases, sputter yield rises. Between 
60° and 80° angles, the sputter yield achieves the highest, the deposition rate will also 
be highest, resulting in a thicker coating. Further increasing the angle will cause the 
sputtering yield and film thickness to decrease rapidly. 2) Sputtering Voltage through 
which the ion is accelerated: The applied voltage regulates the maximum energy that the 
atoms that are expelled from the target can have. Ions’ Kinetic energy (KE) that col-
lide with the target surface is controlled by the applied voltage. The energy of the ions 
will be greater due to the higher cathode voltage, which will cause a greater number 
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of atoms to sputter from the target. The more atoms that are sputtered, the more 
material will be deposited and sputter yield will rise as a result. The term “Threshold 
Voltage” refers to the required minimum voltage for the sputtering process. Ions do 
not have enough energy to knock out the target’s binding energy atoms below this 
voltage. Its value ranges from 0 to 100 eV. To have an appropriate film thickness, the 
normal voltage range is between 100 and 1000 V. Unfortunately, raising power or 
voltage has a lot of negative consequences such as any energy used to operate the gun 
will eventually be lost, about 75% of it goes up heating the cooling water for the gun. 
Thermal conductivity, melting point, thermal coefficient of expansion and mechani-
cal strength properties of the target are undoubtedly important factors. 3) Sputter 
Gas Pressure: The mean free path will be shorter and there will be more collisions 
before the sputtered atoms deposit on the substrate as the gas pressure rises. A low 
deposition rate brought on by increasing number of collisions will result in a reduc-
tion in film thickness. As a result, modest/low pressures between 10−5 and 10 torr are 
used during the sputtering process. A small increase in deposition rate is produced 
by lowering the sputter gas pressure through two mechanisms: I- There will be fewer 
thermal collisions for sputtered atoms that are leaving the target. They are more likely 
to propagate to the substrate, less likely to scatter laterally and enhancing the deposi-
tion rates slightly. II- The plasma-to-target voltage will slightly rise in power control 
mode when using RF or DC power. As a result, the energy of the ions that collide with 
the target will be higher, somewhat increasing the sputter. A change in film homo-
geneity is one potential adverse effect of lowering the gas pressure. Deterioration is 
usually unpredictable because many factors play a role. The quantity of thermalizing 
impacts is lessened, though, and this is an obvious aspect. Arcs are more likely to 
form close to the target as a result of the combination of lower gas pressure or higher 
plasma to target voltage. According to the experimental results described by Chargui 
A, et al. [7], higher pressure results in thinner and less crystallinity in the tungsten 
films produced. Tungsten foil exhibit the best electrical and elastic properties at low 
pressures.

4. Increasing Target Size: The sputter rate increases with target diameter. This can 
be explained easily. For a given power density, a bigger target diameter results in a 
larger sputter trench area, and a larger trench area results in a higher sputter rate. 
5. Number of Guns: Most R and D deposition systems are equipped with multiple 
sputter guns. The user often installs several target materials in each pistol. The sputter 
rate and subsequent deposition rate can be doubled, tripled, etc. when the identical 
target material is added into two or more guns and they are all fired at the same time. 
The disadvantage is that many multi-gun systems only have one power source and 
were not designed for simultaneous deposition operations. This method could be 
more expensive if additional supplies are needed for concurrent operation. 6. Atomic 
number of element: By reducing the target element’s atomic number, the spatter yield is 
increased. 7. Reducing the target-to-substrate distance: A quick, easy technique to boost 
deposition rate is to shorten the throw distance—the distance between the target and 
the substrate. The flux distribution of a sputtered material is described by terminol-
ogy like over-cosine and under-cosine. Material is ejected from a circular ‘trench’ 
around the target. For these remarks, the arrival rate of the sputtered particles (per 
unit area of the substrate) varies as the inverse square of the throw distance. This 
means that halving the throw distance will quadruple the rate at which the material 
arrives at the substrate and the layer thickness will be four times the previous rate.

It is crucial to take into account how the shorter throw distance would affect the 
uniformity of the film’s (thickness). The number of thermalizing collisions between 
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sputtered atoms and sputter gas atoms increases with throw distance, for example, 
if material departs the target in an approximately cosine distribution pattern. The 
cosine distribution tends to “flatten out” as a result of these encounters, which 
makes the deposition more uniform across the substrate. Film homogeneity may 
be worse at shorter distances because there are fewer impacts at shorter throw 
distances. Additionally, substrates may experience greater energy sputter particles, 
more stray electrons, more plasma ions and “hot” neutrals, as well as increased 
thermal radiation heat transfer from the plasma and target surface, when throw 
distances are shorter. Excessive outgassing of the substrate, an increased compres-
sive stress of the growing membrane/film, substrate melting, substrate films/
membranes under the film destroyed by electron bombardment and other negative 
effects are caused by shorter throw distances. There are also advantageous effects 
of shorter throw distances (higher substrate temperatures) such as tensile stress of 
film may be lowered, the high energy of the incoming atoms improves the adhesion 
of the film and the membrane can be “densified” by colliding high-energy plasma 
ions with “high temperature” neutral particles. 8. Temperature: The system’s tem-
perature has an impact on the thickness of the film as well. The atoms on the surface 
will be more mobile as the temperature rises. The larger particle size and smoother 
film will result from this higher mobility. The larger the particle size, the thicker the 
film and greater the sputter rate. The substrate is often placed on a heating stage for 
the higher temperature because of this. However, the act of sputtering itself gener-
ates heat as a result of collision between the atom and the surface. The deposited 
film might be harmed by excessive heating. As a result, cooling is required in cases 
of severe heat [8–10].

3.2 Cosine sputtering law

The angular distribution of the sputtered particles ejected from the target surface 
can often be estimated by a cosine distribution as shown in Figure 7 in circumstances 
of normal incidence of the projectile atoms on the surface of the target.

 ( )
π
θ Ω θ = Φ  

cosJ Y  (2)

Figure 7. 
Cosine law angular distribution.
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Here, jΩф is the angular distribution of the emission flux as a function of the angle 
ϴ into the differential solid angle dΩ(ф), Y is the sputter yield, and ф is the local ion 
flux incident on the surface.

If the recoil velocities of the sputtered atoms are considered to be isotropic, this 
conclusion can be calculated analytically. Low sputter-ion energies (undercosine) and 
high ion energies (overcosine) show deviations from the ideal cosine distribution. 
Undercosine means the flatter distribution and overcosine means the sharp forward-
peak distribution [11].

4. Types of sputtering deposition

There are many sputtering deposition processes like Gas flow sputtering/Glow 
discharge sputtering deposition, Ion beam sputter deposition (IBSD), Reactive 
sputter deposition, Ion-assisted deposition, Magneton sputter deposition and Radio 
frequency (RF) sputter deposition etc.

Few mechanisms of sputtering deposition are explained in detail.

4.1 Ion beam sputtering deposition (IBSD)

Ion beam sputter deposition (IBSD) can solve a variety of problems. IBSD, unlike 
other PVD processes, provides a unique desirable ability to modify properties of thin 
film such as dense film, fewer flaws, higher purity, greater adhesion etc.

A setup is depicted in the Figure 8. An ion beam source, target, and substrate 
holder make up the ion beam sputter deposition setup. To sputter a target, IBSD uses 
a wide beam ion source with low energy ions. A film forms when the powder (emitted 
particles) condenses on a sample. Primary particles also disperse on target to provide 
aid in the formation of a thin coating. Dispersed primary particles as well as the sput-
tered target particles, both play an important role in the film formation process. The 
essential process parameters are geometric parameters and ion beam parameters, such 

Figure 8. 
Ion beam sputtering.
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as ion’s angle of incidence, polar emission angle, angle of scattering and ion energy 
EIon etc. When these parameters are changed, energy distributions of the particles that 
make up film are also changed.

When an energetic particle collides with a target, the momentum and energy are 
transmitted from primary to the target particle. Sputtering, dispersion, and implanta-
tion are all significant processes in IBSD as in Figure 9. The retreating target particles 
and the scattered primary particles can collide further, creating a collision cascade 
or leaving the target. If target particles at the surface have acquired enough energy to 
overcome the binding energy of the surface, they can escape the target. The dispersed 
primary particles can either scatter or stay on the target. The dispersed particles are 
known as scattered particles.

Two particle collision is shown in Figure 10. Here, α is the Ion Incident angle, β is 
the Polar emission angle and γ is Scattering angle γ. Angle of incident plays an impor-
tant role to decide either the resulting process will be scattering or sputtering.

Additional features must be addressed in order to fully utilize IBSD’s potential. To 
begin with, the ion beam is always slightly divergent. As a result, the primary particles 
will collide with the chamber’s components and walls. The forming film can be con-
taminated by eroded particles, so the chamber size must be large enough to reduce or 
avoid this. Second, the vacuum system’s pumping speed must be high enough to prevent 
the background gas particle coverage of the target surface. The background pressure, 
current density of ion beam, and target body all play a role in surface coverage.

Ion beam sputtering deposition (IBSD) disadvantages include a slower growth and 
more difficult scaling. In addition, ion beam sources are extra complex than magne-
trons, incorporating peripheral components [12].

4.2 Magnetron sputtering deposition

In the Magnetron sputtering technique, permanent magnets are used. As illus-
trated in the Figure 11, these magnets are placed behind the target to generate a 

Figure 9. 
Schematic diagram of ion surface interaction and resulting implantation, scattering and sputtering process.
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magnetic field. As ions are heavier than electrons so ions are scarcely influenced 
directly by the magnetic field. But the magnetic field causes the electrons to flow on 
a spiral course, extending their residence duration in the plasma. Now the likelihood 
of electrons colliding with background gas atoms will raise, causing a significant 
number of gas atoms to ionize.

Figure 11. 
Magnetron sputter deposition.

Figure 10. 
Two particle collision (a) direct scattering and (b) direct sputtering processes.
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In the presence of an electric field, gas ions speed up the bombardment of the target 
to produce sputtering atoms which eventually condense on the substrate to produce the 
required film. We conclude that the ionization rate and ion bombardment rate at the tar-
get surface raise under the effect of an electric field, and hence sputter rates increase [13].

4.2.1 Magnetron configuration

There are three main kinds of magnetron configuration as illustrated below.

1. Conventional magnetron/Balanced magnetron

2. Unbalanced magnetron

3. Closed-field unbalanced magnetron sputtering (CFUBMS)

4.2.2 Conventional magnetron/balanced magnetron

In 1986, papers to describe various magnetic field configurations of the substrates 
were published by Window and Savvides [14] which gave birth to the terms “bal-
anced” and “unbalanced” magnetrons. Shortly thereafter, unbalanced magnetron 
technology was used to deposit thin films.

In a balanced magnetron (Figure 12), all lines of magnetic force originate from 
one pole and are closed by the other pole of the target. The magnetic flux strengths 
via the pole faces of the outer and inner magnets are equal or comparable. As the mag-
netic field controls the plasma transmission path, the balanced magnetron’s plasma 
is restricted or trapped at the cathode, which is advantageous for high rate cathode 
sputtering, but resulting production efficiency is relatively low and also prevents the 
large amount of bias current from reaching the substrate [15].

4.2.3 Unbalanced magnetron

The balanced magnetron can be unbalanced if the outer or inner set of magnets 
is strengthened or weakened. As the ion bombardment of growing films supports in 

Figure 12. 
Balanced magnetron.
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the formation of thin films with better characteristics. The technology of unbalanced 
magnetron sputtering allows to get thin films with such improved properties. Fraser 
and Cook [16] initially highlighted the possibilities of this technology in 1977. It’s been 
utilized to deposition and ion-bombard films at the same time.

By allowing some of the confined lines of magnetic field, which are parallel to the 
surface of cathode in balanced magnetron, to become perpendicular to the cathode 
surface in the unbalanced magnetron, the plasma purposely leaks and collide with the 
substrate. As a result, some of the electrons discharged from the cathode surface are 
allowed to exit the cathode region along those normal field lines, causing electrostatic 
forces to pull ions along with them. This produces a plasma beam that is focused 
towards the substrate surface, bombarding it as well as the forming film surfaces with 
ions from the sputtering gas.

As the mobility of electrons is significantly more than ions and their mean free 
path is also longer, so the surface of an insulating or isolated substrate submerged in 
this high density plasma will attain a negative charge and potential with respect to 
the plasma until the electron and ion fluxes become equal. The ions will collide with 
substrate under the effect of this floating potential [15].

4.2.4 Types of unbalanced magnetron

Savvides and Window [17] also introduced types of unbalanced magnetron, type I 
and type II as in Figure 13. Magnetic flux is important in both type I and type II.

The inner set magnetic flux in type I is greater than the outer set magnetic flux, 
whereas the inner set magnetic flux in type II is lower than the outer set magnetic 
flux. To put it another way, in type I, all field lines originate from the inner set of 

Figure 13. 
Types of unbalanced magnetron.
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Figure 14. 
DC sputter deposition.

Figure 15. 
RF sputter deposition.
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magnets, with only a few reaching the outer set, whereas in type II, field lines comes 
out from the outer set of magnets, with only a few reaching the inner set.

4.3 DC and RF sputtering deposition

The power source in DC sputtering is direct current. Positively charged sput-
tering gas is propelled towards the target in this approach. As a result, atoms are 
ejected and deposited on the surface of substrate. Schematic diagram of DC is 
shown in Figure 14.

A cathode (the target) and an anode are connected in series with the blocking 
capacitor in RF sputtering as shown in Figure 15. The capacitor detects that power 
from the RF source is transferred to a plasma discharge. There are two stages of RF 
sputtering. The target material is negatively charged in the first cycle. Atoms get 
polarized as a result of this. The atoms of sputtering gas are drawn to the source that 
knock away source atoms. Here, the polarization of the target leaves source atoms and 
ionized gas ions on the surface of the target. The target is positively charged in the 
second cycle. This causes gas ions and source atoms to be emitted by depolarization. 
These are propelled towards the substrate, causing deposition [18].

5. Application of sputtering deposition processes

There are many advantages of sputtering deposition, some are listed below

• Deposition of any solid is possible.

• The vaporization source is provided by the sputtering target, which is steady and 
long-lasting.

• Vaporization can take place from all sides of a solid surface.

• Sputtering the target in specific ways results in a large area vaporization source.

• The sputtering target can give specialized vaporization geometries in some 
setups.

• Surface preparation on-site is simple to add into the process.

• Sputtering targets can be adapted to the surface of a substrate such as a cone or 
sphere.

• It is a flexible method for producing specialized nanostructures, stable colloidal 
particles, metallic, semiconductor and magnetic nanoparticles on the liquid 
surfaces.

• Films with ion assisted deposition can be used to make films for engineering 
applications, an appealing end to a product, and such ornamental films soak up a 
big part of the industry. For example, sanitary objects with a silver or gold finish 
contribute to the product’s appeal [2, 19, 20].
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6. Conclusion

Sputter deposition was long regarded a black art, but today’s spectrum of mate-
rial types that can be deposited has greatly expanded. Sputtering technologies with 
low cost, the capacity for large-area films, and unique kinetic regime of deposition 
material can be used to create epitaxial complex oxide, carefully regulated hetero-
structures, superlattices of the best quality, and film repeatability.

Sputtering yield is affected by a variety of factors, including sputtering angle, inci-
dence ion mass, dosage, and energy of impact ions. If the sputtering pressure is too 
high, material dispersion back to the target reduces the deposition rate dramatically. 
Higher pressures alter the film growth process and film morphology significantly. 
High Vacuum conditions are required for accurate measurements of the absolute sput-
tering yield so that impurities do not deposit on the sample during analysis. When 
it comes to designing thin film characteristics, the reactive sputtering technique is 
crucial. IBSD is a flexible method for customizing the properties of film-forming par-
ticles. Due to its flexibility and scalability, magnetron sputtering remains an intrigu-
ing and widely utilized technology, and has thus established a strong position for 
large-area thin film deposition. This explains why sputter deposition has such a broad 
range of applications. Sputtering procedures that lower impurity content are now 
available. As a result, research into a fuller description of this technique is ongoing.

This is a strong technology for creating materials that cannot be made any 
other way, and it’ll only get more essential as time goes on. Despite how simple the 
approach is to apply; it poses enough hurdles to be scientifically fascinating. This 
explains why it is so popular among academics. There are, nevertheless, some unex-
pected elements to be uncovered, explained, and used.
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Chapter 3

Thin Films Processed by SILAR
Method
Md Abdul Majed Patwary

Abstract

SILAR is one of the simplest techniques in terms of the better flexibility of the
substrate choice, capability of large-area fabrication, deposition of stable and adherent
film, low processing temperature for the film fabrication as well as reproducibility.
This technique is very budget friendly since it does not require any sophisticated
equipment. Moreover, various fabrication parameters such as solution concentration,
precursors, the number of cycles during immersion, pH, annealing, doping, and
growth temperature affect the rate of fabrication as well as the structural, optical, and
electrical properties of the fabricated thin films led the technique unique to study in
an extensive manner. A chapter regarding different aspects of semiconductors-based
optoelectronics by SILAR has yet to be published. This chapter will concern the recent
progress that has recently been made in different aspects of materials processed by the
SILAR. It will describe the theory, mechanism, and factors affecting SILAR deposition
as well as recent advancements in the field. Finally, conclusions and perspectives
concerning the use of materials in optoelectronic devices will be represented.

Keywords: SILAR, thin films, supercapacitors, photovoltaics, water splitting

1. Introduction

The successive ionic layer adsorption and reaction (SILAR) technique was first
introduced in 1985 by Nicolau for the deposition of ZnS and CdS [1], and Ristov et al.
for the deposition of Cu2O thin films [2]. Nicolau applied the adsorption technique of
film preparation, relating two sources—a metal source of aqueous solutions of CdSO4

or ZnSO4, and a sulfide source of Na2S, maintaining ambient temperature. The sub-
strate was dipped in each of the solutions following consecutive cycles, applying
rinsing steps in between to eliminate excessive precursors. In the case of Ristov et al.,
the method was employed using clean glass substrates, which were sequentially
immersed into a solution of NaOH and a Cu-complex such as [Cu(S2O3)]

� to prepare
Cu2O thin films. The complex [Cu(S2O3)]

� was well-maintained at ambient tempera-
ture, while the NaOH solution was kept at a temperature range from 60 to 80°C. The
outstanding structural, electronic, and optical properties of the thin films produced in
the two investigations stimulated the persistence of the practices. Hence, the tech-
nique was functional to the fabrication of a large variety of thin film semiconductors
till to date [3–5]. Consequently, SILAR appeals huge scientific attention and has been
well known as a facile technique for the fabrication of thin films of metal oxides,
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sulfides, selenides, peroxides, and hydroxides, as well as more complex hetero-
structured thin films [6–11]. Compared with the other popular deposition techniques,
SILAR is unique due to multiple reasons [3, 12–14] as mentioned below:

i. The thin film is generally fabricated on a simply cleaned and rigid planar
substrate having no dimensional limits. There is no restriction on the surface
of the coating materials, so films can be fabricated on temperature-sensitive
substrates like plastics. Even oxidation or corrosion of metal backing
substrates can be used to deposit films by choosing suitable precursors.

ii. The deposition rates and film thickness can be well controlled bymonitoring
reactant precursors, which are generally the desired cationic and anionic salts
dissolved in solvents, while the anticipated stoichiometry can be attained through
changing their type, concentration, or other involved dipping parameters.

iii. By controlling the number of deposition cycles and concentration of species,
the thicknesses of the thin films can be simply tuned over a wide range such
as from nm scale to μm.

iv. SILAR fabrications are very convenient and energy efficient as the technique
is mostly controlled at room or low temperature. If required, the as-deposited
coating materials can be annealed post-deposition to activate grain growth,
crystallization, etc.

v. Besides, the fabricated thin films can be reformed to show preferential
crystallographic orientation as well as grain assembly due to the
controllability of ionic reactions performed at the substrate solution interface.

vi. The SILAR method supports film development only on the surface of the
substrate that is immersed into the solution, hence diminishing unnecessary
consumption of the used reactants. If required, precursor solutions could also
be reloaded and reprocessed.

Therefore, SILAR is a vastly multipurpose and influential process for the fabrica-
tion of numerous thin film materials having huge technological attention and, hence,
unlocked a wide window in optoelectronic device applications.

2. Theory and process mechanism

SILAR is widely used, simple technique to fabricate high-quality thin films [3, 15].
During deposition, successive ionic layer adsorption and reaction of the ions take
place at the solid-solution interface of the substrate. Thus, the thin film of the
compound, ApBy is deposited on to the substrate surface by dint of the adsorbed
cations, xAy+ and anions, qBp� due to the following heterogeneous chemical reactions:

AxQ y sð Þ ! x Ayþ aqð Þ þ y Q x� aqð Þ (1)

PpBq sð Þ ! p Pqþ aqð Þ þ q Bp� aqð Þ (2)

Ayþ aqð Þ þ Bp� aqð Þ ! Ap By sð Þ↓ (3)
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where x, y, p, q and y+, q+, x�, p� are the number and charges of the corresponding
ions A (metal ions), P (cationic precursor), Q (anionic precursor), and B (anions)
respectively [2, 16]. Sometimes, the ligands Ln are a necessity to complete the reaction
[17–20]. The solution having the first element containing the final target material can
be thought as the compound AxQy fully dissociated in the chosen solvent such as in
water (Reaction 3). Usually, AxQy is a metal salt where Ay+ represents cations such as
Zn2+, Cu2+, Mn2+, Cd2+, Bi3+, and Bp� represents anions such as NO3�, Cl�, SO4

2�.
Hence, a basic SILAR cycle comprises four different steps, correlating alternate

immersion of the substrate into cationic and anionic precursor solution followed by
rinsing in every immersion cycle to eliminate loosely adhered particles as shown in
Figure 1 and described below:

2.1 Adsorption

First step of the SILAR process is the formation of the Helmholtz double layer,
which is due to the initial adsorption of cationic precursor, xAy+, on the surface of the
substrate. This layer is generally composed of two charged layers, the positively charged
inner layer and negatively charged outer layers. The positive (+ve) layer consists of the
cations, xAy+, while the negative (�ve) layer, yQx�, is the counter ions of the cations.

2.2 Rinsing I

In the second step, excessive adsorbed ions, xAy+ and yQx�, are rinsed away from
the diffusion layer toward the bulk solution and a hypothetical monolayer is formed.
This results in a saturated electrical double layer showing an ideal scenario of the
process.

Figure 1.
Representation of different steps during a SILAR cycle.
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2.3 Reaction

In the reaction stage, the anions, qBp�, from anionic precursor solution are intro-
duced into the system. A solid substance, ApBy, is formed on the interface due to the
low stability of the material. This process employs the reaction of xAy + surface species
with the anionic precursor, qBp�.

2.4 Rinsing II

In the final step of a SILAR cycle, the excess and unreacted species (yQx�, pPq+)
and the reaction by product from the diffusion layer are removed leaving expected
films.

A schematic presentation of a single cycle for the fabrication of Cu2SnS3 film is
shown in Figure 2 [21]. In the case of Cu2SnS3 film fabrication, ion-by-ion type of
deposition takes place through nucleation spots of the adsorbed surfaces [22]. Nucle-
ation occurs due to the surface condensation of the ions and outcomes of, that is, an
dense adherent thin film [23]. The substrate was firstly dipped into the cationic
precursor containing mixed CuCl2 and SnCl2 solutions, where Cu2+ and Sn2+ species
were available. Sn2+ ion in solution is good reducing agents, and thus, Cu2+ reduces to
Cu+ and Sn2+ is oxidized to Sn4+ in cationic solution as shown by the following
reaction:

2CuCl2 þ SnCl2 þ 6H2O ¼ 2Cuþ þ Sn4þ þ 6HClþ 6OH� (4)

The substrate was then rinsed off with DI H2O to eliminate the loosely bounded
reactants. Then, it was dipped into an anionic precursor containing Na2S.xH2O solu-
tion, which gave sulfide ions (S2�) to react with the cations Cu+ and Sn4+. Finally, the
reaction occurred between the pre-adsorbed Cu+, Sn4+ cations, and the S2�anion to
form a solid Cu2SnS3 thin film as,

Na2SþH2O ! 2Naþ þHS� þ OH� (5)

HS� þH2O ! H3Oþ þ S2� (6)

2Cuþ þ Sn4þ þ 3S2� ! Cu2SnS3 (7)

Figure 2.
Schematic representation of Cu2SnS3 thin film fabrication by SILAR technique [21].
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In the last step of the process, the substrate was again dipped into the DI H2O to
remove the unwanted excessive particles to provide a uniform surface containing
Cu2SnS3 thin film.

3. SILAR-facilitated material deposition: A summary

The deposition of the series of chalcogenide mainly metal oxides, sulfides, sele-
nides, and tellurides films has been always on numerous attentions in the advance-
ment of the SILAR since its launch. Currently, SILAR has become a broadly functional
technique in the deposition of a huge variety of semiconductor thin films. For the
simplicity of discussion, we have summarized most of the metals still synthesized as
metal compounds by SILAR in Table 1.

A list of materials deposited using SILAR technique with their growth conditions
with the required raw materials for the growth is summarized in Table 2. For the
simplicity, the discussion is divided into four parts as of Table 1, as specified below:

3.1 Metal oxides

An increasing number of oxide materials deposited by SILAR have demonstrated
high chemical, thermal, and expected stability that is one of the reasons to increase the
popularity of oxide synthesis by SILAR. However, the technique of oxide synthesis is
somehow difficult compared to sulfides, selenides, and tellurides due to the
unavailability of the anionic precursors, which is the direct source of O2� to form
oxides. For example, in case of the synthesis of most of the binary metal oxides, H2O,
NaOH, and NH4OH are used as anionic precursors with a mild thermal treatment of
around (70 � 90) 0C to activate the precipitation of hydroxides. On the other hand,
the most common cationic precursors are mainly of metal thiosulfates, sulfates, chlo-
rides, nitrates, etc., to provide metal ion adsorption on the substrate surface. Until
today, CuxO, ZnO, TiO2, and CdO are the most examined materials by SILAR. The
investigation of Mn3O4, NiO, and Bi2O3 is also increasing [31–34]. Recently, both
nanostructured Fe2O3 and Fe3O4 have been fabricated applying sulfate and chloride
salts using NaOH as the anionic precursor via SILAR [30, 66]. But research on WO3

[32], MgO [34], and SnO [67] fabrication is still rare. In case of ternary metal oxides,
the SILAR deposition has been widely increased due to their ability to the additional
modulate characteristics by controlling the composition of the materials. The synthe-
sis of CST is discussed in the theory and mechanism section, which can be again done
by two ways—a combined solution of both the deposited metal cations or, an alter-
nating (one by one) fabrication of the two cations. A good technique to produce
ternary metal oxides with excessive control on stoichiometry is to react one of the two
metal ions by its own oxyanion. For example, Bi(NO3)3 and NH4VO3 react to fabricate
BiVO4 [37], as ammonium vanadates are extremely soluble in water, while the antic-
ipated metal vanadates are not. Consequently, they precipitate out of solution as the

Oxides Sulfides Selenides Tellurides

Mg, Ti, V, Mn, Fe, Ni, Cu, Zn, Mo, Ag, Cd,
W, Bi, Sn

Cu, Zn, Cd, Ni, Sn, Pd, Mo, Ag,
As, Bi, Mn, Sb, Fe, La

Cu, Sb, Cd,
Bi

Cu, Cd, La

Table 1.
List of the metals still grown by SILAR technique.

45

Thin Films Processed by SILAR Method
DOI: http://dx.doi.org/10.5772/intechopen.106476



M
at
er
ia
l

P
re
cu

rs
or
s

pH
(C

,A
)

T
em

pe
ra
tu
re
,0

C
C
yc

le
s

R
in
si
ng

D
ip
pi
ng

ti
m
e,

s
(C

,A
)

R
ef
s.

C
at
io
ni
c

A
ni
on

ic
G
ro
w
th

A
nn

ea
l

O
X
ID

E
S

C
u 2
O

C
u(
S 2
O

3)
�

N
aO

H
—

70
—

10
,1

5,
20

,2
5,

30
N
o

5,
5

[2
4]

C
uO

C
uS

O
4

N
H

4
O
H

C
:1
0

80
—

10
,2

0,
30

,4
0

H
2O

10
,1

5
[2
5]

Z
nO

Z
nS

O
4

N
H

4
O
H

—
10

0
20

0
10

0
N
o

2,
2

[2
6]

T
iO

2
T
iC
l 3

N
aO

H
C
:3

40
0

10
0,

15
0

H
2O

20
,1

0
[2
7]

C
dO

C
dC

l 3
N
H

4
O
H

C
:1
2

90
40

0
60

,7
0,

80
,9

0,
10

0,
11
0

H
2O

10
,2

0
[2
8]

Fe
xO

y
Fe

C
l 3

N
aO

H
—

—
40

0
12
0

H
2O

10
,1

0
[2
9]

M
n 3
O

4
M
n 2
SO

4
N
aO

H
—

60
50

H
2O

10
,1

0
[3
0]

N
iO

N
i(
N
H

3)
4

H
2O

—
90

20
0,

30
0,

40
0

10
0

H
2O

30
,7

[3
1]

W
O

3
H

2O
4
W

N
aO

H
—

80
40

0
25
,5

0,
75
,1

00
,1

25
H

2O
20

,1
0

[3
2]

B
i 2
O

3
B
i(
N
O

3)
2+

N
(C

H
₂C

H
₃)
₃

H
2O

—
70

—
80

H
2O

10
,1

0
[3
3]

M
gO

M
g(
N
O

3)
2

N
H

4
O
H

A
:1
1.
5

90
40

0
—

N
o

30
,3

0
[3
4]

C
u 2
V
2O

7
0.
02

5
M

C
u(
N
O

3)
2

0.
02

5
M

N
H

4
V
O

3
—

75
—

5,
10

,2
0,

30
,6

0,
70

,8
0,

10
0

N
o

20
,2

0
[3
5]

A
g 3
V
O

4
A
gN

O
3

N
a 3
V
O
4

—
70

10
0
�

35
0

5,
10

,1
5,

20
H

2O
20

,2
0

[3
6]

B
iV
O

4
B
i(
N
O

3)
3

N
H

4
V
O

3
—

75
45

0
5,

10
,2

0,
30

H
2O

20
,2

0
[3
7]

Fe
2V

4
O

13
Fe

(N
O

3)
3

N
H

4
V
O

3
—

75
40

0,
50

0
20

H
2O

20
,2

0
[3
8]

Z
nF

e 2
O

4
Z
nC

l 2
,
Fe

C
l 2

A
q.

N
H

3
—

—
55
0

—
H

2O
30

,3
0

[3
9]

B
iO

I
B
i(
N
O

3)
3

K
I

—
—

—
5,

15
,3

0,
45

H
2O

10
,1

0
[4
0]

N
iM

oO
4

N
iC
l 2
+
N
H

4
O
H

N
a 2
M
oO

4
C
:1
2.
2

70
30

0
30

H
2O

20
,2

0
[4
1]

Fe
PO

4
Fe

C
l 3

N
aH

2P
O

4
—

—
—

25
H

2O
10

,1
0

[4
2]

46

Thin Films - Deposition Methods and Applications



M
at
er
ia
l

P
re
cu

rs
or
s

pH
(C

,A
)

T
em

pe
ra
tu
re
,0

C
C
yc

le
s

R
in
si
ng

D
ip
pi
ng

ti
m
e,

s
(C

,A
)

R
ef
s.

C
at
io
ni
c

A
ni
on

ic
G
ro
w
th

A
nn

ea
l

SU
L
FI
D
E
S

C
uS

C
uC

l 2
N
a 2
S

C
:3
,A

:1
2

R
T

20
0,

30
0,

40
0

40
H

2O
30

,3
0

[4
3]

A
g 2
S/

A
g 2
S 3

A
gN

O
3

N
a 2
S.
xH

2O
—

55
—

12
C
H

3O
H

30
,4

5
[4
4]

A
g 2
S

A
gN

O
3

SC
(N

H
2)

2
C
:8
,A

:6
—

—
30

D
D
,H

2O
12
,1

0
[4
5]

Z
nS

Z
nC

l 2
N
a 2
S

C
:5
,A

:1
2

R
T

20
0,

30
0,

40
0

40
H

2O
20

,2
0

[4
3]

C
dS

C
d(
N
O

3)
2

N
a 2
S

—
—

9,
12
,1
5,
18

H
2O

60
,6

0
[4
6]

N
iS

N
iS
O

4
N
a 2
S

C
:8
,A

:1
0

R
T

—
15
0

H
2O

60
,6

0
[4
7]

Sn
S

Sn
C
l 2

N
a 2
S

C
:1
.8
,A

:9
.5

7
—

—
H

2O
20

,2
0

[4
8]

Pb
S

Pb
(N

O
3)

2
N
a 2
S

—
10

,3
0,

50
—

—
C
H

3O
H

60
,6

0
[4
9]

M
oS

2
(N

H
4
) 6
M
o 7
O

2
N
a 2
S

C
:3
,A

:1
3.
5

27
—

10
0

H
2O

25
,2

5
[5
0]

A
s 2
S 3

A
s 2
O

3
+
E
D
T
A

N
a 2
S 2
O
3

C
:1
,A

:6
80

—
10

,1
5,
20

,2
5,

30
,3

5,
40

,4
5,

50
D
I
H

2O
15
,1

5
[5
1]

B
i 2
S 3

B
i(
N
O

3)
3

N
a 2
S

—
75

20
0

30
2-
C
H

3O
C
2H

5
&

C
H

3O
H

15
,1

5
[5
2]

M
nS

M
nC

l 2
N
a 2
S

C
:5
.5
,A

:1
2

R
T

—
60

,8
0,

10
0,

12
0,

14
0

H
2O

30
,3

0
[5
3]

Sb
2S

3
Sb

C
l 3

N
a 2
S 2
O
3

—
50

—
25
,3

0,
33

H
2O

20
,2

0
[5
4]

Fe
S

Fe
SO

4
N
a 2
S

—
27

—
40

H
2O

[5
5]

Fe
xS

x
Fe

(N
O

3)
2

N
a 2
S

—
27

20
0

20
H

2O
30

,3
0

[5
6]

C
oS

C
oS

O
4

N
a 2
S

C
:8
–
10

A
:

12
27

—
25

H
2O

50
,5

0
[5
7]

47

Thin Films Processed by SILAR Method
DOI: http://dx.doi.org/10.5772/intechopen.106476



M
at
er
ia
l

P
re
cu

rs
or
s

pH
(C

,A
)

T
em

pe
ra
tu
re
,0

C
C
yc

le
s

R
in
si
ng

D
ip
pi
ng

ti
m
e,

s
(C

,A
)

R
ef
s.

C
at
io
ni
c

A
ni
on

ic
G
ro
w
th

A
nn

ea
l

La
2S

3
La

2O
3

N
a 2
S 2
O
3

2
�

0.
1

R
T

30
0

90
H

2O
30

,3
0

[5
8]

SE
L
E
N
ID

E
S

C
u 3
Se

2
C
uS

O
4

N
a 2
Se
SO

3
C
:2

R
T

30
0

60
H

2O
20

,2
0

[5
9]

Sb
2S
e 3

Sb
C
l 3

Se
2�

R
T

80
10

C
2H

5O
H

[6
0]

C
dS

e
C
dC

l 2
.H

2O
N
a 2
Se
SO

3
C
:8

,A
:1
1.
3

R
T

30
,4

0,
50

60
H

2O
60

,6
0

[6
1]

B
i 2
Se

3
B
i(
N
O

3)
3
+
N

(C
H

2C
H

2O
H
) 3

N
a 2
Se
SO

3
C
:8
,A

:8
.5

27
—

15
0

H
2O

30
,3

0
[6
2]

Sb
2S
e 3

K
(S
bO

)C
4
H

4
O

6
N
a 2
Se
SO

3
C
:3
,A

:8
.5

27
—

35
0

H
2O

40
,4

0
[6
2]

T
E
L
L
U
R
ID

E
S

C
dT

e
C
d(
C
H

3C
O

2)
2

N
a 2
T
eO

3
C
:5
,A

:1
1

27
—

91
0

H
2O

30
,3

0
[6
3]

C
u 2
T
e

C
uS

O
4

N
a 2
T
eO

3
C
:5
,A

:9
27

—
60

H
2O

20
,2

0
[6
4]

La
2T
e 3

La
C
l 3
+
C
H

3C
O
O
H

T
e

po
w
.+

H
C
l+

H
N
O

3

C
:2
,A

:1
R
T

18
0

—
H

2O
20

,2
0

[6
5]

T
ab

le
2.

A
lis
t
of

m
at
er
ia
ls
de
po
sit
ed

us
in
g
SI
LA

R
te
ch
ni
qu

e
w
ith

th
ei
r
gr
ow

th
co
nd

iti
on
s.
(C

,
a:

C
at
io
ni
c,

an
io
ni
c)
.

48

Thin Films - Deposition Methods and Applications



expected phase on the substrate surface. The other oxides such as Ag3VO4 [36], BiVO4

[37, 68], Cu2V2O7 [35], and Fe2V4O13 [38] follow similar trends. Though bismuth
oxyhalides, for instance, BiOI [69, 70] is not a pure oxide but have been synthesized
by the SILAR using cationic precursor of bismuth nitrate and anionic precursor of
KI [71].

3.2 Metal sulfides

The characteristic easiness of the procedure and wide-ranging obtainability of the
anionic precursors afford metal sulfides the most fabricated materials by employing
SILAR technique. The easiest way of sulfide thin film deposition is to use metal salts as
cationic precursors and H2O-soluble sodium sulfides or thiosulfates as anionic pre-
cursors. For example, NiS thin films could be fabricated using NiSO4 (pH: 8) as
cationic precursors and Na2S (pH: 10) as anionic precursors even at room temperature
[47]. Generally, the solubility product constants of used sulfide materials in water are
higher than 10�20, for instance, CuS: ≈10�36 and CdS: ≈10�27, which is the key force
of the deposition of the expected metal sulfides. Among the sulfides, CuS [72], ZnS
[43, 73], CdS [46], Ag2S [44, 45], SnS [48], and PbS [49] have been broadly investi-
gated mostly depending on the usage of chlorides and nitrates as the metal precursors
and Na2S as anionic precursors for the S2� source. Moreover, the investigation on NiS
[47], Bi2S3 [52] and MoS2 [13, 50], As2S3 [13, 51], MnS [53] are growing fast, while in
the case of CoS [57], La2S3 [58] studies are still infrequent. Moreover, core@shell-like
SnS2@Co3S4, ternary (NiCo2S4), and quaternary (Cu2BaSnS4) films as well as
nanocomposites of CdS and Bi2S3 have been reported with their potential applications.

3.3 Metal selenides

In most of the cases, SILAR fabrication of the metal selenides has been directed
through a solution of chloride, nitrate, or sulfate functioned as cationic precursor
consisting of the anticipated metal, and a solution of Na2SeSO3 worked as the anionic
precursor consisting of the source of Se2� to form selenides. For example, 0.2 M
CdCl2. H2O (pH: 8) reacts with 0.1 M Na2SeSO3 (pH: 11.3) to fabricate CdSe thin film
[61]. Based on requirements, sometimes NaHSe, ethanolic NaBH4, or Na2Se can also
be used as an anionic precursor to fabricate metal selenides. The SILAR deposition of
Cu3Se2, Sb2Se3, Bi2Se3, and CdSe were studied and investigated mainly at room tem-
perature avoiding thermal treatment during the sample growth, which was always
maintained at (70–90) 0C in the traditional cases.

3.4 Metal tellurides

The minimum studied materials among the chalcogen members via SILAR tech-
nique are metal tellurides because of the unavailability of the appropriate anionic
precursors. Na2TeO3 or ethanolic Te or TeO2 with NaBH4 is the mostly used anionic
precursor performed as the source of Te2� to form tellurides. For example, 0.1 M
CuSO4. 5H2O (pH: 5) and 0.05 M Na2TeO3 (pH: 9) react at an ambient temperature to
synthesize Cu2Te film. Till now, CdTe, Cu2Te, La2Te3, Cu7Te4, and Bi2Te3 thin films
were fabricated and investigated via SILAR technique having potential uses in case
of radiation detectors, photovoltaics, and thermo-electric devices [63–65]. More
scientific research is expected to understand and control the characteristics of such
fabricated films to build outstanding optoelectronic devices.
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4. Recent advances by SILAR

The optoelectronic properties of SILAR grown thin films have been demonstrated
in many more applications, for example, supercapacitors, photovoltaics, photoelec-
trochemical water splitting, gas sensors, and many more. The technique seems to be
simpler and represents an efficient way to fabricate devices. Three potential applica-
tions such as supercapacitors, photovoltaics, and photoelectrochemical water splitting
will be discussed in the following section.

4.1 Supercapacitors

The rapid progress in state-of-the-art tools has guided to a profound reliance on
energy storage devices. Satellites, electric vehicles, laptops, cellphones, and sensors
need some species of energy storage to function properly. The lead-acid battery was
the first device, discovered around the 1800s, and most common storage energy till
today. Supercapacitors, another promising energy storage device, well known as elec-
trochemical capacitor or ultracapacitor creates a gap bridging role between conven-
tional capacitors and batteries [74]. They can offer 1� 2 orders of higher magnitude of
power density than rechargeable batteries as well as supply much more energy than
traditional dielectric capacitors.

A supercapacitor works following two-charge storage mechanisms: (i) surface ion
adsorption such as electric double-layer capacitance (EDLC) and (ii) redox reactions
such as pseudo capacitance. Supercapacitors reveal an extraordinary set of features in
comparison with batteries, for instance, high-power density, low maintenance cost,
reliable cycling life, fast rates of charge or discharge, and safe operation as well as
offer versatile powering solutions to many appeals ranging from portable consumer
electronic appliance and electric automobiles to large-scale smart utility grids. Never-
theless, carbon-based EDLC supercapacitors show very low energy densities, which
are limited through the finite electrical charge separation at the interface of electrolyte
and electrode materials, as well as the approachability of surface area. Consequently,
efforts to surge the energy densities of supercapacitors have involved the application
of better pseudo-capacitance electrode supplies, equipped by conducting polymers
and nanostructured metal oxides, bearing the low cost of high-power density as well
as chemical stability, which have the significance of phase changes and faradaic
reactions in it [74].

Several types of metal oxides, sulfides, and tellurides have been used in
supercapacitor device fabrication so far, by utilizing the ever-fast-growing technique
SILAR as summarized in Tables 3 and 4. Initially the single metal oxides or sulfides
such as CuO, NiO, NiMoO4, WO3, Bi2O3, Mn3O4, or MnS have been prepared by
following SILAR technique and then tested for the supercapacitor behaviors to acquire
the results of specific capacitance with their retention stability using cyclic
voltammetry (CV) with the assistance of 3-electrode measurement system. Higher
capacitance was attained at the lower scan rate and/or lower current density during
such measurements and usually a relatively small quantity of electrochemical active
material was developed atop of the working electrode. Moreover, the performance
found using the 3-electrode system is higher than 2-electrode test cells, and the latter
can be either a symmetric (S) or asymmetric (A) cell. Generally, in a symmetric cell
both positive and negative electrodes are alike, whereas they are different active
materials in an asymmetric cell.
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Not only binary, but also ternary or even doped metal oxides, sulfides or tellurides
were synthesized via SILAR for supercapacitor device application. For example,
ZnCo2O4 and ZnFe2O4 were synthesized via SILAR technique from binary cationic
solutions in the presence of Zn and Co (or Fe) precursors and demonstrate high
energy density of 9.67 and 28 Wh kg�1 as well as power density of 1451 and
7970 W kg�1, respectively. La2S3 and La2Te3 with mesoporous pine-leaf structure
prepared with SILAR showed 35 and 60WhKg�1 energy density and power density of
1260 and 7220 WKg�1, respectively. A flexible La2Te3jLiClO4-PVAjLa2Te3
supercapacitor cell was further fabricated and is represented as in Figure 3.

Hybrid supercapacitors, EDLC and pseudo-capacitance, build of charge storage
mechanisms reduce the superior features of the device. On the other hand, among the
other EDLC electrode materials multiwalled carbon nanotubes (MWCNTs) fascinated
major interest due to their favorable features such as high surface area and mesoporous
network, good mechanical strength and flexibility, excellent electrical conductivity, and
chemical stability. The facile synthesis of composites of metal oxides with carbon
materials was facilitated by SILAR as well. For instance, the fabrication of NiO/
MWCNTs nanohybrid thin films via SILAR and the specific capacitance was as high as

Electrode Scan voltage
(V)

Electrolyte Specific
capacitance, Fg�1

Current
density

Capacitance
retention

Ref

MnO2 �0.1 to +0.9 1 M Na2SO4 314 5 mVs�1 90% 10,000 [75]

Mn3O4 �0.2 to +1.2 1 M Na2SO4 786.2 5 mVs�1 71% 1000 [76]

MnS �0.15 to
+0.55

6 M KOH 828 5 mVs�1 85% 5000 [77]

NiO �1.0 to
+0.45

1 M KOH 1341 2 mVs�1 90% 1000 [78]

CuO �0.3 to +0.5 1 M Na2SO3 476 1 mAcm�2 89% 1500 [79]

CuO �0.8 to +0.4 1 M Na2SO4 554 1 Ag�1 92% 4000 [25]

Bi2O3 �0.8 to +0.3 1 M Na2SO4 329.6 5 mVs�1 72% 3000 [33]

WO3 �0.7 to +0.4 1 M Na2SO4 266 10 mVs�1 81% 1000 [32]

Fe2O3 �0.6 to +0.1 1 M NaOH 178 5 mVs�1 — — [24]

Fe3O4 �1.4 to �0.3 1 M KOH 488 1 mAcm�1 — — [29]

NiCo2O4 �0.1 to +0.5 3 M KOH 1936 5 mVs�1 95% 1000 [80]

NiMoO4 �0.1 to +0.4 2 M KOH 1180 1 Ag�1 27% 1000 [81]

NiMoO4 �0.6 to +0.6 2 M KOH 1853 1 Ag�1 65% 2500 [41]

SnO2-RuO2 �0.2 to +0.6 0.5 M H2SO4 1010 1 mAcm�2 85% 2500 [82]

SnS2@Co3S4 0 to +4.5 — 1580 1 mVs�1 95% 3000 [83]

NiO/MWCNTs �0.1 to +0.5 2 M KOH 1727 5 mAcm�2 91% 2000 [84]

Ni-Co-Ox/C-
black

�0.2 to +0.4 1 M KOH 1811 0.5 mAcm�2 92% 8000 [85]

Bi2S3: PbS/
MWCNTs

�0.1 to +0.7 0.5 M Na2SO4 864.2 2 mVs�1 68% 4000 [86]

Table 3.
Properties of various electrode materials deposited by SILAR for electrochemical capacitors by 3-electrode system.
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1727 Fg�1 and current density 5 mAcm�2 with 91% retention ability after 2000 cycles as
demonstrated in the Figure 4 [84]. Moreover, an analogous synthesis style was
employed to NiCoOx/Carbon-black hybrid thin films accomplishing coatings with a
high specific capacitance of 1811 Fg�1 at 0.5 mAcm�2 [85].

Therefore, SILAR is a unique as well as multipurpose technique to fabricate thin
films for supercapacitor device application with superior power and energy densities
in comparison with other available and more conventional deposition techniques,
justifying the quality of the SILAR growth thin films.

Electrode S/A Scan
Voltage

Electrolyte Power
density

Energy
density

Capacitance Ref

Materials (V) (WKg�1) (WhKg�1) retention

MnO2 S �0.1 to +0.9 1 M Na2SO4 1100 4.2 Stable 10,000 [30]

La2S3 S �1.2 to 0 1 M Na2SO4 1260 35 78% 1000 [58]

La2Te3 S �1.2 to 0 1 M LiClO4/PC 7220 60 82% 1000 [65]

ZnCo2O4 S 0 to 1 PVA-KOH 1451 9.7 69% 2000 [87]

ZnFe2O4 S 0 to 1 PVA-LiClO4 277 4.5 66% 1000 [88]

ZnFe2O4 A 0 to 1.6 6 M KOH 7970 28 74% 3000 [39]

Bi2S3: PbS/
MWCNTs

S 0.6 to 1.2 0.5 M Na2SO4 830 13.36 68% 4000 [86]

MnS@NF/rGO@NF A 0 to 1.6 PVA–KOH 1280 34.1 87% 2000 [77]

Y-doped Sr.(OH)2 S 0 to 1.5 PVA-Na2SO4 2270 3.7 61% 1000 [89]

In: WO3/Cu7Te4/
Bi2Te3

S 0 to 1 Polysulfide 1700 18.85 — — [90]

Table 4.
Supercapacitors performance of SILAR grown films measured by 2-electrode system.

Figure 3.
Schematic diagrams of La2Te3jLiClO4-PVAjLa2Te3 supercapacitor device [65].
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4.2. Solar cells

Photovoltaic (PV) is a simple device, which promotes the direct conversion of light
radiation into electrical energy by following the photovoltaic effect [91]. The discov-
ery of such a device for the conversion of sunlight radiation directly into electricity
was first carried out during the late 1800s. C. Fritts first demonstrated the solid-state
PV by fabricating a thin layer of Au on Se semiconductor material [92]. At American
Telephone and Telegraph Bell Laboratory the modern PV was discovered by Ohl in
1946 [93] but demonstrated by Chapin, Fuller and Pearson in 1954 [94]. The cell was
fabricated by single-crystal Si wafer having an efficiency of �5%.

At present for feasible use, extensive research is going for efficiency enhancement
of solar cells, as the efficiency of solar cells is one of the very vibrant parameters to
promote this technology. Over the years, the efficiency of single crystal-Si solar cells
has shown a sound development. In 1950s, it was only 15% and nowadays it is
improved to around 26.7% [95]. The commercial efficiency of Si solar cell is
approaching in between 12% and 15%, while the theoretical Shockley-Queisser (SQ)
limit energy conversion efficiency is of around 28% [96]. The PV cell and module
market was mostly occupied on first-generation Si-based cells until 2004, for exam-
ple, sc- and poly-Si cells, which covered about 85% of the overall international PV
modules market. In the meantime, thin film cells or second-generation PV have
exhibited great advantages, for instance, the ease of large area fabrication and usage of
minimum materials, though their market share was much smaller in comparison with

Figure 4.
Assembly of highly flexible symmetric NiO/MWCNTs-NiO/MWCNTs nanohybrid device: (a) image of
flexible NiO/MWCNTs thin film deposited on the stainless steel, (b) NiO/MWCNTs nanohybrid thin film
electrodes with closed ends (2 � 3 cm2 area), (c) coating of the electrode by PVA/LiClO4 gel electrolyte, (d)
flexible supercapacitor built under the �1 ton pressure through sandwiching the two-gel electrolyte coated
electrodes, (e) two flexible supercapacitors in series can successfully light a LED [84].
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the Si-cells [97]. After 2005, the developments were spurred by the sharp increase in
the country’s implementation of solar energy due to the rapid advancement of the PV
production industry in China. The price of PVs is generally supplemented by the strict
requirement for fabricating high-purity materials such as GaAs and Si, or the rare-
earth elements such as CIGS. The element, In, is rare and can be certainly exhausted,
which might affect the prospect of such PVs. Later, CdTe thin-film PVs have
increased longing in the market of South-Eastern countries. But Cd has a serious
environmental distress, which is due to its high toxicity [98, 99]. For example, chronic
Cd exposure breeds an extensive acute and chronic effects in humans [100, 101].
Moreover, Cd is a rare earth element and it will also generate a higher cost within the
demand in future. Further, a third generation of devices has newly developed in
addition to the thin-film solar cells, based on fresh organic materials such as dye-
sensitized solar cells (DSSC) [102], quantum dot solar cells (QDSC), perovskites, bulk
heterojunctions, having innovative device architectures with the usage of multiple
exciton generation, upconverting layers, and others. Though, organic materials-built
PVs have small life spans as the nature of the materials, for example, thermal stability
[103] or concerns of electrolyte-based variability [104]. Inherently, a mostly striking
new field of PV devices using metal oxide (MO) semiconductors has performed [105].
Atop of the MO thin films, favorable next-generation PV cells such as exciting thin
absorber cells [106], DSSC [107], and QDSC [46, 108] are built as they are promising
applicants for being stable, eco-friendly, and ultra-low-cost PV materials.

SILAR accounts itself directly into the third generation, by affording ultra-thin,
compositionally fabricated by layers of several semiconductors that could be subju-
gated in a diversity of device architectures. Besides Si, most of the absorbers in PVs
are conventionally II–VI, III–V semiconductors, or organic polymers, or small mole-
cules, or perovskites. Still, the number of metal oxides is not adequate, which can be
effectively used as absorber layers. Consequently, research into SILAR-grown light
absorber layers for PV device applications has been aimed mainly on selective transi-
tion metal oxides, sulfides, and selenides. These materials have drawn incredible
interest in technological and scientific research due to their unique optical, electrical,
and mechanical properties in the past few decades [109–111]. Nevertheless, there are
some examples of SILAR grown metal oxides, sulfides, and selenides applied in dif-
ferent types of solar cells such as thin film, DSSC, perovskite, and QDSC as summa-
rized in Table 5. The layers were used not only to achieve high efficiency, but also
served diverse roles inside the PVs such as light absorber, selective charge transport
(electrons or holes), and passivation.

In many cases, the core light-absorbing layers, within the solar cells, fabricated via
SILAR have been investigated. For example, in ITO/CdS/PbS/C heterojunction solar
cell, n-type layer, CdS thin films were deposited by CBD on transparent conductive
oxide (ITO) substrates, whereas PbS film by SILAR using different deposition cycles, 15,
20, 30, 40 and 60 to obtain different thicknesses, showed that 40 cycles PbS film has a
greater photovoltaic conversion efficiency [115]. In another study, p-type CuO was
utilized as photo-absorber in the p-CuO/n-Si heterojunction cell [123], where a vibrant
role of the SILAR deposition was observed in the overall device performance, depending
mainly on the concentration of the copper precursor solution. In an all-oxide solar cell,
NiO/Cu2O or CuO/ZnO/SnO2, both Cu2O and CuO fabricated were examined as light
absorber fabricated by SILAR and the hole transporting layer (p-type NiO), buffer layer
(ZnO) as well as n-type SnO2 were deposited by sol-gel method [124]. The cell having
Cu2O showed better performance than CuO, which is due to the reduced conductivity,
mobility, and carrier concentration of CuO. However, the study showed an overall
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efficiency over 1%. In a different study, heterojunction solar cells have been fabricated
between layers of p-type CuS and n-type Ag2S deposited via SILAR method and Sn2+

and Al3+ heterovalent dopants are introduced in Ag2S so that Fermi energy of the
semiconductor can be modified to alter the band diagram of pn junctions. The Sn2+-
doped Ag2S resulted in better solar cell parameters with an efficiency of 2.85% as
compared to that based on Al3+-doped Ag2S, which consists of many defect states due to
mismatch in ionic radii of the cation and the dopant ions [44].

Further, metal oxides were worked in charge transportation in between different
layers in solar cells, and both electron transport layer (ETL) and hole transport layer
(HTL) can enhance the performance of PVs. Since the early 1990s, TiO2 is one of the
key materials used as ETL owing to its wide popularity in DSSC [120]. In a recent
study, TiO2 nanocrystalline film was directly deposited using SILAR at 90°C for

Absorber Cell Type Current
density

Circuit
voltage

Fill
factor

η
%

Refs.

Jsc,
mAcm�2

Voc,
mV

FF, %

Cu2O Cu2O/Pt: FTO Thin film 3.29 0.35 30 0.35 [24]

Cu2O Cu2O/MAPbI3/PCBM Perovskite 16.52 0.89 56 8.23 [112]

ZnO ZnO/Pt: FTO DSSC 4.04 0.44 33 0.59 [102]

ZnO ZnO/Pt: FTO DSSC 5.43 0.42 32 0.70 [113]

TiO2 FTO/TiO2/N3/I� - I3
�/Pt: FTO DSSC 8.17 0.42 34 1.16 [27]

TiO2 FTO/TiO2/spiro OMeTAD/Au Perovskite 18.05 0.81 66.3 �10 [114]

CuS,
Ag2S

CuS/Sn: Ag2S Thin film 8.3 0.66 52 2.85 [44]

CdS, PbS ITO/CdS/PbS/C Thin film 0.87 0.14 31.4 0.13 [19]

Bi2Se3 n-Bi2Se3/0.1 M polysulfide/C Thin film 0.52 0.12 43 0.03 [115]

Sb2Se3 FTO/TiO2/Sb2Se3/electrolyte/Pt SSC 4.19 0.57 51.66 1.22 [60]

CdS FTO/TiO2/CdS QD/I�-I3
�/Pt: FTO QDSC 3.81 0.76 61.9 1.80 [46]

SnS Gr/TiO2/SnS QD/I�-I3
�/Pt: FTO QDSC 1.35 0.52 42 0.30 [108]

CdSe ZnO/CdS/CdSe QD/MnS/electro. /
Cu2S

QDSC 13.74 0.60 44 3.70 [116]

CdSe FTO/TiO2/CdSe/ Na2S: S/CoS2 QDSC 16.86 0.54 39 3.53 [117]

CdS: Mn Mn-d-CdS/CdSe/S2�-S/RGO/Cu2S QDSC 20.7 0.56 47 5.42 [118]

CdSe FTO/TiO2/CdS/CdSe/S
2�-Sn

2�/Cu2S QDSC 13.64 0.56 51 3.89 [119]

PbS: Hg FTO/TiO2/PbS: Hg QD/S2�-Sn
2�/

Cu2S/Brass
QDSC 30 0.40 46.8 5.6 [120]

PbS FTO/TiO2/PbS QD/ S2�-Sn
2�: CH3OH/

Cu2S
QDSC 18.34 0.43 50.86 4.01 [121]

SnSe FTO/TiO2/SnSe QD/S2�-Sn
2�/Cu2S /

Brass
QDSC 6.94 0.57 19 0.78 [122]

N.B. N3: ethanolic 0.3 mM cis-Bis (isothiocyanato) bis (2,20-bipyridyl-4,40-dicarboxylato ruthenium (II).

Table 5.
SILAR growth PV cells demonstrating with the cell properties.
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perovskite solar cell applications and used as an ETL [114]. Due to the fast charge
transport, kinetics and slow charge recombination process of the TiO2 ETL synthe-
sized from the solutions of TiCl4 and hot K2S2O8, with subsequent annealing at 450°C,
advances the efficiency of the cell to around 10%. Further, a couple of studies showed
the deposition of TiO2 layers from solutions of TiCl3 and NaOH [27, 125] followed by
annealing at 400°C, as ETLs in DSSC with the modest efficiency of just over 1%. Other
SILAR-fabricated layers used as ETLs in PVs consist of ZnO and ZrO2 as interfacial
layer attached to porous TiO2, both demonstrated performance in DSSC [102, 126].

In this study, Cu2O thin films were introduced as a HTL in a planar perovskite
solar cell and successfully enhanced the efficiency of the cell to around 8.23%, as
shown in Figure 5(a-c). The Cu2O films were deposited via SILAR by followed the
complexation reaction of copper and ammonia with H2O2 [112]. The
methylammonium lead triiodide (MAPbI3) perovskite layer is sandwiched between a
p-type Cu2O HTL layer and another n-type PCBM (phenyl-C61-butyric acid methyl
ester) ETL layer, respectively. The Cu2O films demonstrated suitable band structure
after annealing at 170°C and boosted device performances better than conventional
sol-gel-deposited NiO and Cu-doped NiO hole transport layers, confirming the quality
of the SILAR-Cu2O.

In a report of 2009, Lee et al. showed a novel technique for preparing selenide (Se2�)
by the SILAR process in pursuit of efficient QD-sensitized solar cells atop of mesoporous
TiO2 photoanodes. After several optimization of the QD-sensitized TiO2 films via
regenerative photoelectrochemical cells in presence of a cobalt redox couple
[Co(o-phen)3

2+/3+], with a final layer of CdTe, the overall efficiencies of the was recorded
around 4.2% at 100Wm�2 [127]. To find the answer to a question, “How does a SILAR
CdSe film grow?” Becker et al. tuned the deposition steps to suppress interfacial charge
recombination in FTO/TiO2/CdSe/Na2S: S/CoS2 cell by showing an efficiency of 3.53%
[117]. Recently, in another report, SILAR- and CBD-grown CdSe-sensitized TiO2 solar
cells were examined concentrating on the influences of two commonly used QD deposi-
tion techniques [119], and atop of pre-accumulated CdS seed layers, a successful CdSe
deposition was performed. The PEC of both the cells has been recorded as 4.85%, for
CBD grown CdS/CdSe cell, whereas for SILAR grown cell the value was 3.89%. One
research group enhanced the PCE of CdS/CdSe/S2�-S/RGO/Cu2S cell to 5.4% by
employing Mn2+ doping of CdS via SILAR method [118], whereas another group
reported on a PbS: Hg QD-sensitized solar cell by Hg2+ doping into PbS employing similar
deposition technique and showed an unprecedentedly high JSC of 30 mA/cm2 with the
PEC of 5.6% [120]. More studies are ongoing with great efforts to find new alternative,
clean, and environment-friendly energy resources due to the increasing demands.

Figure 5.
(a) Cell structure, (b) schematic energy level diagram; the dashed line represents the Fermi energy after contact (c)
current-voltage characteristics of under dark and a white light illumination condition of Cu2O/MAPbI3/PCBM
heterojunction [112].
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4.3. Photoelectrochemical water splitting

Hydrogen energy is a key issue to cope with the present global energy crisis and
environmental complication exploiting clean and inexhaustible energy [128].
Photoelectrochemical (PEC) water splitting is a promising technique to create hydro-
gen fuel by utilizing solar energy. Within the nonstop efforts in developing efficient
photoelectrodes, the major challenge researchers presently face is to explore cost
effective, nontoxic, and earth-abundant photoelectrodes with high efficiency [129]. In
a recent study, Ag/Ag2WO4 was fabricated on ZnO nanorods using 0.05 M AgNO3

and 0.05 M Na2WO4 as the cationic and anionic precursors, respectively, by following
SILAR technique and the composite material demonstrated outstanding performances
in PEC water splitting with 3 mAcm�2 at 1.23 V versus RHE in the presence of 0.1 M
Na2SO4 electrolyte. Based on these results, a brief possible updated mechanism of the
PEC activity was demonstrated by Adam et al. for the better understanding of the
technique with Figure 6 [130]. The development of PEC activity of the semiconduc-
tors was principally attributed to electrons and hole transfer at the interfaces of the
photoelectrodes. The band edge potentials of the Ag/Ag2WO4 and the ZnO materials
showed a significant role in the efficiency of growth and separation technique of the
electron (e�) and hole (h+) pairs. The energy of valence band (EVB) of ZnO and
Ag2WO4 is calculated as +2.86 and + 3.03 eV, whereas energy of conduction band
(ECB) of them is projected as �0.34 and � 0.07 eV, respectively [131].

In sunlight, both the semiconductors absorb light and the electrons in the VB
become excited up to a higher potential of �0.34 and � 0.07 eV for the ZnO and
Ag2WO4, respectively. Consequently, due to high photon energy, within the semi-
conductor, the effective charge transfer process proceeds. Ag0 nanoparticles (NPs)
cause active separation of h+ or e� pairs upon the absorption of light owing to the
surface plasmon resonance (SPR) effect. Electrons from the Ag NPs are transported to
the CB of the Ag2WO4 and the ZnO, while holes persist in the Ag NPs. In the
meantime, to occupy the vacant holes created by the plasmonic absorption, the

Figure 6.
(a) and (b) FM-SEM images of the ZnO NRs and the ZnO/Ag/Ag2WO4 heterostructure. (c) Curves of the ZnO
NRs, and the ZnO/Ag/Ag2WO4 photo-electrodes under light and dark conditions using linear sweep voltammetry.
Schematic diagram presenting the energy band structure and probable electron-hole separation as well as
transportation in ZnO/Ag/Ag2WO4 heterostructure with the SPR effect [130].
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photogenerated electrons in the CB of ZnO will be transported to the Ag NPs [132].
The photogenerated charge carriers can be proficiently separated to enhance the PEC
performance by following this mechanism. Further, the photogenerated electrons will
eventually reach at the Pt electrode (counter) and contribute to H2 generation. Also,
the photogenerated holes in the VB of Ag2WO4 and ZnO will contribute on O2

production via H2O oxidation. Hence, these outcomes validate the modification via
Ag/Ag2WO4, which is an active technique to attain a high PEC activity by means of
ZnO NRs arrays.

Like the above example, many studies based on SILAR had been devoted toward
exploring the potential of semiconductor thin films as photoelectrodes for water
splitting as shown in Table 6 with their potential applications. In terms of low-cost,
simplicity, and theoretically high solar to H2 efficiency, PEC water splitting is much
more favorable than solar photobiological, photochemical, and thermochemical gen-
eration of hydrogen [146]. The most investigated semiconductor materials include
BiVO4, Fe2O3, CuCoO2, WO3, and TiO2 [147]. Other semiconductor materials such as
Cu2O [24, 148, 149], ZnO [150, 151], TiO2 [152, 153], and CdO [28] were also pro-
duced using SILAR method but the PEC performances are quite low under visible light
due to their wide bandgap.

5. Factors affecting SILAR deposition

A lot of research work has been done on the deposition and optimization of
the SILAR thin films for optoelectronic device applications. Solution concentration,
composition of precursors, the number of SILAR cycles, pH, annealing, and
doping will absolutely affect the quality and quantity of thin films, which directly
influence the cell performance. The effect of different parameters used in SILAR
deposition on the performance of thin films is reviewed based on the contemporary
research work.

5.1 Solution concentration

Solution concentration of the used precursor is one of the key factors in governing
the properties as well as the performances of SILAR grown thin films. From a general
viewpoint, depositing through a more concentrated solution results with bigger grain
size and higher surface roughness during deposition. Consequently, thinner,
smoother, and probably pinhole-free deposition can be attained using multiple SILAR
cycles with a lower concentrated precursor solution.

With the increase of molar concentration (0.03, 0.05, and 0.1 M) of the cationic
solution prepared by Cd(CH3COO)2 and H2O2, the surface morphology of the SILAR-
deposited nanostructured CdO thin films was improved toward the crack free and
homogeneous nature [154]. On the other hand, the structural change such as
nanorods, nanoflowers, and nanoflakes morphologies was observed by altering only
the concentration of anionic precursors NaOH (high, 0.05 M; moderate, 0.01 M; and
low, 0.001 M) with fixed Zn precursor concentration (0.005 M) [155]. A comparative
study of CdS films deposited by SILAR and CBD techniques revealed that the S/Cd
ratio in the sample increases (0.83 to 1.04) for SILAR deposited films with the molar
concentration of sulfur (1:1, 3:1, 5:1 and 7:1) in the starting solution increases, while it
was almost constant (�0.80) for CBD films [156]. During the investigation of the
effect of the molar concentration of pyrrole monomer on the electrochemical behavior
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of highly pristine poly-pyrrole flexible electrodes, it was shown that among 0.025 M,
0.05 M, and 0.1 M pyrrole, the 0.1 M pyrrole exhibited excellent performance with
specific capacitance as high as 899.14 Fg�1 at 5 mVs�1 in 0.2 M Na2SO4 showing
retention stability of 61.5% even after 2000 cycles [107]. The SILAR synthesis, in such
case, was performed on the stainless steel strips, which were firstly immersed in
pyrrole precursor, followed by 30% H2O2 for 10 s each [107]. Further, studies on the
use of the optimum precursor concentration of different Mn dopant (0.04 M, 0.075 M
and 0.1 M) in CdS QDSSCs reveal that 0.075 M Mn-doped CdS can strongly enhance
the incident photon to charge carrier efficiency (IPCE), due to the improved light
harvesting, electron injection as well as charge collection efficiencies. As a result, the
PCE of SILAR-grown Mn/CdS QDSC is up to 3.29%, which is much higher than that of
QDSC without doping (2.01%) as well as other used concentration of Mn dopant
under standard simulated AM 1.5 G, 100 mW cm�2 [157].

5.2 Effect of precursors

ZnO is one of the most investigated materials performed by SILAR technique.
During fabrication, among the other properties precursor selection is one of the key
requirements. In this study, the role of the precursor materials such as Zn(CH₃COO)₂,
ZnSO₄, and ZnCl2 on the properties of SILAR-deposited ZnO films were examined
and the outcomes showed that the films fabricated by utilizing Zn(CH₃COO)₂ and
ZnSO₄ precursors exhibited better optical properties than ZnCl2. Besides, the crystal-
lite sizes of all the fabricated samples were increased upon annealing [158]. On the
other hand, the effect of four different precursors of Zn(NO3)2, Zn(CH3COO)2,
ZnSO4, and ZnCl2 on structural, morphological, electrical and optical properties of
AZO thin films using SILAR method was examined. After varying the different pre-
cursors, the significant effects on film crystallization, surface morphology, optical
nature, and electrical resistivity of the deposited films were studied, in which chloride
precursor demonstrated the best performance [159].

Sfaelou and co-workers studied the effect of the nature of three cadmium pre-
cursors such as Cd(NO3)2, CdSO4, and Cd(Ac)2 on the effectiveness of CdS SILAR
deposition and measures the performance of sensitized solar cells and photo fuels. The
CdS reflection spectra, load, and the size of CdS nanoparticles varied a lot from one
precursor to the other as shown in Figure 7(a-e). The highest load and the largest
nanoparticles were obtained in the case of Cd(Ac)2, and the smallest in the case of Cd
(NO3)2. And acetate-derived photoanodes provide more effective outcomes in the
case of QDSSCs, while nitrate-derived precursors were more effective in the case of
photo fuel cells as in Figure 7(f, g) [11]. In a similar but detailed study, Zhou and co-
worker showed almost similar results showing a better performance of Cd(Ac)2 over
Cd(NO3)2 during the study of another CdS QDSCs as shown in Figure 7(h) [119].
Another recent investigation on the effect of different precursors such as Mn
(CH₃CO₂)₂, MnCl2, and MnSO4 on electrochemical properties of Mn3O4 thin films
prepared by SILAR method using 1 M Na2SO4 aqueous electrolyte exhibited the
specific capacitance of 222, 375, and 248 Fg�1, respectively, at 5 mVs�1 scan rate.
Hence, the MnCl2-derived Mn3O4 electrode showed a good electrochemical with
maximum energy density of 17 Whkg�1 and power density of 999 Wkg�1 at 0.5
mAcm�2 current density showing retention stability of 94% after 4500 CV cycles
[160]. Besides, a study of SILAR-deposited SnO2 films showed improvement of the
crystallite with solution molarity performed by using different precursor concentra-
tion of both cations and anions [161].
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5.3 Number of deposition cycles

SILAR technique involves the successive immersion of the substrate in anionic and
cationic precursors following the substrate rinsing procedures in between. The depo-
sition rate and the thickness of the required films can be simply controlled over a wide
range by varying the deposition cycle and there are no boundaries on the substrate
material, dimensions, or surface profile to be used, which in turn influence the prop-
erties such as crystallite size, surface morphology, and possibly light absorption.
Nevertheless, overloading may consequence in delamination and fragmentation of the
films owing to undesirable mechanical stress. The number of cycles optimization is
therefore requisite to all SILAR system for the anticipated utilization.

Recently, lily flower-like ZnO structures were demonstrated by a group of
researchers deposited by SILAR method [162]. In the study, lily flower-like morphol-
ogies were obtained when the deposition cycle number increases from 1 to 10 as
shown in Figure 8(a-d). Another group, while studying the growth of porous
Fe2V4O13 films for photoelectrochemical water oxidation, the deposition cycle had
directly altered the current density as shown in Figure 8(e). The highest photocurrent
was achieved at the potential of 1.23 V vs. RHE for a Fe2V4O13 film attained through 20
deposition cycles, which was chosen to improve the performance of the material
further [38]. Further, Das and coauthors studied the influence of dipping cycle on
SILAR-synthesized NiO thin film and observed that 40 cycle dipping NiO electrode
provides highest specific energy of 64.38 WhKg�1 with the highest specific power
2305WKg�1, by retaining fast electron transfer as well as admission of electrolyte ions
much easily due to porous nanostructure of fabricated electrode [78]. Moreover, other
efforts including the effect of immersion cycles on structural, morphology, and opto-
electronic properties such as Ag2S [163], CdO [164], ZnS [165] thin films were studied
extensively, which make them desirable for optical coating as well as other opto-
electronic applications.

Figure 7.
TEM and HRTEM photographs of (a) pure titania and titania loaded with CdS deposited by using the three
precursors: (b) Cd(NO3)2, (c) CdSO4, and (d) Cd(Ac)2. (e) Reflection spectra using Cd(NO3)2, CdSO4, Cd
(Ac)2, and titania film without CdS. J � V curves recorded with a (f) QDSSC and (g) photo fuel cell employing
1 cm2 active photoanode and 2.25 cm2 active cathode electrode [11]. (h) J � V characteristics of CdS QDSCs
fabricated by using acetate and nitrate precursors and measured under the illumination of one sun (AM 1.5,
100 mW/cm2) [119].
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5.4 Impact of pH

By altering the pH of both cationic and anionic precursors, it is possible to tune the
bandgap of thin films over a wide range for optoelectronic device applications.
Preetha and co-workers investigated the effect of cationic precursor pH on optical as
well as transport properties of SILAR-fabricated nanocrystalline PbS thin films. They
successfully showed that the pH of the cationic precursor and in turn the size of the
crystallites affect the optical and electrical properties of PbS thin films [166]. Besides,
Sakthivelu and coauthors demonstrated a similar effect on ZnO thin films that the
grain size of ZnO increased with the increase in pH of the precursor solution as
represented in the SEM micrograms in Figure 9(a-e). The film deposited at pH =8.5
shows aggregated and non-uniform grains, while flower-like appearance appeared at
pH =9. Later, at pH =9.5, bigger grains with hexagonal nanorods structure appeared
and finally, at pH =10, the size of the nanorods increased further with the well

Figure 8.
(a-d) FE-SEM photographs of ZnO lily flower-like structures deposited by varying number of deposition cycles via
SILAR method [162]. (e) Chopped LSVs of Fe2V4O13 films with different number of cycles annealed at 500°C for
1 h in a buffer solution of pH 9.2 [38].

Figure 9.
SEM micrograms of ZnO thin films prepared at (a) pH = 8.5, (b) 9.0, (c) 9.5, (d) 10.0, and (e) 10.5 [167].
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elongated nanorods sticking with each other. They also showed a decrease of bandgap
from 3.29 to 3.09 eV with the increase of pH [167].

Moreover, both acidic and basic mediums can be used based on the requirement to
deposit films as listed on Table 7. Farhad and co-author worked on Cu2O thin film
under pH range from �2 to 8 [169, 170], while Gençyılmaz [171] and Visalakshi et al.
[172] on CuO thin film under pH range from �9 to 12 by showing promising electrical
and optical properties. In another research, CdO was deposited using Cd(CH3COO)2
as a cationic precursor and thickness as well as bandgap tuning was effectively
observed in the pH range of 11.3 to 12.5, in addition to NH3 solution [173]. However,
not only a wide range of study to understand the influence of pH on the thin films
fabricated by SILAR, but also more device fabrications were performed under diverse
pH conditions with excellent performance, as described in the application section.

5.5 Annealing

SILAR is currently in demand to maintain the high quality of films with high
growth rate. Despite extensive efforts, the adsorption of complex agents from pre-
cursors, drop of rinsing time, and slow production rate for almost all kinds of films has
still been a main disadvantage, which restricts its usage in semiconductor industry.
New deposited films may have defects, for instance, oxide vacancies and hydroxide
phase since the presence of hydroxide phase is unavoidable owing to an aqueous
alkaline medium for fabrication [174]. However, annealing of films can minimize such
defects and eliminates the hydroxide phase along with the recrystallization. As high-
temperature annealing mostly induces a rise in crystallite size, and possibly alters in
morphology, which is steady with thermally induced grain growth. Still, the bandgap
does not allow a steady trend with annealing due to numerous factors coming into
ground outlining the absorption onset: size of particles, existence of defects, stoichi-
ometry as well as existence of oxygen vacancies, etc. [175].

Putri and co-authors studied annealing temperature effect on the photovoltaic
performance of BiOI-based materials and showed that at 300°C temperature, the role
of the device which consisted of Bi7O9I3 attained three times higher efficiency than the
annealed parent BiOI at 100°C. Hence, the structural tuning due to the addition of
oxygen via annealing to BiOI structure had an influence on the photoelectrochemical
cell [69]. Besides, Ashith and co-worker studied the effect of post-deposition
annealing on the properties of ZnO films and demonstrated that the crystallite size of
the films increased significantly after annealing. The annealed films further showed
very high absorption in the UV region with marginal modification in bandgap. Both
the crystallite size and optical absorbance were observed to rise proportionately with
the annealing temperature [176]. In a separate study of annealing and light effect on
structural, optical and electrical properties of CuS, and Cu0.6Zn0.4S thin films grown
by the SILAR demonstrated that the current increase with increasing light intensity
and increasing rate in illuminated 500 Wcm�2 films were greater than the others that
have annealed at 400°C [43]. Further studies are reported showing grain size increase
after annealing or bandgap tuning are listed in the Table 8, including Cu2O, ZnO,
CuO, CdO, MgO, NiO etc.

5.6 Impact of doping

In order to have a maximum number of carriers to take part in the functioning, a
material with low activation energy is necessary so that electrons can easily jump from
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valence band to conduction band and doping is one of the best options in such
structure tuning [181, 182]. In many cases, the incorporation of cation doping is an
effective way to improve the electrical conductivity [183, 184]. By decreasing the
bandgap, electron transfer between the valence and conduction bands will increase,
and thus in case of energy storage device, electrode capacitance will increase [185].
For example, Y-doping in Sr.(OH)2 improves both electronic conductivity as well as
electrochemical performance of the electrode for energy storage device [89].

Again, electrochemical performance of In3+-doped WO3/[Cu7Te4/Bi2Te3] electrodes
for similar applications enhanced the capacitance to a great extent [90]. The study
showed the specific capacity of undoped WO3 was around 64 mAhg�1 whereas it was
increased to 90.2 mAhg�1 for the same scan rate of 10 mVs�1 for In3+-doped films, with
the high-power density of 1.7 kWkg�1 at the highest energy density of 18.85 Whkg�1.
Inside the WO3 lattice, the doped In3+ cation diffused and was connected in the
insertion-removal exchange method of electrons, with further electrochemical S2�

insertion or extraction striking at the Cu7Te4/Bi2Te3 and polysulfide electrolyte surfaces.
Besides, Zhu and coauthors prepared Cu-doped CdS on QDSCs and investigated

the effect of Cu doping on several cells based on the doping concentration. When the
doping ratio of Cu decreased successively from 1:10, all the parameters such as Jsc, Voc,
and PEC increased and reached at the maximum value when the ratio became 1: 500
[186]. In a separate report of Mn-doped-CdS/CdSe deposited on mesoscopic TiO2 film
as photoanode using Cu2S/graphene oxide composite electrode, in the presence of
sulfide/polysulfide electrolyte provide PEC of 5.4%, higher than undoped sample
[118], whereas Hg2+-doped PbS QDSC having unprecedentedly high photocurrent
delivered PEC of 5.6% at one sun illumination over the undoped PbS QD cell [120].
Moreover, Abel and co-workers developed an improved photoelectrochemical water
splitting device via SILAR-fabricated Ti-doped α-Fe2O3 thin films. Ti, acting as water
oxidation intermediates, enhanced interfacial hole transfer efficiency from less than
3–80% by increasing the concentration of surface-trapped holes, which is then trig-
gered by FeOOH to amplify hole transfer efficiency to �100%. Both Ti doping and
FeOOH overlayer resulted in photocurrents of 0.85 mAcm�2 at 1.23 V vs. RHE [138].
However, a lot of work has been done by several authors to get better film quality
through doping. A list of such initiatives of the doped films with the starting materials
of growth and other properties is shown in Table 9.

6. Conclusion

This chapter represented detailed discussions on the methods and techniques of the
fabrication process of thin films by utilizing SILAR for the optoelectronic device appli-
cations. Among the diverse fabrication techniques both physically and chemically, SILAR
is the simplest to fabricate thin films having remarkable quality. It is widely fit for the
fabrication of thin films of metal chalcogenides, hydroxides, peroxides, as well as com-
plex and composite nanostructures with innovative functionalities. The role of experi-
mental conditions on the structural, optical, and electrical properties of the thin films as
well as device performances is reviewed in this chapter mainly for the advanced utiliza-
tion of both the generation and storage of energy such as solar cells, photoelectro-
chemical water splitting, supercapacitors, and so on. The technological advancement of a
fabrication technique is deeply reliant on the opportunity of controlling the experimental
factors involved. In this chapter, a brief advantage of SILAR technique is highlighted,
including flexibility of the film growth, thickness control, composition control, and low
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temperature management, along with a broad range of applications. From this point of
view, a deep knowledge of the connections between processing, structure, specific char-
acteristics, and performances is the foundation for accurate and rational engineering of
such optoelectronic devices. Moreover, a comprehensive profile of recent status is
required to focus on further prospects. This work will therefore deliver a strong contri-
bution to move ahead with future research goals on SILAR technique, by utilizing low-
cost deposition of high-quality thin films and associated optoelectronic devices.
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Chapter 4

Depth Profiling of Multilayer Thin
Films Using Ion Beam Techniques
Mandla Msimanga

Abstract

Functional properties of thin film structures depend a lot on the thickness and
chemical composition of the layer stack. There are many analytical techniques avail-
able for the identification and quantification of chemical species of thin film deposi-
tions on substrates, down to a few monolayers thickness. For the majority of these
techniques, extending the analysis to several tens of nanometres or more requires
some form of surface sputtering to access deeper layers. While this has been done
successfully, the analysis tends to become quite complex when samples analysed
consist of multilayer films of different chemical composition. Ion beam analysis (IBA)
techniques using projectile ions of energies in the MeV range have a demonstrated
advantage in the study of multilayer thin films in that the analysis is possible without
necessarily rupturing the film, up to over 500 nm deep in some cases, and without the
use of standards. This chapter looks at theoretical principles, and some unique appli-
cations of two of the most widespread IBA techniques: Rutherford Backscattering
Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA), as applied to
multilayer thin film analyses.

Keywords: thin film, multilayer, ion beam analysis, ERDA, RBS, depth profiling

1. Introduction

Structure-property studies of thin films underpin research and development of
new functional materials from fundamental experimental investigations right up to
device fabrication stage. This is, to a large extent, made possible by the availability of
specialised analysis tools able to probe materials at the nano/micrometre levels.
Examples of analytical tools found in typical materials research labs include Atomic
Force Microscopy (AFM), Scanning Electron Microscopy (SEM) for surface mor-
phology, X-ray Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy
(AES) for elemental and chemical state information, X-ray Diffraction (XRD) for
crystal structure determination, Raman Spectroscopy and Fourier Transform Infrared
Spectroscopy (FTIR) for molecular identification, and so on [1, 2]. Thin film coatings
of up to a few 100nm thickness abound in many advanced technological applications,
including sensor devices designed for a whole range different stimulus [3]. These thin
film structures derive their functional properties from their physical dimensions and
chemical makeup. Film thickness, for instance, plays a key role in semiconductor solar
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radiation detectors, in determining the fraction of solar radiation that is absorbed in
the active region of the detector [4]. The concentration and depth distribution of
dopant species in semiconductor materials is key to the operation of sensor devices
based on thin film diode and/or transistor structures. The aforementioned analytical
techniques can readily provide surface and structural properties of a film but not so
much thickness and elemental depth profile information. Ion beam analysis tech-
niques using MeV energy beams have a demonstrated capability to provide this
information, without the use of standards in most instances [5]. At the highest level of
performance, standard-free analysis at 1% traceable accuracy has been reported [6].

Multilayer structures present unique challenges for elemental depth profiling ana-
lytical techniques. In sputter depth profiling using any of XPS, AES, or Secondary Ion
Mass Spectrometry (SIMS) there is a need for standards for calibration of the sputter
etch rate to a depth scale. On the other hand, the interaction depth/range of MeV ions
allows for probing films to depths of up to 1 micrometre or more depending on the
probing ion species and energy, without necessarily sputtering the material. For a film
comprising different layers the ion-matter interaction parameters change in a way
that makes it possible to distinguish the different layers, again without recourse to a
reference standard. This chapter begins with a look at how these fundamental inter-
actions are exploited in two widely used ion beam analysis techniques; Rutherford
Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA).
The discussion then progresses to description of a typical experimental set up before
looking at practical multilayer film analysis examples that showcase the unique
strengths of IBA techniques.

2. Ion-matter interactions at MeV energies

When a swift ion penetrates solid matter a number of interactions may take place
between the ion and the target atomic nuclei and electrons. These include elastic and
inelastic scattering, nuclear reactions, excitation and ionisation, photon emission, etc.
The extent of the interaction between a beam of ions and the target atoms depends
largely on the particular collision cross section σ (E, Z1, Z2), which in many instances
is a function of both the ion energy and atomic numbers of the incident and target
atoms. The cross-section gives the probability of a given type of ion-atom interaction
taking place. If the cross section for a particular ion-atom combination is known, then
detecting, counting and sorting the products of an interaction in some systematic way
can provide information about the nature of target atoms. This information could be
any of the identity, concentration and depth distribution of a particular atomic species
in a film. Therein lies the core of ion beam analysis techniques, and indeed other
similar ‘probe-and-measure’ analytical techniques. Within the kaleidoscope of possi-
ble interactions that may occur when an ion beam strikes a solid target material, there
are three main physical parameters that underpin the application of ion beams in
materials analysis. These are described hereunder.

2.1 Kinematics of ion-atom collisions

As a swift ion moves through solid matter, it interacts with both the electron cloud
and the atomic nuclei of the target material. Collisions with target nuclei provide the
basis for identification of the target atom species according to their mass. This is
achieved through treating the interaction as a binary elastic collision between the two

88

Thin Films - Deposition Methods and Applications



particles. In the ideal case the effects of the electron sub-system and the neighbouring
nuclei are ignored, thereby simplifying the mathematical treatment [7]. Figure 1
shows a representation of the ion-atom collisions relevant to (a) RBS and (b) ERDA.
The backscattering and recoil angles are defined with respect to the incident beam
direction by the orientation of the detectors employed for the measurement.

For RBS, applying the principle of conservation of kinetic energy and momentum
in elastic collisions leads to the following equation that gives the backscattering energy
Eb, of the incident ion of mass mi, after collision with a target atom of mass mt:

Eb

Ei
¼ kb ¼

�mi cos θ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t �m2
i sin

2θ
q

mi þmt

0
@

1
A

2

(1)

where kb is known as the backscattering kinematic factor, with the plus sign in
Eq. (1) holding for mi < mt. A similar consideration for Figure 1b leads to:

Er

Ei
¼ kr ¼ 4mimr

mi þmrð Þ2 cos 2ϕ (2)

where, kr is referred to as the recoil kinematic factor describing the ratio of the
recoil atom energy Er, to the incident ion energy Ei, and mr is the mass of the recoil
atom. The angles θ and φ are as defined in Figure 1. In principle then, for a given
experimental configuration, measurement of the energy of the backscattered ion in
RBS or that of the recoiled atom in ERDA can be used to determine the mass of the
target or recoil atom, respectively.

2.2 Collision cross section

The quantitative capability of ion beam analysis techniques is a direct consequence
of the physical concept of cross section(σ) in ion-target interactions. The cross section

Figure 1.
Collision kinematics for (a) RBS and (b) ERDA techniques. In RBS an incident ion of mass mi with energy Ei is
backscattered through an angle 0 < θ < 90 with an energy EB, and in ERDA target atoms of different masses mR,
are forward recoiled at an angle 90o < φ < 180o with different energies ER. The actual values of θ and φ are
defined by the orientation of the RBS and ERDA detectors.
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describes the probability of a backscattering or recoil event occurring in a given
direction, defined by the detector solid angle (Ω), and is a function of the interaction
potential associated with the collision. Continuing with the concept of point charge
interactions used in kinematics, quantitation in both RBS and ERDA techniques is
based on a Coulomb interaction potential. For a pure Coulomb potential the RBS or
Rutherford scattering cross section is given by [7, 8].

dσ
dΩ

� �

scattered
¼ ZiZte2

2Ei

� �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t �m2
i sin

2θ
q

�m2 cos θ
� �2

mt sin 4θ
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i sin
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similarly the recoil cross section is given by

dσ
dΩ

� �

recoil
¼ ZiZre2

2Ei

� �2

1þ mi

mr

� �2 1
� cos 3ϕð Þ (4)

where Zi, Zt and Zr are the atomic numbers of the incident, target and recoil ions,
respectively, and e is the electron charge. The angles θ and φ are again as defined in
Figure 1. The concentration of a given atomic species in a sample is then obtained
from the experimental yield, which is directly proportional to the cross section, in the
energy spectrum associated with that element. Real collisions approximate this sim-
plified approach in cases where the incident particle is totally stripped of its electrons
and can thus be regarded as a point charge. Corrections are nonetheless needed to
account for deviations from the ideal case scenario in instances where the incident ion
energy is low, to a point that screening by orbital electrons cannot be neglected.
Anderson and co-workers [9] reviewed the energies at which this deviation occurs and
these are now fairly well known. Deviation also occurs at the high-energy side when
the distance of closest approach of the nuclei is within the range of nuclear forces and
the interaction potential is no longer a simple Coulomb potential. Bozoian et al. [10]
have determined the energies at which nuclear force field effects become significant.

Additional parameters that are needed for concentration evaluation are the inci-
dent beam dose and the detector solid angle. Eqs. (3) and (4) both show that for a
given experimental geometry, the experimental yield is directly proportional to the
square of the Z-values and inversely proportional to the square of the incident beam
energy. This fact underpins the preference of low energy heavy ions in the case of
ERDA, as this favours good measurement statistics within a relatively short measure-
ment time. For RBS, while the cross section is higher for heavier and slower incident
ions, the requirement that mi < mt precludes their use in many applications. This
limitation is generally countered through delivering fairly high beam doses of light
element projectiles to get acceptable spectral yields.

2.3 Energy loss rate: Stopping force

Depth analysis in ion beam analytical techniques follows directly from the energy
lost by the projectile and the target atoms traversing the target sample [11]. In RBS for
example, the energy loss of the incident ion as it enters and exits the target sample
gives the location of the scattering atom below the surface, whereas in ERDA it is the
total energy lost by the projectile ion as it enters and the recoil atom as it exits the
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target sample that gives a similar indication. The energy loss per unit depth, or the
stopping force, is a fundamental ion-atom interaction parameter that is the key link-
age between an energy spectrum and the thickness of a target layer. In basic terms the
energy width dE in a measured energy spectrum depends on the thickness Δx of a
target layer according to:

Δx ¼
ð

1
S Eð Þ dE (5)

where S(E) is the energy dependent stopping force. The energy loss of the incident
ion traversing a target material arises from two types of interactions which are
dependent on the ion velocity [12]. At low energies (below about 1 keV/u) the energy
loss is mainly due to elastic collisions with target nuclei. This is referred to as nuclear
energy loss. As energy increases, interaction with the electron cloud becomes more
dominant as the ion speed approaches that of the orbital electrons in target atoms. The
energy loss is then mainly through inelastic collisions with the target electrons of the
system. This is referred to as electronic energy loss and for the typical ion energies
used in IBA, this is the dominant mode of energy loss.

Stopping force is also dependent on the Z-values of the colliding particles. For a
fixed target, the stopping force increases with the projectile ion charge at the same
velocity. This points to better depth resolution when heavy ions are used, according to
Eq. (5). This, however, is at the expense of ion range or analytical depth since heavy
ions would have a shallower range because of the higher stopping force. There are
several theoretical formulations that are of semi-empirical [13] or ab initio [14, 15]
origin that are used to calculate S(E) for a wide range of ion-atom combinations and
energy ranges. It goes without saying that the accuracy of the stopping force data that
is used in the energy-to-depth calculations is one of the major contributing factors to
the accuracy of layer thickness and depth profile measurements.

3. Analytical software

The three physical concepts of binary collisions, collision cross section and stop-
ping force discussed above constitute the theoretical foundation of ion beam analysis
techniques. Practical implementation of the techniques requires taking into account
many other additional effects that lead to deviations from the ideal situation. Software
codes have been devised over the years to aid the interpretation of energy spectra
obtained in a measurement. These can be broadly classified into two categories. The
first category encompasses codes that calculate concentration profiles directly from
experimental energy spectra using modified analytical calculations [16, 17]. These
modifications could include for instance screened Rutherford cross sections, where
the effect of the electron cloud on the pure Coulomb interaction is taken into account
in ion-atom collisions. One advantage of these codes is that they are unlikely to
generate more information about the sample than the data actually contain. The main
drawback is that the profiles derived are, strictly speaking, not real concentration
depth profiles since they still have the energy resolution convoluted with effects of the
actual sample structure and so one has to live with the limited depth resolution given
by the experimental and sample conditions.

The second category (mainstream codes are in this group) includes codes that
tackle the problem from the opposite viewpoint; a hypothetical sample structure is
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assumed and a theoretical energy spectrum calculated either analytically, as in
SIMNRA [8], or by Monte Carlo (MC) methods [17, 18] and compared with the
experimental one. This sample structure is altered until a best fit is obtained between
the simulated and the experimental- spectra [18]. This iterative simulation approach
uses analytical functions to convolute the ideal energy spectrum so as to consider most
of the physical limitations that include the detector resolution, energy loss straggling,
multiple scattering and sample roughness [11] among others.

Monte Carlo simulation-based codes such as MCERD, that is in-built in Potku [17]
and CORTEO [18] stand apart from the deterministic codes in the sense that MC
methods principally include all the important phenomena involved in ion-target
interactions. The approach employed here is that the calculation follows individual ion
trajectories to negligible energies, based on analytical functions that describe ion
stopping and collision cross sections with the necessary correction (e,g. screening
functions) implemented. In this way complex physical processes such as multiple
scattering and the interaction between ions and the detector system are taken into
account in a natural way, without the approximations that analytical codes involve.
The one drawback of analytical and Monte Carlo simulation codes is that they may
include phantom structural details that lead to a good fit to experimental data but not
necessarily reflecting the true sample structure. Good practice in IBA then dictates
using both direct calculation and iterative simulation codes to get a more accurate
interpretation of the measurement data.

4. IBA instrumentation

Ion beam techniques are based on high energy ion beams generated from particle
accelerators. Typical IBA accelerators vary in size, from small compact tandetrons of
2.0 MV terminal voltage to fairly huge tandem accelerators of up to 20 MV [19]. These
machines deliver particles of energies ranging from 0.1–to 10 MeV/u, depending on
particle mass. In brief, specific ions are injected from the ion source into the acceler-
ator column where particle acceleration is due to a huge electrostatic field. On exiting
the acceleration stage, a magnetic field is used to select ions of a specific charge to
mass ratio, or energy, to filter through to the experimental end station or scattering
chamber. The schematic in Figure 2 shows the general set up for both RBS and ERDA
analysis techniques. There are of course additional accessory systems such as beam
diagnostics, beam focusing elements, vacuum systems and high voltage power sup-
plies, and so on that make up a complete accelerator system.

As pointed out in the introduction, functional exploitation of ion-matter
interactions in ion beam analysis depends on the positioning and type of particle and/
or photon detectors to detect and count the relevant products of ion-atom collisions.
In RBS for instance, solid state semiconductor detectors are generally used to count
the number of incident ions backscattered through a particular angle and to measure
their energy as well. Raw data is collected in the form of an energy spectrum of
backscattered particles. It is this energy spectrum that is fitted using analytical soft-
ware like SIMNNRA [8] to extract sample properties such as elemental depth profiles.

In the case of ERDA, two detector variants are available. The simplest or conven-
tional set up, mostly used for hydrogen analysis, consists of a solid-state detector with
a filter foil in front of it to stop all other atomic species besides hydrogen. It is possible
though, to select the incident beam species, energy and filter foil in such a way that
other ions heavier than hydrogen can be analysed—if hydrogen itself is not one of the
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constituent elements of the target sample. The limitation of the conventional set up is
quite apparent. If the object of analysis is the depth distribution of several elements in
a sample then this configuration cannot be used. Mass dispersive detector systems
such as time-of-flight (ToF) telescopes [20] become quite useful in this regard. In a
ToF detector set up the energy of recoil atoms is measured simultaneously with their

Figure 2.
Basic set up for RBS and ERDA ion beam analysis techniques.

Figure 3.
The time-of-flight detector set up for heavy ion ERDA at iThemba LABS.
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transit time over a known distance—leading to mass identification or separation.
Figure 3 is a schematic of the ToF detector system used at the iThemba LABS ERDA
set-up, where the flight path is 0.6 m long. Raw data generated from such a detector
set up consists of 2-D scatter plots of ToF vs. energy (Figure 4) from which elemental
energy spectra can be extracted and fed into analytical software for either direct depth
profile calculation [16, 17] or simulation [8, 21].

5. Application examples

The examples of analyses below have been selected from the literature to highlight
some of the relative strengths (and weaknesses) of the two IBA techniques discussed
in this chapter.

5.1 ERDA analysis of an alumina-titanium layer stack

Figure 4 shows results of ERDA depth profiling of an Al2O3/Ti/Al2O3/Ti/Si bi-
layer film annealed at 800°C in vacuum [20], to study the Al2O3-Ti solid state reac-
tion. The measurement was carried out using a 26.1 MeV 63Cu7+ beam, with a time-of-
flight (ToF) recoil detector mounted at 30o (φ = 150o in Figure 1) to the incident beam
direction. Further details of the measurement set-up are given in Msimanga et al. [20].
Coincidence measurement of the ToF and energy of atoms recoiled from the target
sample allows for their separation according to mass. The 2-D scatter plots in

Figure 4.
ToF vs. energy scatter plots from the analysis of an Al2O3-Ti bi-layer stack on a silicon substrate before annealing
(a) and after annealing (c) in vacuum at 800°C. the resultant depth profiles are shown in (b) and (d),
respectively. Channels in (a) and (b) refer to as yet uncalibrated time and energy axes. (reproduced with
permission from ref. [20]).
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Figures 4a and c show all the elements detected from each target sample, as well as
the forward scattered incident 63Cu beam. The shape of the scatter plots derives from
the simple inverse relationship between the ToF and kinetic energy Er of the recoil
atoms; ToF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mr=2 Er
p

∙L, where mr is the recoil atom mass and L is the length of the
flight path. For a given atomic species, atoms recoiled right from the surface will be
detected with higher energy (i.e. shorter ToF) than those from deeper layers due to
energy loss of the latter as they move through, and out of the sample. And for a given
energy Er, the ToF increases as the particle mass increases, i.e. heavier atoms move
slower, hence the observed separation of recoil atoms in terms of mass.

The depth profile of the as-prepared sample is shown in Figure 4b and that of the
annealed one in Figure 4d. To get a sense of the analytical depth shown, if the depth
scale is converted to units of nanometres using known atomic densities of the Al2O3

and Ti, the Ti/Si interface is about 150 nm from the surface in Figure 4b and shifts to
just under 140 nm in Figure 4d, indicating silicide formation at the interface. The
advantage of such ‘raw’ depth profiles, calculated using the direct energy-to-depth
conversion code KONZERD [16] is that they give a quick visual description of the
layer structure, with no need for a standard or reference sample. This provides a good
starting point for further, more detailed analysis through MC simulation codes as
described in ref. [20].

5.2 RBS analysis of Ti0.7Al0.3N/MoN and CrN/MoN multilayer films

Bin Han et al. [22] report of the analysis of Ti0.7Al0.3N/MoN and CrN/MoN multi-
layer films on Si(001) substrates using RBS. The incident ions used were 2.42 MeV
and 1.52 MeV Li2+ ions at varying incident angles. The RBS data was supplemented by
XPS, SEM and HR-TEM. The measurement using the 2.42 MeV energy beam at 0o

incidence was able to resolve the Ti and Mo signals from first seven pairs of bi-layers
of 44 nm Ti0.7Al0.3N and 32 nm MoN. Figure 5 shows the experimental and SIMNRA
simulated spectra for extracting the depth profiles [22]. For Al this was possible only
for the first three bilayers—beyond which the overlap of the Al signal with that of Ti
and Mo from deeper layers precluded Al analysis. A pertinent observation that Bin
Han and co-workers make from their results is that the low energy incident beam gave
a much a higher backscattering yield (an indication of enhanced sensitivity—see
Eq. (3)) and better depth resolution, but for a shallower analytical depth. For a fixed
beam energy, increasing the tilt angle improved the depth resolution but again at the
expense of the analytical depth. Another important observation that highlights a chink
in the armoury of RBS is that while the surface sensitive XPS confirmed nitrogen in
the topmost layers, it also pointed out presence of oxygen in those layers. RBS could
not, because of the ‘shadowing’ effect of the (heavier) substrate element signal on that
of light elements.

5.3 RBS and ERDA analysis of a solar thermal absorber stack

In A study of solar thermal absorber stack based on CrAlSiNx/CrAlSiNxOy structure by
ion beams, AL-Rjoub et al. [23] describe RBS and ERDA measurements of a four-layer
solar absorber film stack. The RBS data leads to rather inconclusive findings due to
extensive overlap of signals from the different layers. On the other hand, the mass
dispersive detector of the ToF-ERDA system allows separation of all the elements in
the layer stack according to mass. Depth profiles are then extracted from Monte Carlo
simulation using the MCERD code [17].
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Figure 6 shows, raw data from ToF and energy detectors, experimental and simu-
lated energy spectra of oxygen recoils from different layers and, the depth distribution
of oxygen in the layer stack. While the obtained profiles are rather unrealistic step
functions, it is widely accepted that due to the one ion at a time nature of the treatment
of ion-target collisions in MC simulations, they produce the closest description to
reality of a target structure.

5.4 Real-time RBS analysis of a hydrogen storage Pd/Ti/Pd layer stack

Another unique application of IBA techniques is the study of solid state reactions in
real-time. This is a technique which has been pioneered by among other labs, the
iThemba LABS (formerly known as the National Accelerator Centre) in South Africa
[24]. Magogodi et al. [25] report of in-situ real-time RBS analysis of a 125 nm thick Pd/
Ti/Pd film stack to investigate diffusion kinetics and stoichiometric evolution under
different annealing environments. This formed part of a study aimed at developing
hydrogen storage materials. The measurement described used 2 MeV He2+ ions to probe
the layer structure as the samples were annealed in vacuum and in hydrogen environ-
ments, with the data taking starting from 160°C up to 600°C, at 30-second intervals.

Figure 5.
RBS spectra from the analysis of Ti0.7Al0.3N/MoN and CrN/MoN multilayer films using 2.42 MeV Li2+ ions at
0o incidence angle (a) and at varying tilt angles (b). Similar spectra are shown in (c) and (d) respectively for a
1.52 MeV Li2+ incident beam. (taken from ref. [22], reproduced under the terms of the creative commons CC BY
licence).
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Figure 7 is a 2-D plot of the colour coded spectral yield as the temperature
increases. For the sample annealed in vacuum, Figure 7a, the authors surmise that
there is complete reaction between the Pd and Ti layers by the time the sample
temperature reaches 550°C, and for the one annealed in a H2 environment, their
conclusion is that the Ti-Pd reaction is, to a great extent, inhibited. The obvious
advantage of such a measurement is that by monitoring the reaction in real-time, any
intermediate phases that may form are also detected, and not just the end-point—thus
facilitating the study of solid-state reaction mechanisms. Indeed this has been applied
in, for example, studies of growth kinetics of Ni(Pt) silicides [26], where the analysis
of the huge data generated was done using artificial neural networks.

6. Summary

Multilayer thin film structures have become ubiquitous in many device structures
in the current era of nanotechnology driven advances in electronics, medicine, energy

Figure 6.
Raw energy vs. ToF data (left), experimental and simulated oxygen energy spectra (Centre), and depth
distribution of oxygen (right) in a SiAlOx/CrAlSiNxOy/CrAlSiNx/W layer stack. (reproduced with permission
from ref. [23]).
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and other technological fields. Ion beam analysis techniques can readily generate
invaluable structural information about multilayer films through standard-free ana-
lyses that are not possible with other analytical techniques. The physics behind RBS
and ERDA techniques described in this chapter is well established and there are data
analysis tools available to the materials analyst that can facilitate interpretation of
experimental data with reasonably good accuracy. The selected applications described

Figure 7.
Contour plots comparing the onset of reaction between atomic species in Pd/Ti/Pd layers annealed in (a) vacuum
and in (b) hydrogen environments. (reproduced with permission from ref. [25]).
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showcase the versatility of these analytical tools in addressing different problems from
simple film thickness measurements to tracking solid state reactions in real-time.
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Chapter 5

Encapsulation of Perovskite Solar 
Cells with Thin Barrier Films
Katherine Lochhead, Eric Johlin and Dongfang Yang

Abstract

Long-term stability is a requisite for the widespread adoption and commercial-
ization of perovskite solar cells (PSCs). Encapsulation constitutes one of the most 
promising ways to extend devices for lifetime without noticeably sacrificing the high 
power conversion efficiencies that make this technology attractive. Among encap-
sulation strategies, the most investigated methods are as follows: (1) glass-to-glass 
encapsulation, (2) polymer encapsulation, and (3) inorganic thin film encapsulation 
(TFE). In particular, the use of UV-, heat-, water-, and/or oxygen-resistant thin 
films to encapsulate PSCs is a new and promising strategy for extending devices for 
lifetime. Thin films can be deposited directly onto the PSC, as in TFE, or can be used 
in conjunction with glass-to-glass and polymer encapsulation to effectively prevent 
the photo-, thermal-, oxygen-, and moisture-induced degradation of the perovskite. 
This chapter will outline perovskite degradation mechanisms and provide a summary 
of the progress made to-date in the encapsulation of PSCs, with a particular focus 
on the most recent and promising advances that employ thin films. Additionally, the 
strengths and limitations of TFE approaches will be identified and contrasted against 
existing encapsulation strategies. Finally, possible directions for future research that 
can further enhance encapsulation effectiveness and extend PSC for lifetimes towards 
the 25-year target will be proposed.

Keywords: perovskite solar cells, thin film encapsulation, perovskite degradation,  
thin films, photovoltaics

1. Introduction

In the history of all photovoltaic technologies, the swift evolution of perovskite 
solar cells (PSCs) remains completely unprecedented. With the achievement of 
efficiencies that have increased from 14% to as high as 25.7% in less than 10 years 
[1], PSCs are on the verge of disrupting the incumbent crystalline silicon technology. 
These efficiencies are a result of high optical absorption, long carrier diffusion lengths 
and excellent charge transport, and lead to the generation of exceptional open-circuit 
voltages (Voc) as high as 1.2 V [2]. According to the Shockley-Queisser (SQ ) limit, the 
photo-conversion efficiency (PCE) of PSCs with absorber band gaps of 1.6 eV can 
reach 30.14%, corresponding to a short circuit current density (Jsc) of 25.47 mA/cm2, 
a Voc of 1.309 V and a fill factor (FF) of 90.5% [3]. Fundamentally, a perovskite is any 
material which has a crystal structure that can be described by the general chemical 
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formula ABX3. Herein, A represents a cation, B represents a metal cation with two 
valence electrons, and X represents an anion [4]. Since a variety of elements can be 
chosen to fill the A, B or X locations in the crystal structure, perovskites can easily 
be tuned for their physical, optical, and electrical properties. The highest efficiencies 
reported to-date are for the organic–inorganic lead halide perovskite, CH3NH3PbX3 
(X = I, Br, Cl), for which the shorthand notation, MAPbX3, is commonly used. 
Organic–inorganic lead halide perovskites will be the focus of this work, and, unless 
otherwise stated, the subject of any reference to the term perovskite.

Recent life cycle assessments and techno-economic analyses [5, 6], have indi-
cated that delaying degradation and extending the lifetime of PSCs is essential for 
sustainability and commercial viability. Since competitive efficiencies have already 
been demonstrated, the success of PSCs relies now on the improvement of their 
stabilities. To ensure that this technology will be profitable, lifetimes of at least 
15 years [6], but ideally 25 years should be realized [7]. The solution, however, 
is not so straightforward. Perovskites degrade readily upon exposure to oxygen 
and moisture, therefore necessitating strategies for degradation mitigation or 
prevention. Additionally, the perovskite crystals are thermally unstable and have 
low decomposition temperatures as a result of their ionic nature and the use of 
organic meythlammonium (CH3NH3

+, MA) cations. Photo-induced degradation of 
perovskites constitutes another major issue.

2. Perovskite degradation

Moisture is one of the most prevalent causes of degradation in PSCs. Water molecules 
that are able to permeate through the solar cell stack will react with the A-site organic 
cation in the perovskite and form hydrogen bonds. This weakens the bonds to the B- and 
X-site halogenated lead, rendering the perovskite more susceptible to thermal- and 
UV-induced degradation [8]. Additionally, water will react with X-site iodide ions to 
decompose the perovskite into hydroiodic acid (HI) and lead iodide (PbI2) [8]. Therefore, 
to improve the intrinsic moisture stability of the perovskite, X-site and A-site substitu-
tions have been suggested. For example, substituting X-site iodine with bromine increases 
the strength of cation-lead halide bonds, thereby reducing the susceptibility of the 
perovskite to moisture-induced degradation [9]. Further, since grain boundary defects act 
as a host for these detrimental reactions with water, passivating perovskite grain bound-
aries and increasing grain sizes has been found to extend perovskite lifetimes in humid 
environments [10, 11].

Oxygen is another significant contributor to degradation in PSCs. Oxidative 
degradation occurs significantly in both the charge transport and perovskite layers. 
Oxidation of organic charge transport layers results in compromised carrier mobil-
ity and solar conversion efficiencies [8]. Conversely, metal oxide charge transport 
layers (e.g., TiO2, etc.) are not sensitive to oxidation, themselves. However, they can 
absorb oxygen, and when combined with UV light, photo-excitation yields reactive 
superoxide (O2

−), which then catalyzes the rapid oxidative degradation of the adjacent 
perovskite layer [8]. Termed ‘photo-oxidation,’ this is an accelerated form of oxidative 
degradation, which occurs upon simultaneous exposure to UV light and oxygen. The 
perovskite crystal itself is also highly susceptible to photo-oxidation. Photo-excitation 
of the perovskite increases the density of halide vacancies, which serve as gateways 
for diffusion of oxygen into the perovskite lattice [12]. Again, superoxide species 
initiate the degradation, resulting in the formation of decomposition products such 
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as yellow-colored PbI2 [8]. Strategies such as doping the perovskite with cadmium 
(Cd) have been used to decrease the density of halide vacancies and increase intrinsic 
resistance to photo-oxidation [13]. Similarly, Gong et al. report a PSC with 10.4% 
efficiency that employs doping the perovskite with Se2− to strengthen the interaction 
between the MA cation and its inorganic framework, thereby improving stability 
by 140 times compared to the undoped film, and achieving 70% PCE retention 
after 700 hours of exposure to air [14]. Further, since oxidative degradation is most 
harmful when catalyzed with UV light, filtering out energetic UV photons constitutes 
another promising strategy for extending device lifetimes.

While intrinsic stability improvements remain necessary to prevent water- and 
oxygen-induced degradation during manufacturing and assembly, encapsulation pro-
vides the most effective barrier against moisture and oxygen. Even so, since package 
leakage and small amounts of water and oxygen permeation are inevitable, enhancing 
intrinsic stability and encapsulating devices will likely need to be applied in synergy 
to provide sufficient protection from all catalysts of degradation. However, even when 
a hermetic encapsulation is achieved, (i.e., permeation of water and oxygen is consid-
ered negligible) PSCs still suffer from UV-induced degradation. For instance, illumi-
nation can result in the reversible segregation of halide and cation species, which can 
hinder the performance of devices [15].

Heat constitutes a final extrinsic stressor which can accelerate the reactions respon-
sible for degradation in PSCs [8]. For example, the PbI2 decomposition product has 
been observed from prolonged exposure of MAPbI3 perovskites to temperatures as 
low as 85°C [16]. This can be detrimental since many manufacturing steps, includ-
ing the annealing and encapsulating stages, occur at high temperature. Since organic 
materials are relatively volatile and are most sensitive to thermal degradation, the use 
of the common MA A-site organic cation can be problematic. Therefore, A-site cation 
substitution and mixing, with more thermally-stable materials such as formamidium 
(FA), cesium (Cs) and rubidium (Rb), is a popular strategy to improve thermal stabil-
ity in perovskites [17]. All-inorganic PSCs represent another promising avenue towards 
stability, by eliminating issues associated with the thermal degradation of the organic 
cation. Liu et al. devised a CsPbI2Br-based PSC with an efficiency of 13.3%, which 
exhibited 80% PCE retention after thermal treatment at 85°C for 360 hours [18]. 
Another stabilizing strategy was demonstrated by Yun et al., who to reduced photo- 
and thermal degradation by incorporating LiF passivators in organic–inorganic lead 
halide perovskites with efficiencies up to 20%. Remarkably, they observed 90% PCE 
retention after 1000 hours of exposure to 1 sun illumination or 85°C temperatures [19].

Significant progress has been on the intrinsic stabilization of PSCs. While the 
results are promising, no solution has been reported to-date that has demonstrated 
the long-term operation of PSCs in outdoor conditions. Therefore, it is clear that a 
combination of intrinsic stabilization and encapsulation strategies will be necessary 
to produce a PSC that can appropriately withstand the breadth of illumination, heat, 
moisture and oxygen conditions encountered during manufacturing and operation. 
Hereafter, this work will focus on reviewing the recent progress in PSC encapsulation 
and on introducing novel directions for further improvement.

3. Perovskite solar cell encapsulation

To promote commercial viability, a PSC encapsulation should: (1) be impermeable 
to water and oxygen; (2) prevent organic and halide materials volatized by illumination 
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and/or heat as well as toxic lead-based degradation products from escaping into the 
environment; (3) have very high visible light transparency so as not to compromise 
device efficiencies, (4) be chemically inert, and; (4) have sufficient mechanical durabil-
ity and abrasion-resistance to tolerate the stress, wear and weathering introduced in 
normal installation and operation. Important performance metrics for an encapsulant 
are the water vapor transmission rate (WVTR) and the oxygen transmission rate 
(OTR). These measurements quantify the amount of water vapor or oxygen that per-
meate through the encapsulation material per unit time. Since water and oxygen are two 
of the most pervasive sources of degradation in perovskites, these metrics give a good 
indication as to the overall quality of the encapsulation. An adequate seal is achieved 
when the WVTR and OTR are in the range of or less than 10−3–10−6 g∙m−2 ∙ day−1 and 
10−4–10−6 cm3∙m−2∙day−1∙atm−1, respectively [20, 21]. Additionally, though not typically 
a focus, the ideal encapsulation system should also provide protection against UV irra-
diation and act as a thermal barrier to prevent UV-induced and thermal degradation.

Generally, encapsulation strategies have involved either the deposition of a trans-
parent thin film encapsulant or the use of an edge sealant material to encapsulate the 
device between sheets of glass or polymers [22]. This precedent provides a framework 
for diving the encapsulation techniques into the following categories: (1) glass-to-glass 
(Section 3.1); (2) polymer (Section 3.2), and; (3) inorganic thin film encapsulation 
(Section 3.3). In glass-to-glass encapsulation, a glass cover is used in conjunction with 
a sealant to form the protective packaging. Conversely, polymer encapsulation encom-
passes the strategies that employ polymeric barriers – either as cover sheets or thin 
films. Finally, in the third category, thin inorganic barrier films form the encapsula-
tion. A fourth category – hybrid encapsulations – will also be introduced in Section 3.4, 
and consists of any combination of the aforementioned three encapsulation strategies.

Thin films (organic or inorganic) in particular are uniquely suitable for encapsula-
tion because they can serve as dense, pin-hole-free barriers to oxygen and water, yet 
remain lightweight and thin enough to not adversely affect the mechanical flexibility 
of the solar stack and can thus be compatible with roll-to-roll processing. This work 
will briefly contextualize the progress made to-date in PSC encapsulation, with an 
emphasis on techniques that incorporate thin barrier films. The most noteworthy 
encapsulation examples from the literature are summarized in Tables 1–4. Therein, 
the PCE of the encapsulated PSC and a schematic of the encapsulation are provided. 
Additionally, the WVTR of the encapsulant and outcomes of stability testing (% PCE 
retained) are given to provide a framework for comparing encapsulation strategies.

3.1 Glass-to-glass encapsulation

Derived from the standard encapsulation technique of the silicon solar technology, 
glass-to-glass encapsulation sandwiches the PSC between two sheets of glass which 
are sealed together by means of a sealant. Since the WVTR and OTR of glass are near 
zero, glass-to-glass encapsulation provides excellent protection from water- and 
oxygen-induced degradation, while maintaining high light transparency. Furthermore, 
since glass is easy to clean, has very good mechanical durability and is currently 
more cost-effective than alternative encapsulating systems, it is considered a highly 
efficient and industrially attractive encapsulant material [8]. However, moisture and 
oxygen ingress through the sealant at the edges of glass-to-glass encapsulated devices 
is significant enough to cause degradation [35]. As a result, recent efforts have been 
placed on optimizing sealant materials such that the WVTR and OTR are minimized. 
For example, butyl rubber edge sealants, such as polyisobutylene (PIB), have attracted 
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considerable attention for their low WVTR (10−2–10−3 g∙m−2∙day−1) [23]. Like PIB, 
many encapsulant adhesives and edge sealants are thermo-curable. However, curing 
at high temperature can degrade thermally unstable perovskites and reduce power 
conversion efficiencies even before aging tests begin [36]. While UV-curable epoxies 
are more costly, they are advantageous in that heat need not be applied to form the seal 
[35]. But, UV light, particularly in the presence of water and/or oxygen can also cause 
perovskite degradation. Nevertheless, Dong et al. observed a significant improvement 
in the PCE of devices encapsulated with a UV-curable epoxy (14.8%) compared to a 
thermally-curable one (8.9%) [32]. To eliminate the need for a sealant altogether, her-
metic glass frit encapsulation has also been proposed [24]. Table 1 compares PIB and 
glass frit sealed glass-to-glass encapsulations, demonstrating extremely low WVTR 
and high corresponding retained PCEs after aging. However, in both cases, the PSC has 
low initial PCE as a result of degradation caused by the encapsulation process and/or 
substitutions to internally stabilize the solar stack.

Many researchers believe that the competitiveness of PSCs lies almost exclusively 
in their efficiencies. Others are willing to incorporate more inexpensive materials and 
processes to reduce costs, even if it means sacrificing some efficiency. In order to keep 
the price per Watt ($/W) of a perovskite solar module low, these researchers are keen 
on retaining device flexibility, such that the solar cells can be made at the large-scale 
by low-cost roll-to-roll (R2R) processing. Recent work on ultra-thin glass encapsula-
tion [37] has produced PSCs with retained flexibility, but further studies are required 
to properly assess their long-term stabilities.

3.2 Polymer encapsulation

Since glass-to-glass encapsulation is not inherently compatible with R2R processing, 
recent attention has been placed on polymer cover encapsulation. Herein, polymer sheets 
sealed with thermally-/UV-curable epoxies or pressure sensitive adhesives are used to 

Ref. PCE Encapsulation method WVTR Stability 
Test(s)

% PCE 
Retained

Glass-to-Glass Encapsulation

Shi et al. [23] 9% Glass with PIB seal Glass: 
negligible

PIB: 
10−2–10−3

(1) 540 h at 
85°C, 85% 

RH
(2) 200 
thermal 

cycles from 
−40–85°C

(1) ∼ 100%
(2) ∼ 100%

Emami et al. 
[24]

8.2% Glass frit Hermetic (1) 50 h at 
85°C, 85% 

RH
(2) 70 

thermal 
cycles from 
−40–85°C

(1) ∼ 100%
(2) 98%

Table 1. 
Notable glass-to-glass perovskite solar cell encapsulations from the literature. WVTR is reported in g∙m−2∙day−1.
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Ref. PCE Encapsulation method WVTR Stability 
test(s)

% PCE 
retained

Polymer Encapsulation

Liu 
et al. 
[25]

8.6% PDMS ∼102 3000 h at 
25°C, 20% RH

∼100%

Bella 
et al. 
[26]

19% Downshifting fluoropolymer N.R. (1) 3 months 
outdoors (rain, 
−3 to +27°C)

(2) 1 month at 
25°C, 95% RH

(1) 95%
(2) 96%

Jang 
et al. 
[27]

17.2% EVOH with SiO2 and GO additives 3.34 × 10−3 5 h of direct 
contact with 
water at 25°C

86%

Table 2. 
Notable polymer perovskite solar cell encapsulations from the literature. WVTR is reported at ambient conditions 
in g∙m−2∙day−1. ‘N.R.’ indicates that a value was ‘not reported.’

Ref. PCE Encapsulation method WVTR Stability 
test(s)

% PCE 
retained

Inorganic Thin Film Encapsulation

Choi et al. 
[28]

15% Al2O3 by ALD at 95°C 1.84 × 10−2 
at 45°C, 
85% RH

7500 h 
at 25°C, 
50% RH

92%

Ramos 
et al. [29]

17.4% Al2O3 by ALD at 60°C N.R. 2250 h 
at 25°C, 
50% RH

75%

Table 3. 
Notable thin film perovskite solar cell encapsulations from the literature. WVTR is reported in g∙m−2∙day−1. ‘N.R.’ 
indicates that a value was ‘not reported.’
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Ref. PCE Encapsulation method WVTR Stability 
test(s)

% PCE 
retained

Hybrid Encapsulation

Chang 
et al. 
[30]

16.1% Al2O3/PET Al2O3: 
9.0 × 10−4 
at 50°C, 
50% RH

42 days at 
30°C, 65% 

RH

97%

Lee 
et al. 
[31]

18.5% 4-dyad Al2O3/pV3D3 5.3 × 10−4 
at 38°C, 
90% RH

300 h at 
50°C, 50% 

RH

97%

Dong 
et al. 
[32]

14.8% SiO2 with glass cover and desiccant 
sheet

N.R. (1) 
48 h AM1.5 
illumination 
at 85°C, 65% 

RH
(2) 432 h 
outdoors 
(30–90% 

RH)

(1) 80%
(2) ∼ 100%

Liu 
et al. 
[33]

15.8% Parylene with glass cover N.R. 2000 h 
continuous 
operation 

under AM1.5 
illumination 

in N2 
environment 

with <5% 
RH

85%

Fumani 
et al. 
[34]

10% Polymer resin (embedded with 
PEG) and glass substrate

N.R. 830 days at 
25°C, 28% 

RH

79%

Table 4. 
Notable hybrid perovskite solar cell encapsulations from the literature. WVTR is reported in g∙m−2∙day−1. ‘N.R.’ 
indicates that a value was ‘not reported.’
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encapsulate a PSC, providing a barrier against extrinsic stressors such as moisture and 
oxygen. Many low-cost, flexible polymers, such as PET, PMMA and PC, have been 
used as encapsulating materials, however, much like with glass-to-glass encapsulation, 
moisture and oxygen ingress through sealants and degradation during curing persists 
[35]. To overcome this challenge, the deposition of solution-processed polymer layers 
directly on top of devices has been proposed [25, 38]. McKenna et al. [38] deposited 
800 nm thin polymer films (i.e., PMMA, PC, EC, and PMP) directly on top of perovskite 
layers by spin coating and evaluated their ability to inhibit degradation. When exposed 
to 60°C heat at ambient conditions for 432 hours, the uncoated perovskite film was 
completely degraded, while the PMMA-encapsulated film remained in pristine condition 
(no evidence of PbI2 formation). It is unsurprising that, of the polymers tested, PMMA 
provided the best device longevity because it has the lowest WVTR (55.2 g∙m−2∙day−1) 
and OTR (4.8 cm3∙m−2∙day−1∙atm−1) [38].

Bella et al. [26] also employed an innovative polymeric coating strategy to 
simultaneously slow water permeation and prevent UV-induced degradation of 
PSCs. By spin-coating devices with luminescent downshifting fluoropolymers 
that absorb incident UV light and re-emit it to the perovskite active layer as visible 
light, UV-induced degradation is effectively eliminated without sacrificing any 
photocurrent (PCE = 19%). Concurrently, the multifunctional polymeric coating is 
hydrophobic and provides a strong barrier to water-induced degradation. Notably, 
devices encapsulated and the top and bottom with ~5 μm films of this fluoropolymer 
demonstrated a 95% retention in PCE after 3 months of exposure to outdoor elements 
including heavy rain and temperatures ranging from −3 to +27°C.

Despite these promising findings, the relatively high WVTR (100–102 g∙m−2∙day−1) 
and OTR (101–102 cm3∙m−2∙day−1∙atm−1) of standard polymers limit long-term encap-
sulation effectiveness [35]. To this end, the incorporation of additives in polymer 
matrices to form polymer composite encapsulants with unique photo-, moisture- and/
or oxygen-interactions has demonstrated potential for improved stability [27, 39, 40]. 
Jang et al. [27] fabricated a 100 μm-thick film of poly(vinyl alcohol-co-ethylene) 
(EVOH) copolymer with dispersions of SiO2 and graphene oxide (GO) fillers. The 
SiO2 inhibited water permeation by rendering the pathway for penetration through 
the polymer more tortuous, while the hydrophobicity of the GO repelled water mol-
ecules. By including these dispersions, the EVOH/SiO2/GO composite polymer has a 
remarkable WVTR of 3.34 × 10−3 g∙m−2∙day−1, compared to 4.72 × 10−2 g∙m−2∙day−1 for 
EVOH only. PSCs encapsulated with the EVOH composite by means of a UV-curable 
adhesive retained 86% of their original PCE after 5 hours of direct exposure to water. 
Table 2 summarizes the polymer encapsulation strategies discussed herein, demon-
strating higher WVTR, on average, than with glass-to-glass encapsulations. While all 
stability tests yield high PCE retention, many of the test conditions were not as harsh 
as those described in Table 1, and constitute less accelerated forms of aging.

Inorganic materials such as metal oxides form denser films with substantially 
lower WVTR and OTR than their polymer counterparts. To take advantage of this, 
some researchers have combined transparent thin metal oxide films with polymer 
encapsulation to provide superior resistance to water- and oxygen-induced degrada-
tion. For example, Chang et al. [30] deposited 50 nm thin films of Al2O3 by ALD 
onto PET substrates that they then used to encapsulate PSC devices. The Al2O3 thin 
film served as an excellent barrier to moisture and oxygen, having WVTR and OTR 
of 9.0 × 10−4 g∙m−2∙day−1 and 1.9 × 10−3 cm3∙m−2∙day−1∙atm−1, respectively. Moderate 
increases in WVTR and OTR were observed for Al2O3-coated PET substrates subject 
to bend testing, indicating that while somewhat compatible with flexible devices, 
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further effort may be required to increase the reliability and longevity of the encap-
sulation and to prevent partial delamination of rigid inorganic coatings from soft 
polymeric substrates. Nonetheless, encapsulated devices exposed to ambient condi-
tions (30°C, 65% RH) for 42 days demonstrated negligible degradation in PCE.

The sequential combination of organic and inorganic layers to form organic–inor-
ganic hybrid flexible multilayers has also been demonstrated to further reduce water 
and oxygen permeation through polymer-based encapsulants. The hybrid multilayers 
are deposited on polymer substrates, such as PET, that serve as the backbone for the 
encapsulation. Next, a series of organic polymer-based and metal-oxide inorganic thin 
films are deposited sequentially, wherein the organic layers help to retain flexibility and 
ductility and passivate interfacial defects, while the inorganic layers provide enhanced 
fortification against water and oxygen permeation [35]. WVTRs obtained at standard 
temperature and pressure (STP) for organic–inorganic hybrid multilayers are about 
three orders of magnitude less than that of uncoated PET; at elevated temperature and 
humidity (38°C, 90% RH), WVTR remains below 10−3 g∙m−2∙day−1 [41]. Furthermore, 
deposition of these complex coating structures in roll-to-roll systems using vacuum-
based techniques such as magnetron sputtering has established their compatibility with 
large-scale production. Kim et al. [42] combined the aforementioned benefits of organic–
inorganic hybrid flexible multilayer coatings with the antireflective properties of Nb2O5/
SiO2/Nb2O5 thin films to create a protective barrier for PSCs that minimizes undesirable 
light reflection and enhances PCE (17%). Additional experimentation is required to 
assess the effect of these types of encapsulations on the long term stability of PSCs.

3.3 Inorganic thin film encapsulation

Thin film encapsulation (TFE), wherein a thin barrier film is deposited directly 
on top of the PSC, is considered a next-generation encapsulation strategy since it can 
overcome many of the issues associated with glass and/or polymer cover encapsulation 
(e.g., moisture ingress through edge seals). Importantly, TFE is simultaneously com-
patible with R2R processing and, depending on the deposition technique and material 
selected, ultra-low WVTR and OTR can be achieved. In fact, the large variety of 
materials (e.g., organics, inorganics, organic–inorganic composites, etc.) and deposi-
tion techniques (e.g., spin coating, CVD, PVD, etc.) available in TFE provides a unique 
opportunity to tailor the properties of the barrier coating to better suit the require-
ments of the application. Inorganic TFE is distinct from the polymeric thin film encap-
sulations discussed in Section 3.2 in that the thin barrier films are inorganic in nature. 
As previously detailed, these generally have the advantage of reduced WVTR and 
OTR compared to their polymeric thin film counterparts. However, a major concern of 
inorganic TFE is whether the deposition of the thin barrier film can be effectively and 
efficiently performed at a large-scale; many inorganic TFE strategies involve cost-
prohibitive complex vacuum deposition systems with low deposition rates. Adhesion 
is another concern. Where the thermal expansion coefficient of the thin inorganic 
encapsulating film is substantially different than that of the solar stack, mechanical 
stress, stability testing and even normal operation may cause delamination.

Al2O3 has gained the most attention in inorganic TFE as a result of its high transpar-
ency, electrical insulation and extremely low WVTR (9.0 × 10−4 g∙m−2∙day−1) and OTR 
(1.9 × 10−3 cm3∙m−2∙day−1∙atm−1) [28, 29, 43]. Atomic layer deposition (ALD) is often 
used to deposit the Al2O3 in TFE applications because of the high quality and unifor-
mity of films produced [30]. However, as described in Table 3, a trade-off exists in 
selecting the ALD barrier-film deposition temperature. High temperature depositions 
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yield pinhole/defect-free coatings, but can cause a significant decrease in PCE due to 
thermal degradation of organic materials during encapsulation. Conversely, low tem-
perature depositions ensure that the thermally sensitive solar-stack retains high PCE 
after encapsulation, but yield Al2O3 films that are more prone to moisture and oxygen 
ingress. For example, while spiro-OMeTAD-based PSCs fabricated by Choi et al. 
[28] and encapsulated with 50 nm of ALD-deposited Al2O3 demonstrated excellent 
long-term stability in ambient environments (92% retention in PCE after 7500 hours 
at 25°C, 50% RH), the PCE of encapsulated devices was moderately compromised 
compared to that of un-encapsulated devices (16% drop in PCE after encapsulation), 
due to the elevated ALD deposition temperature of 95°C. Further increases in ALD 
deposition temperature lead to more severely compromised PCEs, particularly when 
organic hole transport materials (HTMs), such as spiro-OMeTAD, were used [28]. 
To prevent thermal degradation induced by the encapsulation process, deposition of 
Al2O3 by low-temperature ALD has been proposed. Ramos et al. [29] encapsulated 
spiro-OMETAD-based PSCs with 16 nm Al2O3 thin films deposited by ALD at 60°C. 
As a result of the reduced operating temperature, encapsulated PSCs had outstanding 
PCEs as high as 17.4%, representing a 93.6% retention of the original PCE, while the 
same cells encapsulated at 90°C exhibited a 54% loss in PCE. However, a higher defect 
density was observed in Al2O3 deposited at 60°C, leading to increased water perme-
ation and worse long-term stability outcomes compared to high-temperature Al2O3 
encapsulations. After 2250 hours of exposure to the same ambient conditions as in the 
previous study by Choi et al. (25°C, 50% RH), a more significant 25% drop in PCE was 
reported for PSCs encapsulated with the 60°C ALD-deposited Al2O3.

New and innovative strategies have been introduced to overcome the challenges 
associated with the deposition of a pinhole-free, low-temperature inorganic thin 
film for encapsulation. The inclusion of organic interlayers in the TFE constitutes 
one such proposition. The purpose of the organic barrier interlayers is to compensate 
for defects in the inorganic layers by elongating the pathway for water and oxygen 
permeation, effectively decreasing WVTR and OTR. Additionally, inorganic/organic 
encapsulations are less prone to delamination than their brittle, all-inorganic coun-
terparts, due to a reduction in residual stresses and an improvement in flexibility 
[35]. Lee et al. [31] encapsulated PTAA-based PSCs with a 4-dyad multilayer stack of 
Al2O3 (21.5 nm)/pV3D3 (100 nm) deposited by ALD at 60°C and initiated chemical 
vapor deposition (iCVD) at 40°C, respectively. Low processing temperatures lead to 
negligible losses in PCE during encapsulation (<0.3%). Furthermore, the inclusion 
of pV3D3 organic interlayers produced PSCs with significantly improved stabilities 
in accelerated aging conditions: after storage for 300 hours at 50°C and 50% RH, 
PCEs retained 97% of their initial values. Importantly, this constitutes one of the best 
stabilities reported for a PSC with an encapsulated PCE higher than 18%.

While much has been done to advance TFE, lifetimes must be extended even 
further and harsher environmental testing is required to better assess their capacity 
for degradation prevention. Moreover, further optimization of the TFE deposition 
process is necessary to overcome limitations associated with the slow deposition rates, 
scalability and large operating costs of ALD.

4. Hybrid encapsulation

Glass-to-glass encapsulation remains one of most commercially-promising due 
to relatively low processing costs in conjunction with the effective seal produced. 
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However, moisture and oxygen ingress through epoxies and edge sealants remains a 
concern, preventing the realization of sufficiently long device lifetimes. Similarly, 
while polymer encapsulations are compatible with roll-to-roll processing, high 
WVTR and OTR limit effectiveness. Finally, while some early success has been 
demonstrated with TFE, much work remains to reduce operating costs and further 
improve lifetimes. It is therefore likely that a hybrid packaging which combines 
inorganic TFE with glass-to-glass or polymer encapsulation, thereby simultaneously 
taking advantage of the unique optical, mechanical and electronic properties of thin 
films materials and the strong barrier supplied by bulk polymers or glass, will provide 
the most effective and efficient means of preventing perovskite degradation.

Some of the most promising encapsulations that were previously described under 
other sub-sections actually employed combinations of glass-to-glass, polymer and 
inorganic thin film encapsulation and, as such, are more appropriately categorized as 
hybrid encapsulations. For example, the Al2O3-coated PET encapsulation reported by 
Chang et al. [30] that was first introduction in Section 3.2 on polymer encapsulation 
actually involves a combination of polymer and inorganic TFE strategies. It produced 
encapsulated devices that demonstrated negligible degradation in PCE after exposure to 
ambient conditions (30°C, 65% RH) for 42 days. Similarly, the PCE-enhancing organic–
inorganic hybrid flexible multilayer coatings (PET/Nb2O5/SiO2/Nb2O5/PPFC) by Kim 
et al. [42] were first introduced in Section 3.2 but more aptly constitute a hybrid encap-
sulation. Finally, Lee et al.’s 4-dyad multilayer stack of Al2O3/pV3D3 [31] described in 
the previous section combines polymer and thin film encapsulations to achieve remark-
able PCE retention (97%) after storage for 300 hours at 50°C and 50% RH.

Also in pursuant with this hybrid strategy, Dong et al. [32] employed an encap-
sulation strategy wherein a 50 nm thin film of SiO2 was deposited directly onto the 
device by electron beam deposition, followed by glass-to-glass encapsulation with 
UV-curable epoxy and a 180 μm piece of desiccant. Encapsulated devices were subject 
to accelerated aging tests and remarkably retained 80% of their original PCE after 
48 hours under illumination at 85°C and 65% RH. Furthermore, almost full reten-
tion of PCE was reported after 432 hours of exposure to humid outdoor conditions 
where the relative humidity varied between 30 and 90%. Similarly, Liu et al. [33] 
encapsulated intrinsically stabilized PSCs with a 2 μm polymeric thin film of parylene 
by chemical vapor deposition and a cover glass. Impressively, by combining the 
principles of polymer, thin film and glass-to-glass encapsulation, the stability of the 
encapsulated devices under AM1.5 illumination was demonstrated for 2000 hours of 
continuous operation (PCE > 85% of initial value). Additionally, in one of the longest 
PSC stability tests published to-date, Fumani et al. [34] obtained 2-year stable PSCs 
by encapsulating the cathode and anode side of devices with 1.5 mm of polymer resin 
embedded with poly(ethylene glycol) (PEG) and glass, respectively. The resin pro-
vided a thick barrier against the diffusion of oxygen and water, and the PEG additive 
was used as a phase change material to limit device overheating cause by illumination. 
Freshly encapsulated devices had PCEs of 10%, which declined only slightly to 7.9% 
after 830 days (2.3 years) of storage in ambient conditions (25°C, 28% RH).

All of the hybrid encapsulation strategies described throughout this chapter are 
compared in Table 4. The diversity of all these hybrid encapsulations is reflected 
in the schematics and stability test results. Generally, hybrid encapsulations have 
allowed for high initial PCE and good PCE retention after aging. It should be noted 
that large differences in the severity of stability tests make direct comparison of dif-
ferent encapsulations difficult. A standardization of testing protocols would therefore 
provide a means for more efficient optimization of encapsulation techniques.
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5. Conclusions & future research directions

Though stability of PSCs remains a concern, recent improvements to intrinsic 
stability and hybrid device encapsulation have produced PSCs with lifetimes up to 
2 years [33, 34, 44]. Nonetheless, considerable progress remains to be made before the 
15-year lifetimes required for economic feasibility are realized. Furthermore, many of 
the PSCs that have demonstrated long-term stability on the order of years are limited 
by relatively poor initial efficiencies due to material substitutions/eliminations for 
intrinsic stabilization.

As a result of the detrimental nature of water- and oxygen-induced degradation 
of PSCs, the majority of encapsulations focus on inhibiting moisture and oxygen 
ingress. However, limited work to-date has focused on using encapsulation strate-
gies to target UV-induced degradation. In fact, UV light constitutes a major factor in 
perovskite degradation, not only because of illumination-induced reversible phase 
segregation, but because it catalyzes and accelerates moisture- and oxygen-induced 
degradation. Therefore, in the absence of UV light, it is conceivable to achieve suf-
ficiently long PSC lifetimes, even for encapsulations with slightly higher-than-ideal 
WVTR and OTR. This opens the door to obtaining substantially better long-term 
stabilities with glass-to-glass encapsulation, where moisture and oxygen ingress 
through the edge sealant is somewhat inevitable, and even for polymer encapsula-
tions, which are limited by inherently poor WVTR and OTR. Thus, the use of a thin 
film encapsulant material with optical properties tuned to screen or convert UV 
light into less energetic and harmful irradiation is very compelling. Future research 
should look to combine the benefits of glass-to-glass or polymer encapsulation with 
thin film UV-barriers to assess whether this constitutes a step towards PSC longevity. 
Nonetheless, one thing is for certain: the continued development and evolution of 
innovative encapsulation strategies such as this and all those presented in this work 
is certainly required to bridge the gap between lab-scale PSC success and large-scale 
commercialization.

Furthermore, this work has elucidated the difficulties associated with direct 
comparison of PSC encapsulations fabricated by different research groups due to 
the lack of consistency in aging and stability tests performed. In an effort towards 
test standardization, some researchers have performed PSC testing according to 
the International Electrotechnical Commission (IEC) standards (e.g., IEC61646), 
originally designed to assess the field performance of silicon photovoltaic mod-
ules. However, due to the differences in degradation pathways between silicon and 
perovskite photovoltaics, many researchers are critical that the IEC standards do 
not comprehensively appreciate or assess for all sources of degradation in PSCs. The 
testing standards proposed specifically for PSCs at the 2018 International Summit on 
Organic Photovoltaic Stability (ISOS) constitute a good starting point for discussions 
of PSC-specific stability tests [45]. However, future effort and consensus from the 
research community is still required to establish standardized testing protocols better 
suited to assess the long term stability of encapsulated PSCs.
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Chapter 6

Spin Pumping in Magnetostrictive 
Ta/FeGaB/Ta Multilayer Thin Films
Karampuri Yadagiri and Tao Wu

Abstract

The magnetostrictive multilayer thin film stack (Ta/FeGaB(t)/Ta) deposited/
sputtered, studied the surface morphology, static and dynamic magnetic properties. 
The static magnetic properties multilayer studied; the coercive field and squareness 
increased for increasing thickness of FeGaB. The systematic study of damping in 
Ta/FeGaB/Ta multilayer performed by use of broadband ferromagnetic resonance 
(FMR) spectroscopy in-plan geometry in the range of temperature from 300 K to 
100 K. The data were fitted to obtain the inhomogeneous line width (∆H0) and the 
damping factor (α). The damping factor is enhanced for the increased thickness of 
FeGaB. The enhancement of damping is due to spin pumping at the interface of Ta 
and FeGaB. The spin mixing conductance (geff) was calculated for magnetostriction 
thin films FeGaB; which had been increased for lowering the temperature. At 0 K, the 
geff of thin-film stack has 0.141 × 1018 m−2. Therefore, the magnetostriction multilayer 
film stack can be used for magnonics, spin caloritronics, and spintronics applications.

Keywords: soft magnetic thin films, surface morphology of thin films, magnetization, 
ferromagnetic resonance, damping factor, spin pumping

1. Introduction

The recently, several phenomena/theories have been proposed across the interface 
of heavy metal/ferromagnetic (FM) such as the spin Hall effect (SHE) [1], spin-orbit 
torques [2], Dzyaloshinskii-Moriya interaction [3], and spin pumping [4]. In a while, 
the spin current mechanism has developed for non-magnetic materials (NM), which 
is one of the key points of modern spintronics. In the ferromagnet-nonmagnetic metal 
layer, a precessional magnetization in ferromagnetic layer generates as oscillating 
spin density, which can source a spin-polarized current to flow into the normal metal. 
This phenomenon is known as spin pumping [5–7], which offers the most interest of 
spin current. This spin current flows and dissipates into nonmagnetic metal, due to 
the influence of spin-orbit interaction. Subsequently, the damping factor enhances in 
NM/FM system [8–10].

Spin pumping theory [11] illustrates the relaxation of spin current in the NM layer, 
which denotes in way of spin-mixing conductance (g). The mixing conductance has 
been assumed as a properly of the NM. According to the theoretical model [12], spin 
pumping is a complex picture; however, it has been explained experimentally through 
the enhancement of damping factors for different materials. The effective mixing 
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conductance (geff) consists of spin current across the interface of NM-FM, besides to 
the relaxation of spin current. The interface spin current characterizes as an effective 
specific interface spin resistance and relaxation associate with crossing the interface, 
called spin memory loss. The other model suggests the spin memory loss is due to 
interfacial spin-orbit interaction [10]. The interfacial spin resistance/spin memory 
loss, details of the FM-NM interface structure show an important role in determining 
the damping contribution due to spin pumping.

Magnetostrictive materials have been extensively utilized in vast applications such 
as sensors, actuators, micro-electrochemical-mechanical–systems (MEMS), and energy 
harvesters [13–16]. Among all the magnetostrictive materials, Terfenol-D has a large 
magnetostrictive constant (λ) 1600 ppm [17, 18], which is widely used in low-frequency 
devices, but the drawback of this material is hard to get saturation. The rare-earth 
free alloy, FeGa (Galfenol) shows great potential with high saturation magnetostric-
tion of ~400 ppm for single crystal [19, 20] and ~280 ppm for directional solidified 
polycrystalline alloys [21]. It possesses a large saturation magnetization (~18 kG) at a 
low field (~100 Oe) [22]. However, the FeGa single-crystal films have been very lossy at 
microwave frequencies with a large line width of ferromagnetic resonance, which can-
not be incorporated microwave magnetoelectric devices. The integration of metalloid 
element carbon into FeGa alloys are formed the D03 phase, which shows high satura-
tion magnetostriction. This magnetostriction value is greater than that of FeGa binary 
alloys [22, 23]. Boron (B) is a well-known metalloid element, which is widely used in 
soft magnetic films for instance CoFeB thin films [24, 25]. Because of the B element 
inside CoFe thin film, the grain size of films refines and diminishes magneto crystal-
line anisotropy leading to excellent magnetic softness and microwave performance. 
In literature, the incorporation of B atoms in these FeGaB films can produce a nearly 
tripled saturation magnetostriction at a B content of 12 at.% [26]. The combination of 
soft magnetism, large magnetostriction constant, and excellent microwave magnetic 
properties make FeGaB film a potential candidate for magnetoelectric materials and 
other RF/microwave device applications. The magnetoelectric effects employ for 
creating electrostatically tunable [27] microwave resonators, phase shifters, and filters, 
which are important for applications in signal processing technologies [28, 29], and in 
schemes for performing logical processing operations using spin waves [30, 31].

The hybrid structure of ferromagnet (magnetostrictive ferromagnetic)/piezo-
electric produce magnetoelectric effects [27]; which employs to construct efficient 
magnetic random access memory (MRAM) and spin-wave logical processing devices 
[32, 33]. The understanding of such nanoscale magnetoelectric devices requires the 
development of thin magnetic films with high magnetostriction constants. Therefore, 
the high value of magnetostriction of the film utilizes to reduce the line width and 
increase the magnitude of the magnetoelectric effect. The narrow resonant line 
widths and low damping are particularly important attributes of materials for micro-
wave and spin-wave applications. So, we pick the FeGaB with 12 at.% of B; which 
has large magnetostriction constant and to investigate resonant linewidth and spin 
pumping across interface FeGaB and non-magnetic film.

In this work, we focus on the thickness dependence of magnetostrictive multilayer 
thin film stack (Ta/FeGaB(t)/Ta) deposition, surface morphology studies, static and 
dynamic magnetic properties. The thickness dependence of FMR shows the enhance-
ment of the damping factor, which attributes the spin pumping across the interface of 
FeGaB and Ta. The spin-mixing conductance of the magnetostrictive multilayer thin 
film stack shows 0.081 × 1018 m−2 at 300 K, which is comparable with thin films of Si/
SiO2/Cu/Co(t)/Cu.
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2. Experimental details

The tri-layer film stack (Ta/FeGaB/Ta) were deposited with DC & RF co-sputtering 
targets with base pressure < 1.0 × 10−7 Torr at room temperature onto fresh Si 
substrates. Fe80Ga20 and B targets are employed for FeGaB thin films. Here, the first 
Ta layer was employed as a buffer layer 25 nm, with different thickness (15, 25, 50, 
and 75 nm) of FeGaB film and 5 nm thick Ta film were deposited as the magnetic 
layer and the capping layer, respectively. The composition of the FeGaB film was 
characterized by using XPS and found as ~70, ~18, and ~12 at.% of Fe, Ga, and B, 
respectively. The surface morphologies images of samples were captured by Oxford 
Asylum MFP-3D AFM. The static magnetic properties of these samples were per-
formed by employing Quantum Design® SQUID MPMS at room temperature. The 
dynamical magnetic properties studied using NanOsc Instruments Cryo-FMR in the 
VersaLab system with temperature variation 100–300 K and exciting frequency from 
2 to 20 GHz.

3. Results and discussion

3.1 Surface morphology

Figure 1 shows the tri-layer film stack roughness is recorded by atomic force 
microscopy; all samples have shown roughness below 0.9 nm. This means that the 
high quality of films has been obtained.

3.2 Magnetic properties

Figure 2 shows the static magnetization of Ta (25)/FeGaB (t)/Ta (5). Magnetic 
moments have been increasing with increasing thickness of FeGaB. This means that 
magnetic spins of FeGaB are aligned along the easy axis. The magnetic coercive field 
(Hc) and squareness (Mr/Ms) have measured for the thickness of FeGaB film as 
shown in Figure 2b. As the thickness of film increases, Hc has initially decreased, in 
a while gradually increased. At film thickness, 25 nm has shown the low value of Hc 

Figure 1 
(a) The RMS values versus of thickness of FeGaB layer of thin film stack Ta (25)/FeGaB (15, 25, 50, and 75)/Ta 
(5); inset display the 3D image of thin films Ta (25)/FeGaB (75)/Ta (5). (b) AFM image of Ta (25)/FeGaB (15)/
Ta (5).
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and squareness, due to the influence of the buffer layer on magnetic spins of FGB. The 
large value of Hc has been obtained for the 75 nm thickness of FGB.

3.3 Dynamic properties

Figure 3a and b shows the inhomogeneous of line width (∆H0) and damping 
factor (α) as a function of temperature. The ∆H0 and α have been derived from the 
resonance line width (∆H) – excitation frequency (GHz) by fitting ∆H = ∆H0 + αf/γ 
[34, 35]. The thickness of FGB thin film increases, the (∆H0) is increasing at a specific 
temperature. The large thickness of FGB thin film (75 nm) has shown a large value of 
the ∆H0 among all thin films. The temperature lowering to 100 K from 300 K, ∆H0 is 
decreasing for FGB thin film thickness of 15–50 nm. Whereas, the 75 nm thickness of 
FGB thin film has shown an increasing trend, due to the creation of defects or struc-
tural imperfections for lowering the temperature.

Figure 3b shows the damping factor (α) as a function of temperature. The α has 
increased for lowering the temperature, except for the 75 nm thin film of FGB. The 
thickness of 50 nm FGB has shown a large damping value at 100 K. Because the 50 nm 
of FGB thin films shown a low value of ∆H0 at 100 K. It means that the thin film has 
not produced any defects/structural imperfection, otherwise condensed the defects. 

Figure 2. 
(a) M-H loop of Ta (25)/FeGaB (t)/Ta (5) (b) coercive field (Hc) and squareness (Mr/Ms) of Ta (25)/FeGaB 
(t)/Ta versus thickness of FeGaB.

Figure 3. 
(a) inhomogeneous of line width (∆H0) as a function of temperature (b) damping factor (α) versus temperature 
(T(K)) for Ta (25)/FeGaB (t)/Ta (5).
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Therefore, the damping factor of the spin-wave is increasing for a 50 nm thin film 
of FGB. Whereas, 75 nm thickness FGB has exhibited a low value of damping due to 
multiple scattering of spin-wave from the defect and imperfections.

To find out interface and surface damping, damping factor (α) multiply with the 
thickness of FGB film and plotted with the thickness of FGB as shown in Figure 4a. 
The plot (αt vs. t) is linearly fitted an obtained the surface or inherent damping (α0) 
and interface damping (αi) parameters [35]. These parameters are varying for differ-
ent temperatures. The surface damping is initially increasing for 300–250 K as shown 
in Figure 4b, later on, it is decreasing for lowering the temperature. Whereas the 
interface damping is exhibiting the opposite nature to surface damping. Finally, we can 
conclude that surface damping is mostly dominant at near to RT, and interface damp-
ing is dominant at a lower temperature in this film stack.

The effective magnetization has been found out from Kettle equation [35–37] fitted 
with frequency-resonance magnetic fields spectrum. Magnetic anisotropy (Hk) has 
been found along with effective magnetization, which shows a positive value and small 
value compare to effective magnetization. It means that no perpendicular anisotropy 
generates at the interface. Therefore, the effective magnetization is considering as sur-
face magnetization (Ms). The parameter Ms. has been utilized for further calculation.

3.4 Spin pumping at the interface of Ta/ FGB

The spin pumping associate with the real part of the spin-mixing conductance 
(geff). The g parameter is proportional to the flux of angular momentum in the form 
of spin-polarized carriers the ferromagnet/nonmagnetic interface. This is seen by 
gyromagnetic precession in a ferromagnet. The enhanced damping factor has been 
found out by the subtraction of damping factor (α), inherent/surface damping (α0). 
The inherent/surface, interface damping obtained from the plotting of damping-
thickness of FGB as shown in Figure 4b. The enhanced damping is related to spin-
mixing conductance and thickness of FGB [7, 11, 12, 38, 39].

 0 4
eff

B
FGB

g
g

Mst
α α α µ

π
∆ = − =

  (1)

where g is Lande factor, μB is Bohr constant, Ms is saturation magnetization and 
tFGB is the thickness of FeGaB magnetic film.

Figure 4. 
(a) The thickness dependence of damping fitted with linearly to obtain surface/ inherent damping (α0) and 
interface damping (αi) (b) the plot of the obtained α0 and αi temperature.
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To investigate the spin mixing conductance (geff), the enhanced damping factor has 
multiplied with saturation magnetization and thickness of magnetic films FeGaB. The 
product term has plotted with the thickness of FGB thin film, as shown in Figure 5a. 
The extraction of the spin mixing conductance (geff) has been obtained by linear fit as 
shown in Figure 5b. The mixing conductance value of the Ta/FeGaB/Ta thin film stack 
is 0.082 × 1018 m−2 at 300 K, which has been increased gradually with lower tempera-
ture, as shown in Figure 6. This values are comparable with Si/SiO/Ta/Co(t)/ 
Cu/Ta [40, 41], the Co/Cu films has mixing conductance 0.41 × 1018 m−2. The con-
ductance order is the same value; magnitude is different values. FeGaB thin film has a 
lower magnitude than that of the Co(t)/Cu. We can understand that spin pumping at 
the interface has reduced, due to the large thickness of FeGaB films and the large value 
of magnetostriction constant FeGaB.

Figure 6a shows the spin mixing conductance as a function of temperature. The 
mixing conductance has enhanced for lowering the temperature. At 100 K, the mix-
ing conductance is a large value, 0.1245 × 1018 m−2. It means that spin diffusion at the 
interface of Ta and FeGaB is increasing for low temperatures. We can conclude that 
spin mixing conductance depends on temperature. The linear fit of mixing conduc-
tance provides OK spin mixing conductance, as shown in Figure 6b. This value is 
0.1417 × 1018 m−2.

Figure 6. 
(a) spin mixing conductance (geff) as a function of temperature (T (K), (b) shows the linear fit of geff-T plot, the 
intercept of the plot provides spin mixing conductance at 0 K.

Figure 5. 
(a) thickness depended on 4π × (α−α0) × Ms × t at different temperature 300–100 K for calculating the spin 
mixing conductance (geff) at the interface, (b) At 200 K, a linear fit of thickness depended on 4π × (α−α0) × Ms × 
t provided the geff as 0.0962 × 1018 m−2.
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4. Conclusion

The multi-layer thin film stack Ta (25)/FeGaB (15,25,50 and 75)/Ta (5) deposited 
using the sputter. These film’s surface morphology is found by AFM; the results 
suggested that good quality of thin films obtained. The static magnetization of 
the multi-layer thin film stack resulted as the magnetic moment increased for the 
increased thickness of FeGaB. The coercive field and squareness increased for a large 
thickness of FeGaB film. The dynamic magnetization of the multi-layer thin film 
stack informed that the inhomogeneous line width is increased for increasing the 
thickness of FeGaB; which is decreased for lowering the temperature. The damp-
ing factor decreased for lower temperatures. The thickness dependence of damping 
showed enhancement for increasing thickness of FeGaB and provided the inherent/
surface and interface damping. The spin mixing conductance (geff) was calculated 
and increased for decreasing the temperature. The spin mixing conductance of Ta/
FeGaB(t)/Ta is comparable with Co/Cu thin films. All results suggest the magneto-
striction based thin film stack can be employed for magnonics, spin caloritronics, and 
spintronics applications.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Heterostructured photoactive nanomaterials represent innovative construction to 
absorb UV and UV-vis light. This feature makes heterostructures exciting candidates 
for environmental photocatalytic applications such as organic pollutants degradation 
and removal of heavy metals, among others. Therefore, the efficient design of hetero-
structures based on thin films of oxide semiconductors will allow obtaining a novel 
material with outstanding properties. This work presents a review of the current 
heterostructures based on α-Fe2O3 and CuO thin films, which were deposited onto 
different substrates using physics and chemistry routes. Moreover, we will discuss the 
key factors to promote structural and morphology control and the drawbacks such as 
low absorption of the solar spectra, low active surface area, and charge carrier recom-
bination. Finally, the relevance of the results and future directions of the heterostruc-
tures as materials for the purification of aqueous systems were discussed.

Keywords: heterostructure, semiconductor, α-Fe2O3, CuO, photoelectrochemical, 
photocatalysis, bandgap

1. Introduction

The heterostructures represent innovative constructions that use a broad s 
pectrum of sunlight, capable of efficiently absorbing UV and visible light. Besides, 
due to their response to the absorption of different light sources, heterostructures can 
be used for varied photocatalytic applications for environmental remediation such 
as water splitting, CO2 conversion, photocatalytic degradation, and oxidation [1]. 
Heterostructures are composed of two or more semiconductor material structures 
with specific chemical compositions, which can be formed by an interface between 
two different materials with unequal bandgaps. Remarkably, the idea of combining 
various metal oxides to form heterostructures is relatively recent and was born as a 
response to the need to improve its morphological, structural, and functional proper-
ties [2, 3]. The development of semiconductor heterostructures has brought about 
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a tremendous impact on our lives. The utilization of these devices has improved our 
quality of life due to their role in electronics, memory devices, photodetectors, and 
optoelectronic devices [4]. Transistors, photovoltaic cells, diodes, and sensors are 
some cases where heterostructures are present.

A heterostructure is essentially a physical, and therefore electronic, the bond 
between two different materials in the solid state [4, 5]. Whenever materials connect 
as a heterostructure, the Fermi levels (EF) align: higher-energy electrons flow across 
the interface to lower-energy unoccupied states until the Fermi levels have equili-
brated. This leads to creating a charge carrier depletion zone at the interface (deple-
tion region). After that, an energy barrier potential is created at the interface due 
to band bending, caused by the difference in the initial Fermi levels of the materials 
that make up the heterostructure. Thus, charge carriers must overcome this poten-
tial energy barrier to cross the interface [6, 7]. The junction between two different 
materials is one of the most important aspects to consider in the behavior of the new 
heterostructured material [8].

Heterostructures can be classified according to the configuration and dimensions 
of the interface between the two components that conform: one-dimensional (1D), 
two-dimensional (2D), and three-dimensional (3D) heterostructures [9–11]. In a 
1D heterostructure, the interface is similar to a line shape, being the contact area is 
only in one direction; usually, some 1D heterostructures are nanorods, nanotubes, 
nanofibers, and others [12]. 2D heterostructures have an interface plane-like shape 
and conform to layers for both components (“layer-by-layer” systems). These hetero-
structures (nanofilms) usually are formed on a substrate that can be conductive or not 
[13]. Finally, 3D heterostructures expand in all three directions and involve multiple 
and rare shapes, the most common considering nanoparticle components. Frequently, 
these heterostructures are conformed by agglomerates of crystallites of different 
components, the more popular is the core-shell structure [14]. There is a growing 
interest in the research for nanofilms (2D) materials with novel properties that permit 
stacking and combination of thin layer-layer reaching unexpected features such as 
technological goals [15]. These materials have an impressive performance concerning 
flexibility in their electronic role and convenient design. The thin film nanohetero-
structures have a principal advantage: an efficient charge separation, which restricts 
the recombination of charge carriers and consequently increments their photoactivity 
performance [16]. However, they have a disadvantage: the loss of energy by the charge 
carriers, inhibiting the evolution of chemical reactions.

The nanosized thin films combined into heterostructures depend on purposes and 
the demanded functions. Nevertheless, the heterostructured photoactive materials 
are extensive and diversified; most attention is given to metal-semiconductor and 
semiconductor-semiconductor heterostructures [17]. In this line of thought, we focus 
on thin film semiconductor-semiconductor systems with interesting optical proper-
ties for various applications in advanced catalytic and healthcare fields.

A group of those nanoheterostructured photoactive materials can be presented 
in three different assemblies: hosted nanophase, when one phase grows onto another 
in many positions; segmented nanophase, which includes two materials within each 
particle; and a mixture of two nanophase materials [11]. Up to now, there have been 
many original articles with methodologies appropriate for heterostructures thin 
film fabrication. For example, heterostructure thin films could be assembled using 
electrodes and are easily routed for deposited films. On the other hand, inorganic thin 
films commonly use a wet-chemical bottom-up became to achieve worldwide atten-
tion, leading to a remarkable increase in the number of research papers and patents. 
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Notwithstanding, there have been very few researches focusing on various solution-
processes techniques used for optimum inorganic nanofilm fabrication [18].

Metal oxides have a wide range of crystalline structures and a variety of functional 
properties that convert into unattainable conventional semiconductors. Iron oxide is 
one of the most abundant compounds on the planet, and it is a low-cost and environ-
mentally friendly resource [19]. As a nanomaterial has outstanding characteristics 
that include; (i) photocatalytic properties for conversion reactions; (ii) large energy 
storage capacity; (iii) reduced industrial process cost; and iv) long-term sustainability 
due to its availability and low toxicity, along with others [20]. In particular, hematite 
(α-Fe2O3) is an n-type semiconductor with a bandgap of 1.9–2.2 eV, which ensures the 
absorption of more than half of visible light (>600 nm), obtaining 40% of the inci-
dent energy of the solar spectrum [21, 22]. On the other hand, copper oxide (CuO) 
is a p-type semiconductor with a bandgap from 1.3 to 2.2 eV. It has a monoclinic 
structure with fascinating characteristics: super thermal conductivity, high solar 
absorbance, low thermal emittance, relatively good electrical properties, photovoltaic 
properties, high stability, and antimicrobial activity [23, 24]. This semiconductor is 
involved in many technological fields, for instance, catalysis, sensors, high-efficiency 
thermal conductivity material, magnetic recording media, selectivity, and solar cell 
applications [25].

Based on the abovementioned, in this chapter, we attempt to provide the readers 
with an essential introduction to the innovative construction of heterostructured 
photoactive nanomaterials. We focus on the designs of heterostructures based on 
α-Fe2O3 and CuO thin films, highlighting the recent advances in heterostructures 
fabricated using different physics and chemistry routes. Finally, the progress in 
constructing thin film heterostructures as environmental technologies for the 
 remediation of harmful elements in aqueous systems was presented.

2. Heterostructures based on α-Fe2O3

Hematite (α-Fe2O3) is a typical n-type semiconductor that has been extensively 
researched in photoelectrochemical and photocatalytic fields due to its being 
earth-abundant, cheap, and high chemical stability [26–28]. In addition, it has a 
bandgap energy of 1.9–2.2 eV that allows increased absorption of visible light [21]. 
Nevertheless, the photocatalytic performance of α-Fe2O3 is adversely affected by 
certain intrinsic factors such as the high recombination rate of charge carriers, poor 
conductivity of majority carriers, the short diffusion length of minority carriers, 
and a short lifetime of the electron-hole pairs [29]. Therefore, to overcome these 
drawbacks, many efforts have been developed, especially the formation of α-Fe2O3 
heterostructures with other semiconducting materials [30–32]. The results revealed 
the successful construction of new materials with high photocatalytic efficiency in 
the degradation of various pollutants in wastewater [31–34].

For instance, Fe2O3/ZnO heterostructures thin films are one of the best materials 
used as photocatalysts because of their band position and bandgap energy of Fe2O3 
and ZnO, which one is low bandgap energy lying in the visible region (Fe2O3), while 
the other in the UV region due to large bandgap (ZnO). Yu et al. [35] synthesized 
heterostructured Fe2O3-ZnO films, onto alumina plates, by a deposition method 
named “Solution Precursor Plasma Spray.” The heterostructures films with differ-
ent architectures were prepared by different injection modes. The first architecture, 
Fe2O3-ZnO-M, was obtained from the deposit of 12 layers of a mixed solution of 
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the precursors of iron and zinc. Meanwhile, the samples labeled Fe2O3-ZnO-S3, 
Fe2O3-ZnO-S6, and Fe2O3-ZnO-S12 were prepared alternately, injecting zinc and 
iron precursor solutions with stipulated cycles. The layers deposited per cycle for 
the Fe2O3-ZnO-S3, Fe2O3-ZnO-S6, and Fe2O3-ZnO-S12 thin films were 3, 6, and 12, 
respectively.

The optical bandgap for the different Fe2O3-ZnO film architectures was obtained 
from the Kubelka-Munk function and ranged from 2.65 eV to 2.93 eV (Figure 1a). 
Although it is true that from the point of view of photon energy absorption, a higher 
photocatalytic activity under visible light irradiation will be obtained for the samples 
fabricated from the mixture of the precursor solutions, there are other parameters 
such as the morphology of the surface, which indicates that the samples prepared via 
the separated-injection mode can also enhance the photoactivity. Thus, the influence 
of these parameters on photocatalytic activity will be compared and discussed later.

The photocatalytic activities of Fe2O3-ZnO thin films were evaluated to degrade 
the Acid Orange 7 (Orange II) dye under UV and visible light irradiation. Figure 1b 
shows the photocatalytic degradation curves of the dye under UV light irradiation 
for Fe2O3-ZnO samples. The photodegradation efficiencies obtained follow the order: 
Fe2O3-ZnO-M (100%) > Fe2O3-ZnO-S12 (83%) > Fe2O3-ZnO-S3 (65%) > Fe2O3-
ZnO-S6 (21%). Meanwhile, the corresponding photodegradation curves for the 
Fe2O3-ZnO samples under visible light irradiation are shown in Figure 1c and confirm 
that up to 95% degradation was achieved using the Fe2O3-ZnO-M film, followed by 
Fe2O3-ZnO-S12 (28.4%), Fe2O3-ZnO-S3 (22%) and Fe2O3-ZnO-S6 (15%). This order is 
the same as that obtained under UV light irradiation (Figure 1b).

Figure 1. 
(a) Kubelka-Munk plots for Fe2O3-ZnO films; (b) Photodegradation performances of the Orange II degradation 
under UV light irradiation for Fe2O3-ZnO films; (c) Photocatalytic test of Fe2O3-ZnO films photocatalysts for 
Orange II dye degradation under visible-light illumination; (d) FESEM images of the top view of Fe2O3-ZnO-S12 
samples. Reproduced with permission from [35].
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The surface morphologies influence the different photodegradation performances 
for the obtained samples under UV and visible light irradiation [35]. For example, the 
good photocatalytic performance obtained for the Fe2O3-ZnO-S12 sample is related 
to its well-shaped rod-like structure and hierarchical microstructure, as shown in 
the marked red rectangle in Figure 1d. Indeed, it is well known that the hierarchical 
structures present a highly organized structure, which allows an increase in the rate 
of mass transfer for reactant adsorption, increases the specific surface, and strongly 
favors efficient harvesting of light [36]. Thus, enhancing the photocatalytic proper-
ties. Furthermore, the high photodegradation efficiency of the Fe2O3-ZnO-M sample 
is attributed to the synergistic effect of ZnO and Fe2O3 phases to form a heterostruc-
tured catalyst, which allows a better separation of photogenerated electron/hole pairs, 
and thus a better photodegradation performance.

In addition, Suryavanshi et al. [37, 38] successfully synthesized stratified  
Fe2O3/ZnO thin films onto FTO coated glass substrate by chemical spray pyrolysis 
technique for subsequent study as photoelectrode in photoelectrocatalytic degrada-
tion of benzoic acid (BA), salicylic acid (SA) and methyl orange (MO) under solar 
illumination. The FE-SEM image of Fe2O3/ZnO heterostructure thin film is shown 
in Figure 2a. A morphology composed of grains randomly distributed on the film’s 
surface was observed, which was helpful in the case of photocatalysis for the degra-
dation of organic pollutants. Besides, the heterostructure morphology was slightly 
different from bare Fe2O3 and ZnO thin films. The variation of the morphologies for 
the thin films could be related to the lattice structure and defects produced during 
the deposition of films and the subsequent nucleation and growth [39]. Besides, the 
cross-section image of Fe2O3/ZnO film shown in Figure 2b reveals that the thickness 
obtained was about 2.04 μm.

The photoelectrocatalytic degradation experiment was carried out using a 
photoelectrochemical reactor model under the solar light illumination to investigate 
the photocatalytic activity of a large area deposited Fe2O3/ZnO photoelectrode. A 
constant bias (1.6 eV) was applied during the experiment to decrease the electron-
hole recombination and increase the electrochemical reaction rate. During the 
experiments, it is observed that the concentration of pollutants decreases due to 
their photoelectrochemical oxidation. Figure 3a-c show the extinction spectra of 
benzoic acid, salicylic acid, and methyl orange for heterostructured Fe2O3/ZnO 
photoelectrode, respectively. It is observed that extinction peak intensity decreases 
over time due to the decomposition of pollutants. The inset plot in Figure 3a-c show 
the degradation efficiency versus reaction time of BA, SA, and MO dye for Fe2O3/

Figure 2. 
FESEM image of (a) top and (b) cross-section view of stratified Fe2O3/ZnO thin films. Reproduced with 
permission from [38].
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ZnO photoelectrode. Degradation efficiency (%) of pollutants was calculated using 
the following Eq. (1) [40]:

 
( )  −

= × 
 

0

0

Degradation efficiency % 100tC C
C  (1)

Where, C0 represents absorbance at t = 0 min, Ct is the absorbance at time t (reac-
tion time). As shown in Figure 3, the prominent absorption peaks of BA, SA, and MO 
dye observed at 230 nm, 302 nm, and 462 nm, respectively, decrease continuously 
concerning the reaction time using stratified Fe2O3/ZnO photoelectrode. The degra-
dation graph shows that there is 74% degradation of BA, 80% degradation of SA, and 
98% of MO dye in 320 min for the first two and in 80 min for the dye, respectively.

The higher degradation efficiency for the heterostructure Fe2O3/ZnO occurs due to 
the photogenerated electron and holes can easily transfer from the conduction band 
(CB) of Fe2O3 to the CB of ZnO and from the valence band (VB) of ZnO to the VB of 
Fe2O3, respectively. This charge transfer is possible due to the valence and conduction 
band of Fe2O3 being located at higher positive potentials than that of ZnO. As a result, 
more separation of photogenerated electron-hole pairs takes place improving the 
photocatalytic performance. Then, on the surface of the photocatalyst, photogen-
erated holes directly interact with adsorbed H2O onto the surface of the photoelec-
trode to produce a large amount of hydroxyl ( •OH ) radicals; meanwhile, electrons 
transfer towards the counter electrode where they can interact with the oxygen 

Figure 3. 
Extinction spectra of (a) BA; (b) SA, and (c) MO as a function of wavelength at various time intervals. The 
percentage degradation using the photoelectrocatalytic degradation process is shown as insets. Reproduced with 
permission from [37, 38].
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present in the atmosphere to produce oxygen radical anions ( −
2O ). Finally, the 

resulting ( •OH ) radicals can react with organic pollutants present in the wastewater 
to degrade them into less harmful products such as H2O and CO2 [41].

TiO2 is another semiconductor used as a coupling for Fe2O3-based photocatalysts 
to improve their photocatalytic activity. Wannapop et al. [42] fabricated Fe2O3/TiO2 
thin films for degradation of Rhodamine B (RhB) dissolved in water under UV light 
irradiation. In this research, photoluminescence (PL) measurements were carried out 
to evaluate the separation and recombination of photogenerated carriers, wherein a 
stronger emitted signal is related to a faster electron-hole recombination rate [42, 43]. 
The PL spectra obtained from the samples are shown in Figure 4a. The results indi-
cated that most Fe2O3/TiO2 films showed a lower emission intensity. Hence, the Fe2O3/
TiO2 heterostructures would have a low recombination rate of electrons and holes, 
improving the photocatalytic activity of the obtained films.

Furthermore, Figure 4b presents the degradation profile plotted as C/C0 versus 
irradiation time, where C is the concentration of RhB at the irradiation time (t in h), 
and C0 represents the initial concentration of RhB. After 5 h of irradiation, rhoda-
mine was degraded to a maximum of 63% using Fe2O3/TiO2 heterostructured photo-
catalysts. In addition, the stability of films was also studied, wherein after three cycles 
of use, the efficiency of RhB degradation was decreased by 28% compared to the first 
usage.

Costa et al. [44] investigated the photocurrent response of heterostructured 
photoanodes composed of Fe2O3/WO3 and WO3/Fe2O3, deposited onto FTO-glass. The 
heterostructure films were investigated as photocatalyst material for Rhodamine B 
(RhB) dye degradation in an aqueous solution. Significantly, the order of the semi-
conductor layer influences the flat-band potential (Efb) positions and consequently 
changes the charge mobility in the electrode (photoanode). Under this study’s condi-
tions, the heterostructured WO3/Fe2O3 film showed reduced charge recombination 
and increased photocurrent. Therefore, WO3/Fe2O3 heterostructure film showed 
superior photoelectrocatalytic efficiency for RhB dye degradation (32%) in compari-
son to Fe2O3 or Fe2O3/WO3 heterostructure film, as shown in Figure 5.

Heterostructures based on Fe2O3 can also be used to decompose toxic metal ions 
from wastewater as Cr, Pb, and Hg [45–47]. Particularly, the presence of Cr(VI) above 
0.05 mg/L (WHO standard) in drinking water is lethal mutagenic and carcinogenic 
to human beings [48]. In comparison to Cr (VI), the trivalent chromium (Cr(III)) is 
less harmful. Therefore, reducing Cr(VI) to Cr(III) has become an emerging research 

Figure 4. 
(a) Photoluminescence (PL) spectra of Fe2O3/TiO2 heterostructures and (b) Photodegradation curves of RhB over 
Fe2O3/TiO2 heterostructures photocatalysts. Reproduced with permission from [42].
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topic in the environmental field. Consequently, Jana et al. [49] constructed a novel 
heterostructure based on NiO/Fe2O3 thin film, which was employed in the photore-
duction of Cr(VI). Thin films were used in this research to overcome the drawbacks 
related to material recovery and agglomeration during the photocatalysis process 
observed when powders are used as photocatalysts [50].

The photocatalytic reduction spectra of aqueous Cr(VI) (5 × 10−4 mol/L) at pH 2 
under visible light irradiation in the presence of NiO/Fe2O3 heterostructures is shown 
in Figure 6. The results reveal that the absorption spectra of Cr(VI) centered at 
350 nm decrease with the exposure time (Figure 6a), as well as the NiO/Fe2O3 thin 
films show the remarkable photo-reduction ability of approximately 100% within 
90 min of visible light irradiation as shown in Figure 6b. A blank experiment (i.e., 
only light irradiation without catalyst) showed that no change in absorption of 
Cr(VI) was observed under the control experimental conditions, corroborating that 
the removal of aqueous Cr(VI) was truly driven by a photocatalytic process, rather 
than simple physical adsorption of Cr(VI).

Figure 5. 
Efficiency in the degradation of RhB dye in aqueous solution during polychromatic irradiation by photolysis, 
heterogeneous photocatalysis (HP), and electro-assisted heterogeneous photocatalysis (EHP) using FTO/Fe2O3, 
FTO/Fe2O3/WO3, and FTO/WO3/Fe2O3 electrodes. Reproduced with permission from [44].

Figure 6. 
(a) Photocatalytic reduction of 5 × 10−4 M Cr(VI) in the presence of NiO/Fe2O3 heterostructure thin films. (b) 
Reaction profile of Cr(VI) reduction against specific time intervals for the different samples obtained. Reproduced 
with permission from [49].
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Photocatalytic reduction of Cr(VI) to Cr (III) is principally promoted by photoex-
cited electrons generated after light illumination. The proposed schematic diagram 
can explain the possible mechanism well, as illustrated in Figure 7. When the NiO/
Fe2O3 thin films are irradiated from the light source, photogenerated electrons on the 
conduction band (CB) of Fe2O3 are transferred to the CB of NiO to decrease potential 
energy, and holes on the valence band (VB) of NiO migrate to the VB of Fe2O3 
simultaneously. After that, CB electrons of NiO readily react with O2 forming 

−
2O  and 

other active species. Furthermore, CB electrons also directly react with Cr(V) and 
Cr(IV), in agreement with the observations proposed in previous works [51, 52]. This 
easy cyclic transport of electron-hole within NiO/Fe2O3 matrix enables the separation 
of photogenerated electrons and holes, which reduces electron-hole recombination, 
thus improving the photoreduction efficiency of the heterostructure.

Furthermore, the stability of the as-synthesized thin films after photocatalytic 
reduction of Cr(VI) was studied. The results reveal that the photocatalytic activity of 
NiO/Fe2O3 thin films decreases after six cycles of photoreduction of Cr(VI), attrib-
uted mainly due to the deposition of small amounts of Cr(III) onto the surface of 
NiO/Fe2O3 after each cycle.

3. Heterostructures based on CuO

Copper oxide (CuO) is an important p-type semiconductor with a narrow bandgap 
of 1.3–2.2 eV, large absorption of visible light, low cost, uncomplicated fabrication, 
and low toxicity. It has been widely investigated as photocatalysts in the photocata-
lytic degradation of organic pollutants in wastewater [53, 54]. Besides, CuO generates 
a high photocurrent compared to α-Fe2O3 [54]. However, the photocatalytic activity 
of the bare CuO is still low due to its high photoexcited electron-hole recombination 
[55]. Therefore, prevention/slowdown of the rate of recombination of photogenerated 
electron-hole pairs is an important parameter in aiming for superior photocatalytic 
activity. Recently, creating a heterostructure by coupling an n-type semiconductor 

Figure 7. 
Schematic representation of band diagram and photodecomposition pathway of NiO/Fe2O3 heterostructure 
photocatalyst; where ϕ, VD, EF, and Eg represent work function, contact potential, Fermi level and band gap. 
Figure adapted from [49].



Thin Films - Deposition Methods and Applications

140

with p-type CuO may represent an effective strategy for enhancing the stability of 
the photogenerated electron-hole pairs. Indeed, many studies have been focused on 
developing heterostructure CuO-based composite photocatalysts for photocatalytic 
applications, such as CuO/ZnO, CuO/TiO2, CuO/Cu2O, CuO/WO3, CuO/CeO2 and 
CuO/SnO2 [56–61].

For example, Selleswari et al. [61] fabricated CuO/SnO2 heterostructure thin films 
by spray pyrolysis technique and found that the efficiency of photodegradation of 
Congo-red (CR) and Malachite green (MG) under UV light irradiation was improved 
compared to pristine CuO and SnO2. The degradation efficiency of the CuO/SnO2  
(1:1 ratio) heterostructure was 90 and 97% for the MG and CR dyes, respectively 
(Figure 8a and b, respectively). Besides, after seven photocatalytic degradation 
cycles, no significant decrease in the photocatalytic activity of the heterostructure 
was observed (only a loss of 3–5%), as shown in Figure 8c and d.

The enhanced photocatalytic activity of the heterostructure is attributed to its 
synergistic action on the specific adsorption property and low recombination prob-
ability of photo-generated carriers due to the efficient charge transfer between CuO 
and SnO2.

Additionally, ZnO is another semiconductor used as a coupling for CuO-based 
photocatalysts. In particular, Nguyen et al. [62] investigated the photocatalytic activ-
ity of ZnO/CuO thin films fabricated onto a glass substrate by sputtering, thermal 

Figure 8. 
Degradation profile of (a) Congo-red and (b) Malachite green dyes; seven cycles segment for degradation of (c) 
Congo-red and (d) Malachite green under UV light irradiation for CuO, SnO2, and CuO/SnO2. Reproduced 
with permission from [61].
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annealing, spin coating, and simple hydrothermal methods. The optical absorption 
analysis shown in the spectra in Figure 9a reveals that the ZnO/CuO heterostructure 
film has a broad absorption range and the highest optical absorption compared to 
ZnO film and CuO film. This phenomenon can be explained by the attributions of 
the high surface roughness of the ZnO film in the heterostructured ZnO/CuO film, 
which can reduce the optical reflection on the surface of the composite film [62]. 
Furthermore, the photocatalytic activities of the fabricated samples were examined 
by the rate of degradation of RhB dye under simulated solar irradiation. Figure 9b 
shows the degradation efficiencies calculated for CuO, ZnO, and ZnO/CuO thin films, 
where the values obtained after 120 min of illumination were 55, 78, and 93%, respec-
tively. The improvement in the degradation efficiency of this heterostructured film 
was mainly ascribed to the effective suppression of the electron-hole pairs recombina-
tion and its higher photon absorption. Besides, Figure 9c shows the cycling photodeg-
radation of the ZnO/CuO thin film, obtaining that after three cycling experiments, 
the film maintains good degradation efficiency for dye contamination, demonstrating 
that this new material is a highly photostable and reusable photocatalyst.

Another heterostructures based on CuO and CuO2 thin films used in the degra-
dation of organic pollutants was proposed by Khiavi et al. [58]. In this research, a 
photocatalyst was developed by integrating cupric oxide (CuO) and cuprous oxide 
(Cu2O) thin films, which showed superior performance for the photocatalytic degra-
dation of methylene blue (MB) compared to CuO and Cu2O pristine photocatalysts. 
As shown in Figure 10a, Cu2O was deposited on top of the CuO thin films due to the 
lower optical absorption of Cu2O than CuO, a greater bandgap of Cu2O (~2.2 eV) 
than CuO (~1.6 eV), and a longer carrier diffusion length of Cu2O (~500 nm) than 
CuO (~200 nm). The MB concentration change as a function of the photocatalytic 

Figure 9. 
(a) Absorption spectra; (b) photodegradation of RhB; (c) recycling photodegradation of CuO, ZnO film, and 
ZnO/CuO heterostructure thin films. Reproduced with permission from [62].
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degradation time under visible light was plotted and is shown in Figure 10b. The 
results showed that the MB degradation rate by the CuO/Cu2O heterostructure was 
almost twice that of the bare semiconductors. The enhanced photocatalytic activity 
for CuO/Cu2O heterostructures can be attributed to the improved separation of pho-
togenerated electrons and holes, where the interface between Cu2O and CuO acted as 
a key parameter for this separation. Meanwhile, higher absorption of visible light was 
achieved based on the difference in the energy levels of their conduction bands and 
valence bands.

Photocatalytic reduction for removing toxic metals from wastewater is considered 
one of the most attractive methods because of its low cost and ease of operation 
[63–65]. In particular, heterostructures based on CuO are suggested as promising 
materials for metal ion reduction under visible illumination [66–68]. For instance, 
Ghosh and Mondal [69] developed a unique binary heterostructure-based photo-
catalyst consisting of Cu7S4/CuO and explored its application in the photocatalytic 
reduction of Ni (II) under visible light. The results observed in Figure 11a reveal that 
Cu7S4/CuO films exhibit better photocatalytic performance than pure Cu7S4 and CuO 
films. The removal rate of Ni(II) for pure Cu7S4 film is 84% at 90 min and 89% for 
pure CuO films at 75 min, while for the Cu7S4/CuO heterostructure, the removal rate 
increased to 95% at 60 min. Likewise, these authors fabricated a thin-film TiO2/CuO 

Figure 10. 
(a) Cross-sectional TEM image of the fabricated heterostructure CuO/Cu2O thin film photocatalyst; (b) MB 
degradation profiles for different irradiation times for CuO, Cu2O, and CuO/Cu2O samples. Reproduced with 
permission from [58].

Figure 11. 
Reaction profile for the photocatalytic reduction of Ni (II) in the presence of (a) Cu7S4/CuO and (b) TiO2/CuO 
heterostructure films under visible light irradiation. Reproduced with permission from [69, 70].
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heterostructure on an FTO glass substrate [70] and found a faster reduction of Ni(II) 
than in single films. The total decrease of Ni2+ by pure TiO2 was only 23% after 45 min 
of light irradiation, and for pure CuO, it extended up to 78% for the same period 
(Figure 11b). Meanwhile, for TiO2/CuO heterostructure, the degradation further 
increased up to 95% simultaneously.

The increase in photocatalytic performance for heterostructures in both cases 
happened due to the effective separation of electron-hole pairs by the junction 
to lower their recombination rate, thus, paving the way for better reduction. 
Specifically, a possible mechanism of Ni2+ reduction by the Cu7S4/CuO heterostruc-
ture catalyst was described. When both semiconductors are simultaneously excited 
by the absorption of photons under visible light irradiation, electron-hole pairs are 
created. Subsequently, the photogenerated electrons from the conduction band of 
Cu7S4 get easily transferred to the conduction band of CuO. While, the respective 
holes in the valence band of CuO would move upward in energy to the VB of Cu7S4, 
which retards the recombination of photogenerated electron-hole pairs. Then, the 
reduction of Ni(II) ions to Ni(0) can occur by the photogenerated electrons on the 
heterostructure surface. At the same time, the holes oxidize water to oxygen or 
organic compounds to CO2.

Moreover, Pastrana et al. [71] fabricated heterostructures based on CuO/α-Fe2O3 
by dip-coating technique. Due to their rough structure, these heterostructures pres-
ent efficient and fast arsenic removal performances compared to pure oxides. The 
removal of arsenic was attributed to the direct absorption of As(III) on thin films and 
the photocatalytic oxidation of As(III) to As (V). The results shown in Figure 12a 
indicate that the highest absorption efficiency obtained for the CuO/Fe2O3 hetero-
structures was approximately 85% within the first 20 min of irradiation; after that, 
the arsenite removal efficiency remains relatively constant. Besides, removal  
tests in the darkness were performed, obtaining removal efficiency below 10% 
(see Figure 12b), corroborating that the heterostructures photoactivity effectively 
enhanced the adsorption. The higher removal efficiency of heterostructures com-
pared to pristine oxides is mainly due to roughness and the slower recombination of 
electron-hole pairs for the heterostructures. Many researchers claim that the increase 
of the surface roughness may favor the adsorption of molecules on the surface films 
[71] and that the inhibition of recombination of charge carriers will produce a more 
significant amount of reactive oxygen species, which are intermediates to oxidize 
As(III) to As(V) [72].

Figure 12. 
Effect of contact time variation on As(III) removal efficiency on α-Fe2O3 and α-Fe2O3/CuO heterostructure thin 
films. Reproduced with permission from [71].
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4. Summary and outlook for future directions

In this review, we presented an overview of research developments in 
the  fabrication of heterostructures based on CuO and α-Fe2O3 thin films for 
 photocatalytic applications in wastewater treatment, such as photodegradation 
of organic pollutants and photoreduction of metal ions. According to the pres-
ent study, a great number of researches related to efficient heterostructured 
 photocatalysts based on CuO and Fe2O3 thin films have been reported. The 
improvement in photocatalytic activity is mainly attributed to the better light 
absorption and the efficient separation/transport of electron-hole pairs, and some 
examples are highlighted in this review. However, even though significant prog-
ress has been achieved in studying CuO-based and Fe2O3-based heterostructured 
photocatalysts based, improving these thin film-type heterostructured photocata-
lysts still presents challenges. Therefore, to resolve these drawbacks, it is necessary 
to consider the following aspects carefully: (1) the quantum efficiency of these 
heterostructures is still low compared to utilizing solar energy with high efficiency. 
Thus, a better understanding of the dynamic behavior of photogenerated carriers 
in the interface and surface of these types of heterostructures is required; (2) the 
catalyst’s reusability, longevity, and stability should be emphasized in terms of 
practical applications and (3) more research should be developed to improve 
the scale production of these heterostructures, as well as its economic feasibility 
and long-term durability for the treatment of real industrial wastewater in the 
coming years.

In addition, we also propose some areas for future investigation, for instance, 
(1) to overcome disadvantages and improve their catalytic performance, the 
heterostructures based on CuO and Fe2O3 thin films can be modified via doping 
and the formation of ternary heterostructures by combining them with other 
semiconductors, graphene or other carbon-based materials; (2) the production 
of these heterostructures onto a variety of substrates, could be another 
interesting approach for photoelectrocatalysis or photocatalysis applications, 
as well as convenient to reuse the catalyst; (3) guide future research in the 
use natural sunlight, due to its abundance, as a source of illumination instead 
of commercially simulated sunlight and (4) carrying out research related to 
computational calculation and design forms of heterostructures based on CuO 
and Fe2O3 thin films will us get an extensive perception of the system and charge 
transportation kinetics in these materials, as well as clarify the correct vision 
of photocatalytic processes in CuO-based and Fe2O3-based heterostructured 
photocatalysts thin films.

In conclusion, this article has summarized the current efficient developments 
in the fabrication and application of photocatalysts of CuO-based and Fe2O3-based 
heterostructures thin films. Both CuO and Fe2O3 are non-toxic, cost-effective, and 
photoactive materials under UV/visible/solar irradiation, making them recommended 
semiconductors for heterostructures formation. However, it is still necessary to 
improve certain drawbacks in search of the more remarkable development of 
heterostructured systems based on CuO and Fe2O3 thin films with high efficiency 
and stability. If these objectives are achieved, these heterostructures will be used 
in industrial water treatment systems in some years. Finally, the implicit final aim 
of this review was not only to summarize the state of the art but also to stimulate the 
readers and arouse their curiosity, leading them to investigate this particular class 
of nanomaterials in greater detail.
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Abstract

Transparent conductive oxide (TCO) electrodes are key components in the fabrication 
of optoelectronic devices such as organic photovoltaic cells (OPVs) or organic emitting 
devices (OLEDs). Pulsed laser deposition (PLD) results in TCO coatings with adequate 
optical and electrical properties, the preservation of the target chemical composition 
in the transferred films being the major advantage of this technique. Furthermore, the 
performance of the optoelectronic devices can be enhanced by patterning the TCO 
electrodes. Indium tin oxide (ITO) remains the most popular TCO due to its high conduc-
tivity and transparency. The scarcity of the indium resources encouraged the efforts to 
find an alternative to ITO, a promising candidate being Al-doped ZnO (AZO). Therefore, 
this chapter is focused on PLD deposition of TCO films (ITO and AZO) on patterned 
glass substrates prepared by ultraviolet nanoimprint lithography (UV-NIL) for obtaining 
transparent electrodes with improved characteristics, which further can be integrated in 
optoelectronic applications.

Keywords: pulsed laser deposition, patterned transparent conductive oxides, ITO, 
AZO, ultraviolet nanoimprint lithography

1. Introduction

Organic optoelectronic device such as organic photovoltaics (OPVs) and organic 
light-emitting devices (OLEDs) focused over the past few decades the attention of 
both academia and industries due to the possibility to fabricate flexible, transparent 
devices on large area using low-cost solution processes, leading to cost-effective pro-
duction [1, 2]. At this stage, in the OPV field, a major concern regards the fabrication 
of flexible structures with high efficiencies for various applications [3]. Although, 
OPV with efficiency over 18% has been reported in 2021 [4], further improvements 
are still needed for making them a real alternative to other photovoltaic cell (PV) 
technologies (PV based on silicon, PV based on perovskites, etc.). The improvements 
can be linked to: (i) the type of the organic materials used in the fabrications of the 
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PV structures; (ii) the deposition techniques used to obtain the organic component as 
films; and (iii) the different approaches used for enhancing the absorption in the PV 
structure such as antireflection coatings, back-reflectors, or the surfaces patterning 
(texturing) [5, 6]. In the PV structures, the thickness of the organic active film is lim-
ited by the low carrier mobility and the short exciton diffusion length [7]. An increase 
in the film thickness leads to a lowering in the device efficiency, while a decrease in 
the film thickness results in a poor absorption. Lately, some studies reported that the 
nanopatterning of the transparent electrodes increases the optical path length of light 
inside the active material improving the performances of the devices [6, 8].

Different optical approaches and structures such as microlens, nanostructured 
electrodes, scattering layers were used in the field of OLEDs to improve the light 
extraction efficiency of the devices [9, 10]. The light extraction efficiency is one of 
the most important parameters of OLED, defined as the ratio of the total number of 
photons emitted by the OLED and the total number of photons generated within the 
organic emitter [10, 11]. Thus, the majority of the generated photons in the organic 
layers are confined inside the device due to the total internal reflection, which takes 
place at the glass/air and organic/layer substrate interfaces owing to the mismatch of 
the refractive index [12]. In this way, almost 30% of the emitted photons are trapped 
in the glass substrate (glass mode), while a 50% are trapped at the organic/anode 
interface (waveguide mode). Therefore, various methods were used to extract more 
efficiently the light from the OLEDs [9, 13].

Transparent conductive electrodes (TCE) play a key role in the development of 
optoelectronic devices such as OPVs, OLEDs, touch screens, electrochromic devices, 
heat mirrors, smart windows, and so on [14–16]. Over time, various materials such 
as metal oxides, ultrathin metals, metal nanowires, graphene, carbon nanotubes, 
conductive polymers, etc., were deposited and investigated as TCE [1, 14]. However, 
indium tin oxide (ITO) remains the most commonly used TCE due to its remarkable 
properties such as high transparency (90% at 550 nm wavelength), adequate sheet 
resistance (10–30 Ω/□), work function (4.7 eV), and reduced roughness (<1 nm) 
[17, 18]. Besides that, aluminum-doped zinc oxide (AZO) is a suitable metal oxide 
for replacing ITO since this material met the necessary criteria regarding the high 
transparency and the electrical resistivity [19, 20].

Transparent conductive oxide (TCO) films can be deposited by numerous 
chemical and physical methods such as sol-gel [21], spray pyrolysis [22], magnetron 
sputtering [23], chemical vapor deposition (CVD) [24], atomic layer deposition 
[25], pulsed laser deposition (PLD) [20], etc., each of them having both advantages 
and limitations. PLD is a versatile technique used in the deposition of high-quality 
films based on ITO, AZO, indium-doped zinc oxide (IZO), Ga-doped ZnO (GZO), 
indium gallium zinc oxide (GIZO), ZnO-Y2O3 (YZO), the obtained TCO layers having 
adequate properties for optoelectronic device area [26–30].

Patterning techniques such as X-ray lithography, electron projection lithography, 
ion beam projection lithography, multiple e-beam lithography, extreme ultraviolet 
lithography, or nanoimprint lithography (NIL) are essential in the niche technology 
that manufactures high-volume and low-cost nanoscale devices [31–34]. The develop-
ment and improvement of NIL technique have extended the nanoscale fabrication 
from standard semiconductor devices for electronics and optoelectronics to complex 
ones for optics, plasmonics, microfluidics, or biomimetic area [35–39]. Among NIL 
technologies, ultraviolet nanoimprint lithography (UV-NIL) is an efficient technique 
because it allows the manufacture of a wide range of pattern sizes and shapes on  
different rigid or flexible substrates [34, 40].
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In this chapter, we present some of our contributions regarding the TCO layers 
deposited by PLD on flat and UV-NIL nanopatterned glass substrates. Therefore, 
metal oxides films (ITO and AZO) deposited by PLD were studied for emphasizing 
their potential applications in the field of optoelectronic devices such as OPVs and 
OLEDs.

2. Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a well-established method used to grow thin films 
from a wide range of materials, enabling a stoichiometric transfer of these. Although 
PLD was introduced in 1965, it was applied intensively in the late 1990s [41, 42]. PLD 
is a physical vapor deposition technique where an external high-power laser (typically 
an UV laser source) ablates a target based on a single or a combination of compounds 
depending on the desired composition of the film [43]. In comparison with other 
deposition methods such as sputtering, molecular beam epitaxy, chemical vapor 
deposition, or thermal evaporation, PLD has the following advantages: (i) any type of 
substrate can be used for depositing thin films; (ii) by using UV laser sources, a wide 
range of materials can be ablated; (iii) the pressure during the deposition process 
can be choose from 10−7 mbar up to 1 mbar; (iv) due to progressive growth with 
each laser pulse, a rigorous control of the thickness is possible; (v) the stoichiometry 
can be preserved or changed in a controlled manner during the deposition; (vi) the 
kinetic energy of the evaporated species can be moderated in order to control the film 
growth properties; (vii) a background gas can be used in order to obtain the adequate 
reactive atmosphere; (viii) multilayered thin films can be obtained by switching 
different target materials in the deposition cycle; and (ix) assure the purity of the 
initial composition because the ablation source is the light [42–45]. As any deposition 
technique, the PLD process has also some drawbacks: (i) limited deposition area for 
standard setups; (ii) the uniformity of the deposition is influenced by energy profile 
and inhomogeneity of the laser pulse; (iii) macroscopic and microscopic droplets are 
sometimes ejected from the target [45, 46].

PLD is a versatile method that proved its potential in different research areas 
considering that a wide class of the materials can be ablated using excimer lasers 
and deposited as thin films [42, 44, 47–53]. Thus, metal films, semiconductor films, 
superconductors, ceramic layers, oxides, insulators can be easily obtained by this 
laser technique [54, 55]. Moreover, nanostructures with different morphologies such 
as nanowires, nanoflowers, nanorods, nanotubes, and even quantum dots based 
on ZnO, ITO, graphene, molybdenum disulfide (MoS2), tungsten disulfide (WS2), 
cadmium selenide (CdSe) can be deposited by PLD [45, 47, 56–58]. The thin films 
or nanostructures fabricated by PLD were integrated in various devices: photovolta-
ics, environmental sensors, actuators, light emitters, ferroelectrics, photocatalysis, 
biomaterials, medical implants, etc. [45, 47, 59].

A common PLD deposition setup is depicted in Figure 1. Hence, the growth of the 
thin film is the result of the interaction between the laser beam and the target. When 
the laser fluence (the energy delivered per unit area at given pulse duration) reaches 
the ablation threshold, the vaporization of the material from the target surface 
takes place, process followed by the generation and expansion of the plasma plume. 
Further, the plasma species (free electrons, ions, neutral atoms, molecules) with 
appropriate energy nucleates on the deposition support [45, 59, 60]. In PLD, the film 
growth and the film quality depend generally on various experimental parameters: 
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laser fluence, laser wavelength, pulse duration, repetition rate, target-substrate 
distance, background gas and its pressure, quality of the target substrate temperature, 
etc. Because the influence of each deposition parameter on the properties of films 
deposited by PLD, from specific materials, was extensively discussed and analyzed in 
literature, in the following we briefly resumed their importance [42, 44, 47–53].

The laser fluence is one of the principal parameters because it impacts the kinetic 
energy of the species presented in the plasma plume and their movement toward the 
deposition substrate [52]. As was discussed by Schou, the chosen laser fluence must 
be high enough to induce target ablation but not so high to avoid the re-sputtering and 
possible implantation of some species in the film [53].

The laser wavelength is connected with the energy absorbed by the target mate-
rial [61], thinner films being obtained when the target material is transparent to the 
laser wavelength used during the deposition. Lower threshold fluences and also low 
ablation rates are obtained when short laser wavelengths are used [48]. Thus, the 
laser wavelength must be selected depending on the material type intended to be 
deposited.

The pulse duration parameter can be controlled to prepare films with expected 
performances. In general, nanosecond pulse lasers are implied in the PLD deposition 
[48]. When long laser pulses are implied, the absorbed laser energy firstly heats the 
target surface to the melting point, and afterward at the vaporization temperature, 

Figure 1. 
Schematic representation of PLD deposition chamber.
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the thermal wave penetrates the target and produces the melting of the material, 
evaporation appearing from the liquid phase. In the case of the femtosecond-pulse 
lasers, the vapor and plasma phases appear quickly, therefore the heat conduction is 
negligible, and as a consequence, the liquid phase is absent [62].

The pulse repetition rate influences the deposition rate, this being related to the 
duration necessary to get a specific thickness of the film [63]. The number of the 
particles, which are found as islands, grown firstly on the deposition substrate, sub-
sequently tend to diffuse and aggregate depending on the pulse repetition rate, a 
higher density of islands being favored by the increase of this parameter. Moreover, 
it was emphasized that using higher pulse frequencies, a high density of small-size 
islands can be obtained facilitating the diffusion of some adatoms from islands top 
to the substrate, in this way films characterized by a smooth surface being obtained. 
At lower pulse frequencies, a low density of islands is formed resulting in rougher 
surfaces [64].

Although some PLD films can be fabricated just in ultrahigh vacuum, most of them 
required a background gas; this parameter affects the plume dynamics and furthers 
the growth and properties of the films [52, 65]. The background gas decreases the 
kinetic energy of the species presented in the plasma plume, a high pressure of this can 
decrease the sputtering of the film, but at the same time can lead to the preferential 
diffusion of some species to the deposition support [53, 66]. Argon, helium, or nitro-
gen is frequently used in the PLD deposition, but the most studied gas is still oxygen, 
due to the possibility of producing films with controlled oxygen content [50].

The target-substrate distance influences the mass ratio of the species that reach 
the substrate, thus influencing the thickness of the obtained film. A higher distance 
is equivalent with a reduction of the deposited material while a lower distance has 
as effect a rebound of the species due to their high kinetic energies [67]. Thus, it is 
essential to choose an optimal target-substrate distance. Some studies show that TCO 
layers on flexible substrate characterized by cracks or peeling off are obtained when 
the deposition is performed at lower target-substrate distance (4 cm) while cracks-
free, smoother films are obtained at higher target-substrate distances (6 or 8 cm) [26].

The substrate temperature can influence the film growth and its surface morphol-
ogy [67]. Even if the deposition can be carried on at room temperature leading usually 
to amorphous films, it was highlighted that at higher substrate temperatures, the 
adatom mobility increased resulting in crystalline films [52, 67]. When the tempera-
ture of the deposition substrate is increased, even the low kinetic energy species can 
be capable of constituting uniform layers [47].

Accordingly, the optimal PLD deposition conditions for developing high-quality 
complex films from a large number of materials can be found by tuning the experi-
mental parameters involved in this laser process [50, 67].

3. Ultraviolet nanoimprint lithography (UV-NIL)

Nowadays, the transition from millimeter to micro and further to nano 
dimensions, the tendency to pass from rigid to flexible electronics, and also the 
continuous need of device enhanced efficiencies based on surface patterning using 
the principles of the plasmonic and photonic theories have forced the industry 
to search nanopatterning techniques that can be used in volume manufacturing 
[68]. In order to gain the industrial attention, these patterning techniques need 
to fulfill at least some key attributes such as: (i) high resolution; (ii) ability to 
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simultaneously pattern different types of structures; (iii) high throughput and low 
defectivity; and (iv) reduced costs [69].

Under the name “NIL” can be found the classical thee imprint techniques: micro-
contact printing (μ-CP), hot-embossing (also known as thermal NIL), and UV-NIL, 
but also the newly added roll imprint process, laser-assisted direct imprint, reverse 
imprint lithography, substrate conformal imprint lithography, ultrasonic NIL [32]. 
As a general definition, the nanoimprint lithography can be understood as a physi-
cal pressing process to replicate the master patterns into a polymer negative resist 
by thermal or ultraviolet curing [38]. Master is the name of the so called “mother” 

Figure 2. 
Schematic representation of UV-NIL process.
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template that is usually fabricated using electron beam lithography on silicon sub-
strates. From this master, in the case of UV-NIL, rigid or soft stamps (negative copies 
of the master pattern designs) based on elastomeric materials can be manufactured. 
Thus, common materials based on silicone polymers (usually modified formulas of 
polydimethylsiloxane), polyimides, or polyurethanes are applied as free-standing 
membranes or attached to a flexible or rigid backplane [33, 37, 38, 70]. Actually, 
these cheaper manufactured stamps are used in the lithography process reducing the 
production costs and thus prolonging the lifetime of the master, this being fabricated 
by more time-consuming and expensive methods.

The steps involved usually in the UV-NIL process are presented in Figure 2. 
Relatively simple, they can be described as follows: (i) spin-coating deposition of both 
primer and photoresist on the desired substrate, each followed by a heat treatment; 
(ii) alignment of the stamp with the coated substrate; (iii) adding them in contact, 
pressing and irradiating them with UV radiation; and (iv) detaching the mask after 
UV curing.

The advantages of using NIL in comparison to other photolithography techniques 
are arising from the fact that using a direct contact between the stamp and the coated 
substrate, the resolution is given by the resolution of the patterns existing on the 
surface of stamp, which can be beyond the diffraction limits or beam scattering. 
However, exactly this advantage can easily become the disadvantage of the tech-
nique due to the resist filling rheology behavior and demolding capabilities [32, 33]. 
Therefore, one of the common defect mechanisms that appear in the NIL processes 
is connected with the detachment of the stamp after resist curing, when the polymer 
may stick on the stamp surface due to the interfacial forces (adhesion and friction 
forces) that appear between the resist and the stamp material. Interfacial forces are 
strongly linked to the quality of the stamp (design, roughness, antisticking layer, and 
material type), to the resist material and to the residual stress that appears during the 
UV irradiation due to the shrinkage of the resist that makes the stamp to adhere more 
to the resist surface. Taking into account all these aspects, a special attention must be 
paid to the selection of the materials and the process parameters that must be opti-
mized in function of the stamp characteristics and pattern design [71, 72].

4.  Indium tin oxide (ITO) and aluminum-doped zinc oxide (AZO) films 
deposited by PLD on flat and nanopatterned glass substrates

ITO is the most widely used TCO due to its exceptional properties, a large number 
of papers being focused on it [73–76]. Several works reported on the PLD deposition 
of ITO films and on the correlation between the experimental parameters and their 
optical, structural, morphological, and electrical properties, some results being well 
summarized by Yap and Kim [47, 77, 78]. The best properties achieved for the ITO 
films deposited by PLD had over 90% transparency and 7.2 × 10−5 Ωcm electrical 
resistivity [18].

In the last decade, many attempts were made to replace ITO due to the indium 
sources depletion [79]. An adequate alternative for ITO seems to be AZO, a nontoxic 
material that can be found at low cost—its precursors being abundant compounds, 
and already successfully applied in the OPV and OLED areas [80]. AZO transparent 
films characterized by an adequate electrical resistivity were deposited by different 
methods on both rigid and flexible substrates, proving its compatibility for wear-
able electronics [20, 81–83]. PLD technique was also used in the deposition of AZO 
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layers on either rigid glass or plastic substrates with suitable optical and electrical 
properties [20, 26, 84].

In the following part, the preparation steps implied in the fabrication of ITO and 
AZO films by PLD on flat and UV-NIL nanopatterned substrates will be described 
[85, 86]. The patterns were fabricated on glass by UV-NIL (EVG 620 mask aligner) 
using the following procedure: (i) preheating of the glass substrate for 2 min at 150°C; 
(ii) spin coating of a primer to enhance the adherence of the polymeric photoresist 
film; (iii) deposition by spin coating of the UV-resist film that further is thermally 
treated for 30 s at 120°C; (iv) pressing the soft stamp (mold) with the pattern model 
over the photoresist film with an uniform contact pressure (100 mbar); (v) exposure 
of the photoresist layer at UV light for 90 s; and (vi) removal of the soft mold [87]. As 
can be seen in the field emission scanning electron microscopy (FESEM) images from 
Figure 3, a periodic array of pillars having ~350 nm in diameter and ~ 1100 nm dis-
tance between pillars were fabricated on glass substrate by this procedure. The height 
of the pillars was estimated at ~250 nm from the cross-sectional FESEM images given 
in Figure 4. The quality of the patterns (height, diameter, distance between pillars) 
imprinted onto photoresist depends on the experimental conditions mentioned above 
in the UV-NIL process.

Further, TCO layers were deposited on both flat and UV-NIL patterned glass 
substrates by a PLD system using an excimer laser with KrF (248 nm wavelength, 
25 nm pulse duration, COMPex-Pro 205, Coherent Inc.) [85, 86]. The TCO solid 
targets (SCI Engineered Materials) were formed by In2O3:SnO2 = 90%:10% weight 
(ITO) and ZnO doped with 2% Al (AZO), the laser beam being directed on the target 
surface with a MgF2 lens having 300 mm focal length placed outside of the deposition 
chamber. During the deposition, the solid targets were rotated to avoid their local 

Figure 3. 
FESEM images (at different magnifications) of the periodic pillars array obtained by UV-NIL method on glass 
substrates.
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damage. For comparison, both types of substrates were coated with TCO layers in the 
same deposition cycle.

The ITO solid target placed at 5 cm distance toward substrate holder was irradi-
ated with 7000 pulses under 45° incidence angle, the laser working at 10 Hz repetition 
rate into a deposition chamber filled with oxygen 6.0 at 1.5 Pa pressure and working 
with a low laser fluence of 1.2 J/cm2 [85]. The oxygen pressure was selected in order to 
obtain a low electrical resistivity, at room temperature (RT), as was mentioned in the 
reference [78]. The ITO layer thickness was estimated at ~340 nm as average media 
between the measurements made (with a profilometer) in three different points on 
the film deposited on flat glass substrate.

The AZO solid target placed at 8 cm distance toward substrate holder was ablated 
with 8000 laser pulse, a laser fluence of 2 J/cm2, and an oxygen pressure of 1 Pa [86], 
the values being selected based on other preliminary results where films characterized 
by a high transmittance were fabricated using these experimental conditions [84]. 
The AZO layer thickness was estimated at ~300 nm from the interference fringes 
observed in the UV-VIS spectra considering two consecutive maxima and minima and 
the refractive index = 1.8 for AZO film with 2% Al content [88].

The TCO layers deposited by PLD were labeled taking into account the substrates 
type, flat (glass) or nanopatterned (NP-glass), as follows: ITO/glass, AZO/glass and 
ITO/NP-glass and AZO/NP-glass. The morphology and optical properties of the 
samples were investigated by field emission scanning electron microscopy (FESEM, 
Zeiss Merlin Compact field emission scanning electron microscope), atomic force 
microscopy (AFM, Nanonics Multiview 4000), and UV-VIS spectroscopy (Carry 
5000 Spectrophotometer).

The FESEM images from Figure 5 disclose that the ITO/glass (Figure 5 left) has a 
smooth surface while the AZO/glass (Figure 5 right) has a granular morphology, some 
particles being also presented on the surface of this sample. The results are in accor-
dance to data already reported for ITO and AZO layers deposited by PLD [18, 84] or by 
other deposition techniques [89, 90].

The AFM topographic images from Figure 6 were collected on ITO/glass  
(Figure 6 left) and AZO/glass (Figure 6 right), interpolated root mean square (RMS) 
having a low value in both cases, 1 nm and 2.8 nm, respectively. As was expected, in the 
case of ITO film, the RMS value is lower in comparison with ITO layers deposited by other 
techniques but in agreement with those calculated for ITO layers previously deposited by 
PLD [23, 78, 91]. It has to be mentioned that in the PLD, the resultant smooth surface is 
associated to the low energy density implied in the deposition process [91]. As was already 

Figure 4. 
Cross-sectional FESEM images (at two magnifications) of nanopatterned glass substrates.
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emphasized, such low roughness value is necessary for various applications being known 
that this parameter has a significant influence on optical and electrical properties of the 
deposited films. Thus, it was demonstrated that using a low laser fluence, ITO and AZO 
films characterized by a small roughness can be obtained by PLD at room temperature, 
making them suitable and compatible with flexible (plastic) substrates.

Analyzing the FESEM images of the ITO/NP-glass and AZO/NP-glass from 
Figures 7 and 8, respectively, it can be clearly seen that the patterns imprinted onto 
glass substrate are preserved during the TCO deposition by PLD. Considering that the 
TCO films are relatively thin (ITO ~ 340 nm and AZO ~300 nm), they tend to copy 
the topography of the substrate.

However, attention must be paid when the TCO layers are deposited on a patterned 
surface by PLD because the interaction between the ablated species, presented in the 
plasma plume, characterized by high kinetic energy and the deposition substrate can 
affect the growth of the film during the laser deposition [35, 92]. Thus, point defects 
can be formed due to species kinetic energy transfer toward the surface atoms [92]. 
In the PLD deposition on nanopatterned substrates, the first encountered layer is 
that based on photoresist (polymer) nanopillars. Nevertheless, the pillars are clearly 
observed in the FESEM images of the TCO deposited of nanopatterned glass sub-
strates, only a small change in their shape being noted (in the case of ITO/NP-glass 
from cylindrical into a pyramid trunk-like one). Both TCO films seem similar at lower 

Figure 6. 
AFM topographic images of ITO (left) and AZO (right) films deposited by PLD on flat glass substrates.

Figure 5. 
FESEM images of ITO (left) and AZO (right) films deposited by PLD on flat glass substrates.
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Figure 8. 
FESEM images (at different magnifications) of AZO films deposited by PLD on nanopatterned glass 
substrates.

Figure 7. 
FESEM images (at different magnifications) of ITO films deposited by PLD on nanopatterned glass substrates.
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magnification, some differences due to the film thickness and the specific morphol-
ogy being visible only at higher magnification. Thus, in comparison to the nanopat-
terned glass substrates, an enlargement in the pillars width and a narrowing in the 
distance between pillars are remarked, the TCO films tending to fill the space between 
pillars. Although the TCO films have thickness appropriate to the pillars’ height, these 
are not hidden by the deposited layers.

The optical transmittance is an essential criterion for the selection of the TCO 
films for their use in the field of OPV and OLED. Hence, the UV-VIS spectra of the 
prepared samples were presented in Figure 9. The TCO layers deposited on flat 
glass substrates are characterized by a transmittance over 80% for ITO and 75% for 
AZO in the visible part of the solar spectrum. Interference maxima are visible for 
both analyzed materials, their presence being associated with the uniformity of the 
deposited films [23]. This is not surprising, as it is known that high-quality layers 
can be obtained by PLD [93]. The refractive index (n) value was estimated from the 
interference maxima and minima with the Swaneopel method [94] as being ~1.9 for 
ITO/glass, value characteristic for this TCO films deposited by PLD. Kim reported 
that the n value depends on the Sn concentration in the targets and on the substrate 
temperature, for example, ITO films with low n were obtained increasing the sub-
strate temperature [78]. Additionally, the band gap value was estimated from the 
UV-VIS spectra. Thus, for ITO/glass, the band gap was estimated at ~3.65 eV, in agree-
ment with other results reported for ITO layers deposited by PLD or by magnetron 
sputtering, other technique frequently used to deposit commercially available ITO 
layers, with the same SnO2 content (10%) [23, 91]. It is well known that this oxide is 
a semiconductor characterized by a direct wide band gap that can exceed 3.0 eV [95]. 
According to the Burstein-Moss theory, the increase in the band gap is linked to the 
increase in the film’s carrier concentration [78].

Compared with the ZnO band gap value (3.3 eV [96]), the AZO/glass band gap 
was estimated at ~3.7 eV, similar to the value reported for AZO grown by PLD at room 
temperature and 1 Pa oxygen pressure [97]. Depending on the experimental condi-
tions, especially by the oxygen pressure and the substrate temperature, the band gap 
of the AZO films deposited by PLD can take value between 3.32 and 3.77 eV [98].

In the case of the TCO layers deposited on nanopatterned glass substrate, a 
lowering in the transmittance is noticed in the UV-VIS spectra compared with the 
ones deposited on flat glass substrates. Moreover, the pillars introduced additional 

Figure 9. 
UV-VIS spectra of TCO layers (ITO or AZO) deposited by PLD on flat (left) and nanopatterned (right) glass 
substrates.
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absorptions and reflections at interfaces [35]. The light couples to waveguide modes 
via diffraction and thus is trapped in the nanostructures, the pattern characteristics 
(mainly the period) affecting the optical properties of the films deposited on it 
[99]. Also, a shift of the absorption edge is visible for both transparent electrodes. A 
possible explanation for the peculiar behavior observed in the absorption edge shift 
of nanopatterned TCO (ITO/NP-glass to long wavelength region and AZO/NP-glass 
to short wavelength region) can be linked to the arrangement of the molecules inside 
the cavities determined by the nanostructuration. Thus, the interaction between the 
neighboring molecules can modify differently the energy levels of nanopatterned 
TCO with effect on their band gap.

Electrical properties of the prepared TCO layers are considered key features 
since, in the field of optoelectronic applications, conductive films are required. Hall 
measurements were performed on ITO/glass and ITO/NP-glass samples in order to 
analyze their electrical parameters, the obtained values being presented in Table 1.

In principle, the electrical resistivity values of ITO films deposited on flat and 
nanopatterned glass substrates are lower than ~4 × 10−4 Ωcm reported for ITO 
films deposited at room temperature by PLD [100] in the same conditions (laser 
wavelength, target composition, and repetition rate) with those used in our study. 
Interesting, the electrical resistivity value of ITO film deposited on flat glass substrate 
is nearly to that of ITO films deposited by PLD from targets with different SnO2 
content (5 or 10%) but with a heated substrate [18, 91, 101]. Kim carried on a com-
prehensive study regarding the influence of various experimental parameters such as 
oxygen pressure, SnO2 content, and deposition temperature on the resistivity of ITO 
films deposited by PLD [78]. Hence, this work shows that the resistivity of ITO film 
is influenced by the oxygen pressure through the number of the oxygen vacancies 
presented in the TCO layer. Also, the resistivity of ITO films is sensitive to the SnO2 
content, an increase up to 5% leads to the resistivity decrease while an increase above 
this percent results in the increase of resistivity because the concentration of the 
electron traps expands due to Sn excess [91].

The carrier concentration values of ITO films deposited on flat and nanopat-
terned glass substrates are in concordance with those reported usually on ITO films 
deposited by PLD [78]. The refractive index of ITO films is influenced by the car-
rier density, a reduction of this parameter being possible by increasing the electron 
density, which can be achieved by enlarging the Sn content from the deposition target 
up to a certain value [78].

The extracted Hall mobility values of ITO films deposited on flat and nanopatterned 
glass substrates are just a little smaller than other value reported for ITO films deposited 
by PLD [91] utilizing the same deposition target with that implied in our work. The low 
Hall mobility values of ITO films can be related to the carrier-carrier scattering [44].

Sample ITO/glass ITO/NP-glass

Resistivity (Ωcm) 1.8 × 10−4 2.8 × 10−4

Mobility (cm2/Vs) 10.6 15.1

Carrier concentration (cm−3) 3.3 × 1021 1.5 × 1021

Sheet resistance (Ω/sq) 5.3 8

Table 1. 
Electrical parameters of ITO films deposited by PLD on flat and nanopatterned glass substrates evaluated from 
Hall investigations.
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In the case of AZO film deposited on flat glass substrates, the resistivity was 
evaluated to be 2.4 × E−4 Ωcm using a Jandel four-point probe, the value being in 
the same range with others obtained for the AZO layers deposited by PLD on glass 
substrates [20, 102] using the same oxygen pressure with that applied in our study. 
A thoroughgoing study regarding the influence of the oxygen pressure on the optical 
and electrical properties of some AZO layers deposited by PLD was carried on in Ref. 
[102] pointing out that the films grown at a low oxygen pressure (under 3 Pa) have a 
compact structure characterized by a low resistivity.

5.  TCO layers deposited by PLD on flat and nanopatterned glass substrates 
for developing organic heterostructures

The TCO films (ITO and AZO) deposited by PLD on flat and nanopatterned 
glass substrates were used for developing organic heterostructures for optoelectronic 
applications. Schematic representation of two organic heterostructures and their 
I-V characteristics are given in Figure 10: one based on adenine (Ade), the nucleic 
acid base film being deposited on ITO by vacuum thermal evaporation [103], and 
another based on N,N′-di(1-naftalenil)-N,N′-diafenil-(1,1′-bifenil)-4,4′-diamina 
(α-NPD), 1,4-bis [4-(N,N-diphenylamino)phenylvinyl] benzene (P78) and 4,7 
diphenyl-1,10-phenanthroline (BPhen), the three stacked organic films being depos-
ited on AZO by matrix-assisted pulsed laser evaporation (MAPLE) [86]. For both 
organic structures, aluminum electrode (100 nm) was deposited by vacuum thermal 
evaporation.

Hence, in the case of adenine deposited on ITO/glass substrate, the I-V character-
istic (recorded in dark between −1 V and 1 V applied voltage) is changed from linear 
(at small voltage) to nonlinear at higher voltage (>0.5 V) probably due to the differ-
ent properties shown by the contacts ITO/adenine and adenine/Al [103]. Regarding 

Figure 10. 
Schematic representation of the organic structures using TCE deposited by PLD on flat and nanopaterned glass 
substrates and I-V characteristics recorded on representative organic structures (single organic film – blue curve 
and three stacked organic films – green curve).
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the electrode patterning, it is expected that this effect induces some changes in the 
electrical properties of the investigated structures by modifying the electrical field, 
which in turn can affect the charge carrier transport and their collection [104]. The 
scattering/recombination processes can be influenced by (i) the enlargement of the 
contact area between the nanopatterned TCO and the organic film, (ii) the change in 
the pathway of the charge carriers to the electrodes due to the presence of pillars; and 
(iii) the morphology of films characterized by grain boundaries. Compared with the 
structure prepared on ITO/glass electrode, the shape of the I-V characteristic of the 
structure deposited on ITO/NP-glass electrode was changed into a very close rectify-
ing diode behavior. At small voltage, a slow increase in the current value is noted 
at the same time with the voltage increase, while a faster increase in the current is 
obtained after 0.5 V probably due to the growth of the number of electrons that cross 
the barrier and are more easily collected to the patterned electrode [103].

Concerning N,N′-di(1-naftalenil)-N,N′-diafenil-(1,1′-bifenil)-4,4′-diamina, 
1,4-bis [4-(N,N-diphenylamino)phenylvinyl] benzene and 4,7 diphenyl-1,10-phen-
anthroline, an OLED-type structure was practically obtained using a hole transport 
layer (α-NPD), an emissive film (P78), and an electron transport layer (BPhen), 
respectively. Hence, the I-V characteristic plotted for the structure prepared on AZO/
glass electrode presents a diode behavior. The structure fabricated on AZO/NP-glass 
electrode evidenced an improvement in the current value (at 1 V), meaning that the 
electrode patterning influences positively the electrical properties of the organic 
structures obtained on it [86], the charge transport being favored by the enlargement 
of the contact area between the nanopatterned AZO and the organic films [35]. This 
improvement recorded in the current value could be reflected in the final perfor-
mances of the organic device fabricated on this type of nanostructured TCO.

Consequently, the optical and electrical properties of the organic structures 
fabricated on nanopatterned transparent electrodes can be enhanced due to the 
nanopatternation process. Taking into consideration that the organic heterostructures 
developed on TCO substrates are already part of our daily life (Heliatek company 
develops projects based on OPV solar films that can be attached in different loca-
tions or building facades or roofs [105], and LG Display produces OLED TV panels 
offering its OLED panels to other companies such as LG Electronics, Sony, Vizio, and 
Panasonic [106]), the organic layers deposited on patterned TCO can be also applied 
in the field of the organic optoelectronic devices.

6. Conclusions

TCO films (ITO and AZO) were deposited by PLD on flat and UV-NIL nanopat-
terned glass substrates, further these being used for developing organic hetero-
structures, which can find applications in optoelectronic device area. Thus, the glass 
substrates were patterned by UV-NIL technique, nanopillars arrays with suitable 
dimensions (width ~350 nm, height ~250 nm, and separation step(pitch) ~1100 nm) 
being fabricated. Although, the magnetron sputtering is preferred as deposition 
technique on large substrates, PLD is a viable alternative for fabricating high-quality 
TCO films with reduced roughness and appropriate optical and electrical properties 
by tuning the experimental deposition parameters such as: substrate temperature, 
oxygen pressure, target content, and laser fluence. Moreover, because the deposi-
tion of TCO films was carried at room temperature and the obtained TCO layers are 
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characterized by low electrical resistivity, this laser technique can be also applied in 
the TCO deposition on plastic substrates for developing flexible devices.

The investigations prove that AZO is suitable for replacing ITO in TCO domain 
considering that the deposited AZO layers are featured by similar optical and electri-
cal properties to those revealed by ITO layers.

Organic heterostructures were deposited on the fabricated TCO films (ITO and AZO) 
by vacuum thermal evaporation or matrix-assisted pulsed laser evaporation. The electri-
cal measurements show that the patterning effect improves the optical and electrical 
properties of the organic heterostructures obtained on the TCO layers. Consequently, 
compared with an organic structure developed on a flat TCO electrode, an organic 
structure fabricated on a nanopatterned TCO electrode can be more efficient in the 
optoelectronic device area.
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Chapter 9

Development and Applications 
of Aluminum Nitride Thin Film 
Technology
Cícero L.A. Cunha, Tales C. Pimenta  
and Mariana Amorim Fraga

Abstract

Aluminum nitride (AlN) thin films have aroused the interest of researchers 
due to their unique physicochemical properties. However, further studies on these 
semiconductor materials are still necessary to establish the manufacturing of high-
performance devices for applications in various areas, such as telecommunications, 
microelectronics, and biomedicine. This chapter introduces AlN thin film technology 
that has made a wide range of applications possible. First, the main physicochemical 
properties of AlN, its wurtzite crystalline structure, and the incorporation of oxygen 
during the thin film deposition process are presented. Furthermore, the growth of 
AlN films by different techniques and their applications as a buffer layer and sensing 
layer are summarized. Special attention was given to the sputtering deposition process 
and the use of sputtered AlN films in SAW sensors.

Keywords: aluminum nitride, wurtzite crystalline structure, sputtering, thin film, 
buffer layer, sensing layer, SAW sensors

1. Introduction

Aluminum nitride (AlN) thin films have attracted much attention due to their 
excellent properties suitable for the manufacture of devices, which meet various 
applications [1–7]. In addition to their properties highlighted in Figure 1, these mate-
rials have been much investigated due to their high piezoelectricity and high surface 
acoustic velocity (v⊥ = 5600 m/s and v∥ = 11,000 m/s) [2, 3], suitable electromechani-
cal coupling, chemical stability [3, 8–13] and good transparency in the region of the 
visible, infrared and ultraviolet [10, 13].

In recent years, AlN has been shown as an outstanding candidate for the develop-
ment of micro-electro-mechanical systems (MEMS), particularly surface acoustic 
wave (SAW) devices operating in high frequency and in thermally and chemically 
harsh environments [3].

It has been observed that the thin film deposition technique influences the preferred 
orientation of the AlN film. Different techniques, such as chemical vapor deposition 
(CVD), molecular beam epitaxy (MBE), and reactive sputtering (RF or DC, with or 
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without magnetron), have been used for the growth of AlN films [3, 12]. The advan-
tages of RF magnetron sputtering technique are that besides the deposition parameters 
can be easily controlled, it uses low temperature (<400°C) and has compatibility with 
CMOS technology [3, 9]. Generally, the deposition vacuum systems used in industries 
have limitations due to the use of large vacuum chambers and of the laborious tasks of 
environment cleaning processes (chamber, substrates, and everything other system 
parts). In deposition systems used in microelectronics applications, there is also the 
possibility of incorporation of oxygen in the films due to the native oxygen on the 
silicon wafers and the residual relative to the background pressure 1.33 × 10−4 Pa (≈10−6 
Torr). Thus, in these conditions, it is difficult to deposit crystalline and highly oriented 
textural AlN (100) films with low oxygen concentration in their structure, good stoichi-
ometry Al/N (≈1∶1), and thickness close to 500 nm [14, 15].

In this chapter, an overview of the AlN thin film technology is presented. First, 
the structure and orientation of AlN material are described. Next, the incorporation 
of oxygen in this material is discussed. The largest section of the chapter is devoted to 
the growth of AlN films and their use as a buffer layer and sensing layer. Finally, some 
examples of SAW sensors based on AlN films are presented.

2. Structure and crystal orientation of the AlN material

In the non-excited state, the aluminum has three electrons in its valence layer, 
distributed as 3s23p1, so it presents a sublevel s complete with two electrons and one 
p sublevel semi-complete with an electron and two p sublevels empty, as shown 
in Figure 2a. On the other hand, the nitrogen has five electrons in the valence 
layer distributed as 2s22p3, where the s sublevel is filled with two electrons and the 
three sublevels px, py, and pz are semi-complete with one electron each, as shown 
in Figure 1b. Now, in the excited state, the aluminum sublevels 3s23p1 rise to four 

Figure 1. 
Some properties of AlN.
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hybrids 3sp3 sublevels, in which three sublevels are semi-complete with one electron 
each, and the remaining sublevel 3sp3 is empty, as indicated in Figure 2a.

Also, the nitrogen hybridization rises sublevels 2s22p3, which yields four hybrids 
2sp3 sublevels; one is a 2sp3 sublevel full of two electrons, and three sublevels 2sp3 are 
semi-complete with one electron each. Therefore, in the bonds between the atoms of 
aluminum and nitrogen, as shown in Figure 2b, there are three covalent bonds between 
three semi-complete sublevels hybrids of one aluminum atom (atom 4) with three 
atoms of nitrogen (atoms 1, 2, and 3), forming a tetrahedron of a length l1 = 0.1885 nm 
and 110.5° angle. There is also one covalent bond between the empty hybrid sublevel 
of aluminum (atom 4) and the complete hybrid sublevel of nitrogen (atom 5), of ionic 
character, of length l2 = 0.1917 nm, and angle of 107.7° between l1 and l2. The nitrogen 
atom (atom 5) joins with three additional aluminum atoms (atoms 6, 7, and 8) through 
covalent bonds between semi-complete hybrid sublevels, forming another tetrahedron 
of length l1 and angle of 110.5°. The three aluminum atoms (atoms 6, 7, and 8) also bind 

Figure 2. 
Hybridization of aluminum and nitrogen. (a) Valence layer in the non-excited state and hybrid sublevels of 
aluminum, 3sp3, in the excited state. (b) Valence layer in the non-excited state and hybrid sublevels of nitrogen, 
2sp3, in the excited state.

Figure 3. 
(a) Bonds between aluminum and nitrogen atoms forming a hexagonal wurtzite AlN unit cell with the following 
lattice parameters a = b≅0.3100 nm and c = 0.4980 nm. (b) Bonds between atoms of aluminum and nitrogen 
form a prism of triangular base.



Thin Films - Deposition Methods and Applications

180

to other three nitrogen atoms (atoms 9, 10, and 11) through covalent bonds between 
the aluminum empty hybrid sublevel and the nitrogen complete hybrid sublevel, of 
ionic character, having a length of l2 and 107.7° angle between l1 and l2. Those 11 atoms 
of aluminum and nitrogen (atoms 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11) have the form of a prism 
of triangular base. This prismatic structure originates the wurtzite hexagonal AlN unit 
cell, as shown in Figure 3a, that presents the following lattice parameters a = b≅0.3100 
nm and c = 0.4980 nm. The orientation of the crystal axes and of the planes for the 
hexagonal unit shown in Figure 4a are (100, 001), respectively.

The vibrational phonon modes of the AlN film, E1(TO), and A1(TO) active in the 
IR are associated with the respective covalent bonds l1 and l2 as indicated in Figure 2b. 
In addition, they absorb energy according to the crystal orientation of the AlN film and 
polarization of the electric field of the IR beam, so this feature can be used to identify 
the preferred orientation of the film. In the IR analysis, the electric field of the beam is 
polarized in parallel to surface of the thin film, that is, the incident electric field is per-
pendicular to the c axis. The ratio between the energy absorbed by the phonon modes 
E1(TO) and A1(TO) is defined by Eq. (1).

 ( )
( )

1

1

Energy absorbed A TO
.

Energy absorbed E TOf
by

A
by

 (1)

If the ratio Af is much smaller than one, it indicates a high degree of AlN (001) 
crystalline orientation. On the other hand, fA  greater than one indicates a degree of 
AlN (100) crystal orientation. Thus, it can be concluded that when the phonon mode 
E1(TO) absorbs more energy than mode A1(TO), the crystalline orientation degree 
tends to AlN (001), whereas if phonon mode A1(TO) absorbs very more energy that 
mode E1(TO) the preferred orientation tends strongly to AlN (100).

Figure 5 shows, highlighted in red, the thin film growth units AlN (100) and AlN 
(001). The atoms and/or clusters of atoms, that reach the surface of the substrate and are 
adsorbed, move along the surface, colliding and combining, giving rise to nucleation, 

Figure 4. 
(a) Hexagonal unit cell of the AlN (a = b≠c, α = β = 90°, and γ = 120°) with your crystal axis a1, a2, and a3 plus 
the identification of the planes (100) and (001). (b) Vibrational phonon modes of the thin film AlN, actives in 
the IR, E1(TO), and A1(TO).
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which grows with the arrival of more species (atoms and/or clusters) forming larger 
nuclei (islands), that by coalescence end up forming a larger whole, until a continuous 
layer emerges, and this whole process repeats itself until a thin film is produced. A better 
explanation for the formation process of AlN (100)/Si (100) thin films, in which the 
c-axis is parallel to the substrate surface is: when the mean free path is much smaller than 
the target substrate distance, the collisions between Al and N species occur more often in 
the space between the target and the substrate, thus forming dimers many Al-N, which 
are deposited on the substrate and the AlN (100) preferential orientation is achieved [16]. 
When the species involved in the growth are atoms and ions, then during the growth of 
AlN (100), Figure 4a, there are four difficult depositions (atoms 5, 6, 7, and 8) and, in 
the case of AlN (001), Figure 4b, there are two difficult depositions (atoms 4 and 5); 
Consequently, this favors the growth of the AlN with the c-axis perpendicular to the 
surface of the substrate. If the species involved in the growth are dimers, Al-N, then in 
the formation of AlN (100), Figure 4a, we have two difficult depositions (dimers 5-7 and 
8-6) and in the formation of AlN (001), Figure 4b, two difficult depositions (dimers 4-3 
and 6-5) and also, since all bonds of the AlN (100) growth unit are difficult to break and 
in the growth AlN (001) unit only one ionic bond easy to break, the AlN film has a good 
chance of growing with the c-axis parallel to the surface of the substrate.

During the deposition of AlN films (reactive magnetron sputtering and RF source) 
the degree of crystal orientation of the AlN films, (100) and (001), is strongly influ-
enced by the energy of the species involved in the process. The energy of species that 
reach the substrate can be controlled by adjusting some parameters during deposition 
(i.e., mean free path, temperature, pressure, target-substrate distance). In this scenario, 
the mean free path (L) and the collision probability (Q ) of the species are given by [17]:

 B

2
Mean

TL
2(4 r )P

κ
π

=  (2)

and

 TSQ 1 exp( D / L)= − −  (3)

Figure 5. 
Aluminum Nitride hexagonal unit cell growth units highlighted in red: (a) AlN (100) and (b) AlN (001).
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Where T is the absolute temperature, P is the plasma pressure, DTS is the target-
substrate distance, and rMean is the mean radius of the constituent species of the 
plasma, and κB = 1.38 × 10−23 J/K is the Boltzmann constant. Figure 6 shows the 
estimation of the three deposition parameters: temperature, working pressure, and 
mean free path. For these deposition parameters, Figure 7 shows the high probability 
of obtaining crystalline and highly oriented AlN (100) thin films.

Figure 6. 
Deposition parameters: L versus P. The curves were implemented for and typical plasma temperature values, and 
rMean = 150 nm. Reproduced from [17] with permission.

Figure 7. 
Probability of obtaining crystalline and highly oriented AlN (100) thin films. Curves implemented for glow 
discharge, different values of DTS, and rMean = 150 nm. Reproduced from [17] with permission.
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The species energy can be increased by increasing the RF power or the substrate 
temperature, or decreasing the working pressure, or the distance between the target 
and the substrate. The Al and N species arrive with too much energy on the substrate 
surface, favoring the degree of crystal orientation AlN (001), where the (001) plane is 
parallel to the substrate surface. Now, the orientation degree of AlN (100) with (100) 
plane parallel to the substrate surface is strongly favored when the energy of Al-N 
species (dimer) is smaller, in which case many collisions occur prior to deposition.

3. Incorporation of oxygen into AlN crystal lattice

Generally, thin films are found to be defective due to the presence of impurities. A 
common defect in AlN thin films is the presence of a substitutional defect - N3− ions 
of the AlN crystal lattice are replaced by O2− ions - according to Figure 8.

This occurs because the characteristics (ionic radius and electronegativity) of 
oxygen and nitrogen are quite similar. The ionic radius of the oxygen is rO = 0.140 nm 
and of the nitrogen rN = 0.146 nm gives a difference of ionic radii Δr = 4.11%. The 
electronegativity of oxygen is ξO = 3.5, of aluminum ξAl = 1.6, of nitrogen ξN = 3.0, and 
therefore the differences in electronegativity with respect to Al are ΔξO-Al = 1.9 (ionic 
covalent bonds) and ΔξN-Al = 1.4 (polar covalent bonds). The impurity atoms give rise 
to stress in the AlN (100) crystalline lattice since the ionic radius difference between 
N and O is very small (Δr<15%) [18]. Otherwise, the impurity atoms will create 
substantial distortions in the crystalline lattice and may form a new phase. Also, dur-
ing the process of thin film growth, there is a strong competition between oxygen and 
nitrogen because the high electropositivity of aluminum and high electronegativity 
of the oxygen favors the formation of an intermediate compound (Al2O3), instead of 
material with substitutional defect.

4. Growth of AlN films

4.1 Deposition techniques of AlN films

Aluminum nitride (AlN) films can be deposited on various substrate types via 
physical and chemical deposition methods as shown in Figure 9. Typical deposi-
tion methods include sputtering processes, metalorganic chemical vapor deposition 
(MOCVD), Molecular-beam epitaxy (MBE), and pulsed laser deposition (PLD).

Sputtering methods are the most used to grow AlN films due to their advantages 
such as low temperature, low cost, and flexibility. The sputtering deposition allows 

Figure 8. 
The substitutional defect: layers of atoms in the formation of the wurtzite lattice of the AlN with the 
incorporation of some oxygen atoms in place of some nitrogen atoms.
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the development of devices and sensors on different types of substrates including 
polymeric substrates. Recently, Cunha et al. reported growth of highly (100)-oriented 
aluminum nitride (AlN) thin films on (100) Si substrate, in poor vacuum systems, 
by radio frequency magnetron sputtering (Figure 10a). High-quality films with good 
stoichiometry Al/N (≈1:1) and low oxygen concentration (<10%) were produced by 
varying the target-substrate distance and the deposition time, whereas the tempera-
ture, the nitrogen flow, RF power, and sputtering pressure were fixed [17].

Ghosh et al. discussed the growth of both the undoped and doped AlN films on 
GaN/Sapphire templates in an MBE chamber (Figure 10b) using a plasma-assisted 
process called PAMBE (plasma-assisted molecular beam epitaxy). The authors 
concluded that employing an excimer laser annealing with optimized power and fre-
quency rather than the conventional thermal annealing can be a potential alternative 
route toward improving the structural and electrical properties of AlN layers [19].

An AlN interfacial passivation layer prepared in an MOCVD system (Figure 10c) 
was reported by Aoki et al. The proposed of this study was to present a route for the 
fabrication and optimization of GaAs metal–oxide–semiconductor (MOS) structures 
comprising an Al2O3 gate oxide, deposited via atomic layer deposition (ALD) and 
using an AlN interfacial passivation layer [20].

Pulsed-laser-deposited AlN films were produced by Vispute et al. using the system 
shown in Figure 10d at substrate temperatures ranging from 25°C (room tempera-
ture) to 1000°C. The AlN films were employed in the fabrication of device-quality 
AlN heterostructures grown on SiC for high-temperature electronic devices [21].

In relation to emerging advanced AlN deposition methods, atomic layer deposition 
(ALD) can be highlighted. Amorphous AlN films obtained by ALD were investigated 
by Parkhomenko et al. using trimethylaluminum and monomethylhydrazine as the 
precursors at a deposition temperature of 375–475°C. The ALD AlN films exhibited 
an oxygen content of as low as 4%. In addition, they were compact, continuous and 
with mechanical properties comparable to those of AlN films produced by other 
techniques [22]. ALD of AlN on different SiC surfaces with different crystallographic 
orientation was also investigated recently [23]. For all layers, the surface morphology 

Figure 9. 
Overview of the main methods for deposition of AlN films.
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and the chemical composition results showed that the ALD AlN films exhibit good 
characteristics films for surface acoustic wave (SAW) devices. The same authors also 
reported the morphological evolution of ALD AlN films on 4H-SiC substrates [24].

The growth of AlN films has been exploited on different substrates to form both a 
buffer layer and a sensing layer (Figure 11). The AlN buffer layer is used to improve 
the growth and properties of other thin films, such as GaN, SiC, ZnO, and diamond 
among others, for several applications, whereas AlN sensing layers are used mainly in 
piezoelectric devices, for example SAW (surface acoustic wave) sensors.

4.2 Growth of AlN buffer layer

Several studies have been devoted to the growth of AlN buffer layers to be used in 
different applications as those illustrated in Figure 12.

Zhang et al. discussed the growth of sputtered highly oriented AlN films on Si 
(100) and Si (111) substrates to use them as a proper buffer layer for epitaxial growth 
of gallium nitride (GaN) films. It was observed that the AlN (0001) films grown on 
Si (100) exhibit large strain due to the large lattice mismatch between these materi-
als, whereas the AlN films grown on Si (111) have strain dependent on the discharge 

Figure 10. 
Examples of systems used to grow AlN films: (a) sputtering [17], (b) MBE [19], (c) MOCVD [20] and (d) PLD [21].
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power in sputtering. Therefore, they concluded that the orientation of the Si sub-
strates and the discharge power impact greatly the strain of sputtered AlN films [25].

The growth of sputtered AlN buffer layer on Si (111) was also reported by Núñez-
Cascajero et al. In their paper, they addressed the use of AlN as a buffer layer for the 
development of AlInN/p-Si heterojunction solar cells. For this, it was investigated 
the influence of power applied to the Al target on the properties of AlN on Si (111). 
They found that the presence of the AlN buffer layer leads to an improvement of the 
structural quality of the Al0.37In0.63N and that the solar cells based on this material 
show good rectifying behavior in the dark [26].

The growth of amorphous SiC thin films on AlN buffer layers deposited on glass 
and Si substrates was reported by Wang et al. It evaluated the effect of AlN buffer 
layer thickness on the morphological and mechanical properties of the SiC. Overall, 
their results indicated that the AlN buffer layer can effectively improve the adhesion 
strength of SiC thin films [27]. In another study focused on a comparison among sub-
strates for the development of SiC thin film piezoresistive sensors, Fraga et al. evalu-
ated the piezoresistive properties of SiC films grown on AlN/Si [28]. It evidenced the 
importance of growing SiC film on AlN in order to develop piezoresistive sensors for 
high-temperature applications.

In addition to silicon, other substrates are being used in the deposition of AlN 
buffer layer by sputtering. In a recent paper published in the Journal Materials Science 
in Semiconductor Processing, the effects of the use of sputtered AlN buffer layer on 

Figure 11. 
Illustration of AlN structure, thin film deposition and thin film application as sensing layer and buffer layer.

Figure 12. 
Examples of applications of AlN buffer layers.
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the carrier transport properties of p-NiO/n-InN heterojunction diode were inves-
tigated. In this study, AlN films were grown Al2O3 substrates with varying N2 flow 
rates in the sputtering process. In order to analyze the reasons for the deterioration of 
the device characteristics, the influence of AlN buffer layer on I–V characteristics of 
the heterojunction diode was studied in the temperature range of 30–110°C. A good 
performance was observed for the heterojunction diode fabricated [29]. Chen et al. 
also investigated sputtered AlN films on sapphire substrates. However, their focus 
was to release the film stress using a post-deposition rapid thermal annealing (RTA) 
at 700–900°C for 5 min. The Raman spectra showed that the in-plane tensile stress of 
deposited AlN films is released by the RTA [30].

Regarding the use of AlN films as a buffer layer for diamond growth, Mandal et al. 
carried out the growth of thick (>100 μm) CVD diamond layers on AlN with low thermal 
boundary resistance between diamond and AlN. In their study, they used a metalorganic 
chemical vapor deposition (MOCVD) system to grow a 250-nm-thick AlN layer on 150 
mm Si substrates. It was highlighted that diamond/AlN could be used for thermal man-
agement of GaN high-power devices [31]. Most recently, Forsberg et al., a high sensitivity 
infrared spectroscopy with a diamond waveguide on aluminum nitride [32].

Zinc oxide (ZnO) films have been also grown on AlN buffer layer for electronic 
device applications. A recent paper evaluated the temperature-dependent electrical 
transport properties of n-ZnO/AlN/p-Si heterojunction diodes [33]. Both AlN and 
ZnO films were deposited by RF magnetron sputtering. Results showed that the use 
of AlN buffer layer improved electrical and structural characteristics because the AlN 
between ZnO and Si lowers the mismatch in thermal expansion coefficient/lattice. 
In a previous study, Xiong et al. exploited the growth of ZnO films on a 150 nm AlN 
buffer layer on -sapphire substrates. It was noted that c-plane ZnO growth on c-plane 
sapphire by PLD at slight rough surface morphology of AlN buffer layer can result in a 
significant variation of ZnO crystallinity [34].

4.3 Growth of AlN active sensing layer

The excellent piezoelectric properties of AlN films have motivated studies on the 
development of sensors based on these materials. Tonisch et al. reported the piezo-
electric properties of polycrystalline AlN thin films on Si (111) substrates for MEMS 
applications [35]. Reactive dc-sputtering and metalorganic chemical vapor deposition 
(MOCVD) were used to deposit the AlN films. The piezoelectric coefficient d33eff of AlN 
thin films was measured using two techniques: piezoresponse force microscopy and an 
interferometric technique. The value of the effective piezoelectric coefficient d33 for the 
prepared AlN thin films remained as high as 5.1 pm/V even for lower degrees of texture.

In the same year, the temperature dependence of the piezoelectric coefficient d33 
of sputtered AlN film on a polycrystalline silicon/silicon dioxide/silicon wafer mea-
sured at temperatures up to 300°C was reported by Kano et al. It was observed that 
the piezoelectric coefficient d33 has a constant value at temperatures ranging between 
20°C and 300°C [36].

A more recent paper shows that the high (002) orientation AlN films have uniform 
piezoelectric performance [37]. In this study, AlN thin films were grown on Pt/Ti/
SiO2/Si (100) substrates by an optimized magnetron sputtering process. A high-
frequency SAW device (fo = 4.47 GHz) was constructed based on optimal AlN films. 
In another study on optimization of AlN growth, Cao et al. optimized DC magnetron 
sputtering, the process by controlling the distance target-substrate in the deposi-
tion of AlN thin films deposited on Si and Pt substrates [38]. A (002) AlN preferred 
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orientation was obtained with DTS = 4 cm. They concluded that under optimum 
conditions, the as-deposited AlN films show uniform piezoelectric properties and 
favorable read and write performance [38].

The piezoelectric properties of sputtered Sc-doped AIN polycrystalline films on 
200 mm Si wafers were also evaluated in order to use them as active layers for high 
frequency (GHz range) acoustic resonators [39]. The piezoelectric activity of the 
as-deposited AlScN films were improved after a 15 min post-deposition annealing at 
600°C, leading to a 20% increase in the electromechanical coupling factor [39].

The influence of He implantation on piezoelectric properties of epitaxial AlN thin 
films were discussed recently [40]. It was noted that while He implantation induces 
uniaxial strain, it decreases d33 due to implantation-induced N site disorder [40].

Pressure gradient sputtering (PGS) has also been used to grow AlN films. The 
piezoelectric constant (d33) of the AlN grown by the PGS method was higher than that 
of the conventional method indicating which the PGS technique has an advantage in the 
growth of AlN films with highly c-axis oriented and a single dielectric domain [41].

In September 2021, an open research knowledge graph (ORKG) comparison devoted to 
aluminum nitride films and their applications in piezoelectric devices was published [42]. 
Table 1 summarizes the characteristics of some piezoelectric devices based on AlN films.

5. SAW sensors based on AlN films

In recent years, much progress has been carried out on surface acoustic wave 
(SAW) sensors and applications have been reported in the fields of microfluidics, 
chemical, biomedical, and mechanical as illustrated in Figure 13.

Device type AlN film deposition 
method

Substrate AlN film 
orientation

AlN film 
thickness 

(nm)

Piezoelectric 
coeficient 

(pm/V)

Implantable 
biomedical MENS 
devices

Sputtering Pt/Ti/
UNCD

(002) 200 5.3

Flexible SAW 
sensors

Middle-frequency 
magnetron sputtering

Y2O3/
Hastelloy

(002) 3000 5.02

Sensory devices Magnetron sputtering (100) 
Silicon

(002) 2000 5.57

SMA ME sensor DC reactive 
sputtering

TiNiCu 
shape 

memory 
alloys

(002) 2000 6.3

Piezoelectric 
accelerometers

DC sputtering Pt/Ti/SiO2/
Si

(002) 1000 5.92

High-frequency 
flexible SAW 
sensors

DC reactive 
magnetron sputtering

Mo/
Polymide

(002) 800 8.01

Biocompatible 
piezo-optrodes 
devices

DC sputtering Mo/Optical 
fiber

(002) 1000 5.4

Table 1. 
Piezoelectric device types based on sputtered AlN films. Adapted from [42].
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In the literature, various AlN-based sensors are reported. In 1991, Odintzov MA 
et al. evaluated sputtered AlN films for SAW sensors. AlN films were grown on glass 
substrates by reactive RF magnetron sputtering and their piezoelectric properties 
were analyzed. The obtained film was used to implement a SAW temperature sensor. 
Moreover, it discussed the importance of obtaining polycrystalline AlN-oriented films 
with perfect crystallization [43].

A SAW-based sensor pressure with a sensibility of 0.33 MHz/bar based on AlN 
deposited on free-standing diamond substrates was developed by Rodríguez-Madrid. 
The influence of the piezoelectric film thickness on the SAW response was evaluated. 
Optimized AlN thin films of 300 nm were used to fabricate one-port SAW resona-
tors operating in the 10–14 GHz frequency range, which were used as SAW pressure 
sensors [44].

A 3 μm-thick AlN/Sapphire-based SAW resonators with high-quality factors for 
high-temperature applications (up to 600°C) were fabricated by Streque et al. The 
quasi-synchronous resonators proposed remained well-tuned for temperatures up to 
400°C, and show high-quality factors, as high as 3400 at 400°C [45].

A new two-step growth process integrating metalorganic chemical vapor deposi-
tion (MOCVD) and physical vapor deposition (PVD) technologies were proposed to 
grow AlN films on Si substrates by Xinyan et al. [46]. High-quality AlN-based FBARs 
wafers were obtained, showing that the Q-factor of FBARs with two-step grown AlN 
precedes FBARs with one-step grown PVD AlN by 57.6% [46].

6. Conclusion

As shown in this book chapter, the excellent physical, chemical, dielectric, thermal 
and mechanical properties of aluminum nitride (AlN) thin films have stimulated 
great interest in these materials and their wide applications. Until today, sputtering 
processes are the most used to grow AlN films. In recent years, the ALD technique, 
an outstanding process in nanotechnology, has been explored to grow AlN films. This 

Figure 13. 
Some relevant applications of SAW sensors.
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book chapter also presented various applications for AlN films as a buffer layer and 
as a sensing layer. Among the applications, the use of AlN sensing layers is the most 
discussed in the literature due to their excellent piezoelectric properties and the good 
performance of SAW sensors based on these materials. In summary, this book chapter 
presents the key aspects of aluminum nitride thin film technology and its applications 
in electronic devices and sensors.
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Chapter 10

Thin-Film Batteries: Fundamental
and Applications
Macdenis Egbuhuzor, Solomon Nwafor,
Chima Umunnakwe and Sochima Egoigwe

Abstract

Thin-film batteries are solid-state batteries comprising the anode, the cathode, the
electrolyte and the separator. They are nano-millimeter-sized batteries made of solid
electrodes and solid electrolytes. The need for lightweight, higher energy density and
long-lasting batteries has made research in this area inevitable. This battery finds
application in consumer electronics, wireless sensors, smart cards medical devices,
memory backup power, energy storage for solar cells, etc. This chapter discussed
different types of thin-film battery technology, fundamentals and deposition pro-
cesses. Also discussed in this chapter include the mechanism of thin-film batteries,
their operation and the advantages of thin-film batteries over other batteries. The vast
applications of thin-film batteries drive research in this area. These applications are
discussed extensively.

Keywords: batteries, deposition, electrodes, seperator, solid state, substrate,
thin films

1. Introduction

Thin-film batteries are nano- to millimeter-sized solid-state batteries comprising
the anode, the cathode, the electrolyte and the separator. The anode is the negative
electrode that is oxidized after giving up electrons to the external circuit. It is the
anode that generates ions that move through the electrolyte. The cathode is the
positive electrode that accepts electrons from the external circuit and is reduced in the
process. During the charging and discharging process, ions are inserted into and
extracted from the cathode. The electrolyte is the medium for charge transfer between
the cathode and the anode. Thin-film electrolyte is usually chemically stable, ionically
conductive and electrically insulating and is required also to build good contact with
the cathode and anode surfaces. The separator prevents physical contact between the
anode and the cathode without blocking the transport of ions. Most times in thin-film
batteries, the solid electrolyte acts both as an ion transport medium and physically
separates the cathode and the anode as shown in Figure 1.
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Thin-film batteries are manufactured using physical and chemical deposition
techniques [1]. They include magnetron sputtering, pulsed laser deposition, molecular
layer deposition [2], atomic layer deposition, vacuum evaporation [3], thermal evap-
oration, electron beam and sputtering [4]. These techniques follow four pathways
called thin-film battery technologies [5].

The mechanism of the thin-film batteries is that ions migrate from the cathode to
the anode charging and storing absorbed energy and migrating back to the cathode
from the anode during discharge and thereby releasing energy [6].

The recent research in and development of smarter societies have necessitated the
integration of smart devices with improved safety, specific energy, power and
reduced-size materials [3]. This has given rise to the demand for using thin-film
rechargeable batteries for electrical energy storage with good energy and power
densities, excellent mechanical strength, good and long cycle life and appreciable
temperature tolerance for small portable consumer electronics, especially in cell
phones, laptops and notebook computers, smart cards, mobile applications, for
electric cars, communication and other electrical equipment [7].

This book chapter reviews the fundamentals of thin-film batteries and the use of
these batteries in various applications.

2. Types of thin-film battery technologies

Four major thin-film battery technologies are discussed here. They include (a)
printed battery technology, (b) ceramic battery technology, (c) lithium polymer
battery technology and (d) nickel-metal hydride (NiMH) button battery technology
[5]. The choice of manufacturing of any of the technological paths will depend on the
end-use application of the batteries.

Figure 1.
Thin-film batteries with a solid-state cathode, anode, and electrolyte.
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2.1 Printed battery technology

Printed batteries can be in the form of rechargeable and non-rechargeable printed
batteries. These printed batteries can be classified based on the make of the electro-
chemical systems as rechargeable and non-rechargeable printed batteries as shown in
Figure 2 [8]. The printing paste for batteries is made up of the electroactive material,
the solvent, the conductive agent and the binder. The advantages of printed batteries
include (1) it is possible to develop more than one layer pattern of design in the
battery fabrication [9, 10], (2) Low cost and mechanically flexible batteries [11], (3)
Thin and flexible energy storage [12] and (4) compatibility with the printing pro-
cesses and devices [13]. Printed battery technologies find applications in the Internet
of Things (IoT) devices [5], wearable electronic devices, smart cards, remote sensors,
medical devices [9], microelectromechanical systems (MEMS) devices, low-power
microprocessors, big-data analytics [14], electric vehicles, stationary storage grids
[15], renewable energy and smart grid [16], etc.

2.2 Ceramic battery technology

They are all solid-state batteries made up of ceramic materials as their electrolytes.
The demand for high-density batteries has necessitated research into more technolo-
gies that will enhance the thermal stability, mechanical strength and wettability of
solid-state battery manufacture. Enhancements at the metal electrodes and/or separa-
tor boundaries are made possible by the introduction of ceramic batteries to boast
some of the desired properties needed for solid-state batteries. Ceramic-based flexible
sheet electrolytes have been formed to improve the energy density of solid-state
batteries by synthesizing flexible composite Al-doped LLZO sheet electrolyte [17],
coating of Al2O3, SiO2 and TiO2 onto polyethylene membrane seperators [18]. They

Figure 2.
Classification of printed battery technology.
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are used in cogeneration and fuel cell, electric vehicles, mobile devices and stationary
storage applications [19].

2.3 Lithium polymer battery technology

This works on the principle of intercalation and de-intercalation of lithium ions
from the positive electrode (cathode) to the negative electrode (anode) and vice versa
through a solid-state electrolyte that provides the conductive medium. Lithium-
polymer batteries are lightweight, long-lasting and powerful solid-state batteries that
can guarantee a constant energy supply [20]. They have a high energy density, flat
voltage curves, low self-discharge and no memory effect from being discharged and
charged again. The technology is used in laptop computers, personal electronics,
cellular phones [21], notebooks and digital cameras. The polymer electrolyte may be
in form of dry solid polymer electrolyte, polymer in-salt system, single-lithium-ion
conducting electrolyte and gel polymer electrolyte [22].

2.4 Nickel-metal hydride (NiMH) button battery technology

This technology is an energy storage system that depends on charge/discharge
reactions occurring between the nickel oxide-hydroxide cathode as the active material
and the hydrogen-absorbing alloy anode [23]. This battery technology exhibits good
tolerance to overcharge/discharge, high power capacity, very safe and compatible
[24]. They are mainly used as power sources for hybrid electric vehicles, digital
cameras and cell phones [25].

3. Deposition techniques

Thin-film deposition techniques are used to modify the surface properties of solid-
state thin-film batteries. The modification affects the battery characteristics such as
energy density, conductivity, storage capacity, charging and discharge time, etc.

Thin-film battery deposition techniques are classified into physical and chemical
deposition processes as shown in Figure 3 [26]. In the chemical deposition process, a
chemical reaction takes place before the product is deposited on the substrate while
the physical deposition method involves only physical mixing and deposition of the
mixture on the substrate without any chemical reaction [27]. The coating material in a
physical deposition is always a solid while the coating materials in chemical deposition
are always in gaseous form. Physical deposition techniques include thermal evapora-
tion, sputtering, ion plating and arc vapor deposition while chemical deposition tech-
niques include chemical vapor deposition, plating, sol-gel deposition, chemical bath
deposition and spray pyrolysis deposition techniques [28].

3.1 Physical deposition method

This method includes thermal evaporation, molecular beam epitaxy, pulsed laser
deposition, ion plating evaporation, cathodic arc deposition and sputtering tech-
niques. In thermal evaporation, molten metals or metal oxides form vapor and are
deposited on the substrate as it cools [29, 30]. Molecular beam epitaxy (MBE) is a
deposition technique in which a single crystal layer is deposited in a single crystal
substrate, using molecular beams in an ultra-high vacuum chamber [31]. It is used in
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multi-junction solar cell applications [32], Ga-FACE GaN electron devices [33], etc.
Pulsed laser deposition (PLD) process is a technique where a high-power pulsed laser
beam strikes a target, vaporizes it and deposits it as a thin film on a substrate [34]. It is
useful for optical applications, especially for UV laser emission [35] and supercon-
ductor devices for electronic and medical applications [36].

3.2 Chemical deposition method

Chemical deposition of thin films involves the generation of the atoms, molecules
or ions through a chemical means; transportation of the atoms or ions through a
medium and condensation and cooling of the atoms, molecules or ions on the sub-
strate [27]. Chemical methods include chemical vapor deposition (CVD), electrode-
position, electroless deposition, spray pyrolysis, ionic layer deposition, sol-gel
technique, chemical bath, spray and spin coating as shown in Figure 2.

Spray pyrolysis is the process of depositing a thin film on a heated surface by
spraying a solution on the heated substrate [37]. The solution reacts with the heated
substrate to form a thin film on the surface of the substrate. Mostly used for
manufacturing semi-conductor alloys and conductive glasses. Electrodeposition is a
technique of coating a thin layer of metal on top of a different metal through electrol-
ysis by reducing the cations of the material from the electrolyte and depositing it as a
thin film on the substrate [38]. It is a major method for the production of rechargeable
lithium-ion batteries [39, 40]. Electroless deposition is a thin-film coating technique
without the application of external electric power. It is used for non-conducting sub-
strates and its major application is in the metalizing of printed wiring boards [41].
Atomic layer deposition (ALD) is a chemical deposition technique where chemical
precursors introduced on the surface of the substrate react to form ultra-thin film
monolayers on the substrate surface. They find application in fuel cells, capacitors,

Figure 3.
Deposition techniques.
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microelectronics and areas where highly uniform ultra-fine mono-layered thin films
are required [42]. Sol-gel is a technique where metal alkoxides, used as precursors,
are dissolved in a solvent (especially water or alcohol), heated and stirred to form a
gel, which is condensed, dried and deposited on the substrate as a thin film [43].
The process involves hydrolysis, polycondensation, gelation, drying and
crystallization [44].

3.3 Deposition technique for cathode materials in thin-film batteries

A cathode is a very important component of thin-film batteries. This electrode
material facilitates the stability of the electrochemical reactions in the electrode/elec-
trolyte interface. The material composition of the cathode determines the thermal
stability and rate capacity of the battery. For a good and efficient battery system, there
is always a good ion transport mechanism between the anode and the cathode through
the electrolyte and the acquisition and flow of electrons through the external circuit
during an electrochemical reaction. Different deposition methods have been used in
the design and fabrication of cathode materials for different solid-state battery appli-
cations. Production of LiCoO2 cathode materials using radio frequency (RF) magne-
tron sputtering deposition technique for micro battery applications was studied by
Jullien et al. [45], MoO3 thin-film cathodes using DC sputter deposition technique
for Li-ion rechargeable battery applications [39] and V2O5 thin-film cathodes using
radio frequency (RF) reactive sputtering technique for high-performance thin-film
batteries (TFB) [46].

3.4 Deposition technique for anode materials in thin-film batteries

A good anode material should be a good conductor and reducing agent and
possess a high electrical energy density. They are made from carbon (graphite),
lithium metals, lithium alloys, titanium and its alloys, silicon and other metals.
Several methods have been developed on good anode materials for solid-state thin-
film batteries for micro-mechanical system applications. Reto Pfenninger et al. [47]
studied the electrodeposition of Li-garments on solid state anode. The group worked
on metal oxide anodes of Li4Ti5O12 with good ionic conductivity and less Li-dendrite
formation for microbattery applications [47]. Pulsed electrodeposition of Sn-Cu
anodes has been studied and developed for enhanced cycle performance in micro
battery applications [48, 49]. Spray deposition of silicon anode materials with high
energy density for solid-state battery application was developed by Shin Kimura et al.
[50]. Many researchers have fabricated different anode materials and their reports
have shown that anodes fabricated with good properties have shown to exhibit better
battery performances. Li4Ti5O12 anode thin film was deposited on a magnesium oxide
(MgO) substrate using the pulse laser deposition (PLD) technique [47], pulsed laser
deposition method was used to fabricate a silicon thin-film anode with iron sulphide
for solid-state battery applications [51]. DC magnetron sputtering technique was
reported by L. Baggetto et al. for Cu2Sb thin-film deposition for sodium ion (Na-ion)
batteries because of excellent storage capacity, high-rate capacity, good reaction
potential and decent cycling capacity retention [52]. Silicon/carbon (SiC) thin-film
anode was fabricated using a radio frequency (RF) magnetic sputtering technique
with improved cycling performance and high current density for thin-film battery
applications.
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3.5 Deposition technique for electrolyte materials in thin-film batteries

A solid-state electrolyte is a solid ionic and electron-insulating material that pro-
motes the movement of ions from the cathode to the anode during charging and the
moving of ions from the anode to the cathode during discharging conditions. There
are different types of electrolytes (glass, crystalline and ceramic) depending on the
primary material makeup [53]. Several works have been done on solid-state electro-
lytes and more researchers keep working to get an electrolyte that will improve the
thin-film battery characteristics such as reduced package size, increased safety and
enhanced power and energy density [54]. Solid polymer electrolytes made of
polyvinylpyrrolidone (PVP) with dopant p-amino benzoic acid (PABA) and poly p-
amino benzoic acid (PPA) were developed by Sangeetha et al. for improved dielectric
property and ionic conductivity applications [55]. Solid-state electrolytes have been
fabricated using pulsed laser deposition (PLD) technique [56, 57], sol-gel techniques
[58], atomic layer deposition [59, 60], chemical solution deposition (CSD) [61], etc.
for microbattery and other solid-state battery applications.

3.6 Deposition technique for current collector materials

Current collectors are made of copper and/or aluminum foils that collect electrons
from the electrochemical reaction of the electrodes and external circuit and at the
same time support the material layers of the cathode and the anode. For a material to
function efficiently as a current collector, it must be cheap and available, very light
material, a good electrical conductor and chemically stable and resistant to corrosion
[62]. The importance of current collectors in the solid-state battery (SSB) industry has
necessitated research focus on the materials for its fabrication and applications. One-
step galvanostatic electrodeposition of lithium in 3D porous copper-based nanoflake
structures (3D Cu-NF@Cu foam) as anode current collector for high energy density
lithium metal batteries was reported by Yuanyuan Xia et al. [63], electrode polymer-
carbon composite current collector foil for bipolar lithium-ion battery applications
was reported by Fritsch et al. [64]. Also, Zhen Hou et al. designed a current collector
using a nanostructured silver lipophilic layer on a copper foil through an electroless
plating electrodeposition process for a stable lithium metal anode [65], fabrication of
nickel-phosphorous-modified copper current collector using facile electroless plating
electrodeposition method aimed at superior coulombic efficiency for microbattery
applications [66], etc.

4. Mechanism

Solid-state thin-film batteries have solid components for the electrodes (cathode
and anode) and the electrolyte. They are made by stacking a thin-film electrolyte on
the cathode and anode in a vacuum state as shown in Figure 1. The principal operation
of thin-film batteries works in the same way rechargeable batteries work. The lithium
ions migrate from the cathode to the anode and generate electrical energy when the
battery is charged and stored in a current collector. During discharge, the lithium ions
move from the anode back to the cathode, the electrons move from the cathode to the
anode and a current between the cathode and the anode is created as a result of the
potential difference between the electrodes [6].
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5. Fundamentals of thin-film batteries

Electrodes (both positive and negative) and electrolytes make up the bulk of a
current battery’s physical components. From an electrical engineering perspective,
their properties can be deduced from the first principles. A chemical reaction is what
gives a battery its ability to provide electrical energy (the battery converts chemical
energy to electrical energy) [67]. Electrodes are required to conduct electrons for
electrical energy to be realized in the external circuit. On the other hand, the
electrolyte need not. Because if it did, the battery’s internals would be accessible to the
electrons, rather than just the external circuit, leading to self-discharge and, ulti-
mately, no usable energy at the battery terminals [68]. There is no such thing as an
“exceptional” all-solid-state thin-film battery (ASSTFB) [69]. A thin film version of
the same three components is used in an ASSTFB, as shown in Figure 1.

According to A.G. Buyers [70], the potential energy measured between electrodes
for any electrochemical cell, as depicted in Figure 3, is the difference in the standard
free energy as defined in Eq. (1).

ΔG ¼ �nFE (1)

where ΔG = change in free energy, n = number of electrochemical equivalents
transferred in the cell reaction, E = measured voltage (EMF) and F = Faraday con-
stant.

For a material to conduct electricity, the charge must be transferred from one
location to another. This charge transfer can take the form of electrons, holes (the lack
of an electron), ions or ion vacancies [71]. Interstitial hopping mechanisms, such as
the Frenkel defect reaction [67], allow metal ions such as Li + to migrate as defined in
Eq. (2).

Mx
m þ Vx

i ! M•
i þ V 0

m (2)

Metal ions like Li continue to occupy the same site (denoted byMx
m), while vacated

sites (denoted by Vx
i ), newly occupied sites (denoted by M•

i) and vacated sites
(denoted by V 0

m) are created. Neutral, positive and negative charges are represented
by the superscripts x, • and 0. It follows that the electrolytes need to have enough
charge carriers for proper ion movement, including that of lithium ions. As a result,
according to the definition in (3), ionic conductivity, σ, is proportional to the density
of the charge carrier, c.

σ ¼ q x μ x c (3)

where q = charge of the ions and μ = mobility of ions according to the Nernst-
Einstein equation, which is defined in Eq. (4).

μ ¼ D x q
kT

(4)

From (4) and according to constable [71], it is determined that diffusivities, D,
fluctuate with temperature as a thermally activated Boltzmann process defined in
Eq. (5)

D ¼ Doe�Ed=kT (5)
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where k, T and Ed represent the Boltzmann constant, absolute temperature, and
diffusivity activation energy, respectively. The interstices should have enough space
for the Li + ions to hop around. Metal ion conductivity, in this case, Li+, σ, can be
calculated using Fick’s second law and the Nernst-Einstein equation.

σT ¼ σoe�Ed=kT (6)

σo is the pre-exponential constant.
Charge transfer occurs at the interface between the electrodes (cathode and anode)

and the electrolyte simultaneously with ion migration through the electrolyte.
Therefore, the electrode needs to be highly conductive not only in terms of ions but
also electrons. Unfortunately, the electronic conductivity of bare electrode materials is
quite low. To provide reasonably good electronic conductivity, some conductive
materials such as carbon and carbon derivatives should be incorporated with the
electrode materials, and also electrode particles sometimes are coated with carbon
layers.

6. Advantages over other battery types

Thin-film lithium-ion batteries offer improved performance due to their higher
average output voltage, lighter weights, higher energy density, long cycling life
(1200 cycles without degradation) and ability to operate in a wider temperature range
(between �20 and 60°C) when compared with the standard lithium-ion batteries
[72, 73].

Lithium-ion transfer cells stand out as the most promising systems for meeting the
need for high specific energy and high power at a low manufacturing cost [74].

Each electrode in a thin-film lithium-ion battery can accept lithium ions in
either direction, creating a Li-ion transfer cell. The components of a battery,
including the anode, solid electrolyte, cathode and current leads, must be fabricated
into multi-layered thin films using the appropriate technologies to build a thin-film
battery [75, 76].

The electrolyte in a thin-film-based system is often a solid electrolyte that can take
on the form of a battery. This differs from traditional lithium-ion batteries, which
typically use a liquid electrolyte [77]. If the liquid electrolyte is not suitable for use
with the separator, its use can be complicated. As a general rule, liquid electrolytes
necessitate a larger battery, which is not ideal when trying to get a high energy density
in the final product.

Polymer electrolytes, which are commonly used in thin-film flexible Li-ion
batteries, can serve multiple functions, including those of electrolyte, separator and
binder. Since the problem of electrolyte leakage is thus avoided, flexible systems can
be built [78].

Finally, unlike traditional liquid lithium-ion batteries, solid systems can be packed
together densely to maximize energy density. Thin-film batteries production have the
advantage of high energy densities [79].

7. Application

More and more uses, with varying demands for energy storage, are finding it
difficult to stockpile electricity. Printed batteries are only ever mentioned in the
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literature when the energy demand of a thin-film battery application is less than 1 Ah
[5]. Since the battery thickness needed to power a gadget may be drastically reduced
with thin-film lithium-ion batteries, slimmer portable electronics can be created with
them. These power sources could be used in a wide variety of implantable medical
devices, including; Implanted Cardioverter Defibrillators (ICD), Cochlear Implants,
Implanted Drug Pumps, Implanted Pacemakers etc.

Thin-film batteries are an efficient means of storing the intermittently produced
electricity from solar and other renewable energy sources. It is possible to design these
batteries with a negligible self-discharge rate, allowing them to be stored for extended
periods without suffering a serious loss of energy capacity [80]. When completely
charged, these batteries may also provide more consistent energy for a smart electrical
grid [81].

Similar in size to a conventional credit card, “smart cards” actually contain a micro-
chip that can be read, written to, authorized or used to process information. These cards
are manufactured in fairly severe environments, with temperatures reaching as high as
150°C. At this severe temperature, other batteries could suffer damage because their
internal parts could degas or simply malfunction. Thin- film lithium-ion batteries,
however, may operate in temperatures ranging from�40 to 150°C [82]. In addition, the
durability of thin film lithium-ion batteries may be advantageous in other applications
that involve temperatures that the human body cannot withstand [81].

Radiofrequency identification (RFID) tags are employed in logistics and stock
management and are frequently included in discussions of the Internet of Things
(IoT) [83, 84]. RFID tags have several applications, some of which include authenti-
cation, identification and security. Some RFID tags have built-in sensing technologies
that can pick up data about their immediate surroundings. With a higher output
battery, the RFID tag may be read from greater distances [85]. As these tags become
more sophisticated, the battery demands will have to keep up, and thin-film batteries
can be incorporated into these tags due to the battery’s versatility in terms of size and
shape, as well as the ability to power the tag’s functions. The disposable applications of
RFID technology may be made possible by the low production costs of thin-film
batteries [81].

As these tags become more sophisticated, the battery demands will have to
keep up, and thin-film batteries can be incorporated into these tags due to the
battery’s versatility in terms of size and shape, as well as its ability to power the tag’s
functions.

Batteries for implantable medical devices must be reliable and able to give
power for an extended period. These batteries must have a low self-discharge rate
while not in use and a high-power rate when it is being used, particularly for usage
in an implantable defibrillator [86]. Batteries for implantable medical devices
should have a high capacity for charge and discharge cycles so that the devices can
go longer between servicing and replacement [87]. The power needs of
implantable medical devices are ideally met by thin-film batteries. Since the electro-
lyte in thin-film batteries is solid rather than liquid, they may be shaped in a wide
variety of configurations without the risk of leakage, and it has been found that
certain types of thin-film batteries can withstand charging and discharging for up to
50,000 times.

The global applications of thin-film batteries cannot be fully enumerated here.
They also find applications in smart cards, touch screens, wireless sensors, laptops,
astronomical mirrors, photovoltaic energy generation and storage, RFID tags,
implantable devices and many others.
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8. Conclusion

In this chapter, the overview of types of thin-film batteries, deposition techniques,
mechanisms, fundamentals, advantages and applications of thin-film batteries were
given. We summarized the types of thin-film manufacturing technologies, and the
choice of any technological pathway will depend on the end-use applications of the
thin-film batteries. Physical and chemical methods are used to prepare thin-film
batteries. These techniques are used to modify the surface properties of the batteries.
In chemical vapor deposition, films are deposited from various chemical reactions to
generate the vapor that is deposited on the substrate, while the physical deposition
technique involves physical mixing and deposition of the mixture on the substrate
without any chemical reaction. The need to address the current energy crisis using the
most fascinating next-generation energy storage systems and vast applications of thin-
film batteries has driven research focus on thin-film batteries. Thin-film batteries
have a wide area of applications covering the Internet of Things (IoT), implantable
medical devices, integrated circuit cards, smart watches, radio-frequency identifier
(RFID) tags, remote sensors, smart building control, astronomical mirrors and other
wireless devices.
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