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Abstract
Sol‐gel‐derived zinc oxide (ZnO)‐based materials with an improved microstructure are
consumed in electronics and electrical frameworks owing to their crystal structure depen‐
dent properties, which can be exploited for optical, electrical, and photocatalytic appli‐
cations. Despite research articles published each year on the strategies to improve the
optoelectronic properties of ZnO, the topic is still actively pursued in literature. This chap‐
ter provides an insight into the recent developments for the sol‐gel‐derived processing of
the pure and doped ZnO thin films. It also highlights the challenges and opportunities
surrounding the processing of these devices. The recent developments in the synthesis
of pure, doped ZnO, and corresponding applications of these films will be discussed in
detail. Consequently, the aim of this chapter is to provide an overview of the novel devel‐
opmental strategies to improve ZnO‐based thin films by a sol‐gel route with enhanced
optical properties for practical applications ranging from optical and electrical circuits to
sensing.
Keywords: sol‐gel processing, zinc oxide, thin films, conductivity, optical properties.

1. Introduction
Zinc oxide, characterized as a direct wide band gap (Eg ≈ 3.37 eV @ oT‐Room) semiconductor,
is a potential material for photonics and optoelectronic applications [1]. The large excitonic
energy (60 mV), which renders an effectual excitonic emission in ZnO, is exploited for appli‐
cations such as ultraviolet light‐emitting and laser diodes. Moreover, the pure and doped
ZnO has been investigated for applications in the solar cells, photoelectrochemical cells
(PECs), thin film transistors, gas sensors and nanogenerators. ZnO can be used for all of these
applications due to its chemical and physical stability, abundance, economical feasibility and
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environment friendly. Also, due to its characteristic Eg and good optical transmittance, ZnO
is well thought out in organic and solar hybrid cells, as a cathode buffer layer or, a trans‐
parent electrode. Crystalline ZnO exhibits superior electrical properties, both in the form of
bulk and thin films. Due to factors such as small size, light weight, stability, and ability to
configure in different frameworks, thin films are promising structures studied compared to
their bulk counterparts. Undoped ZnO is seldom used, and the optoelectronic properties of
ZnO are tailored for specific applications by various processing techniques, such as synthesis
procedures, doping mechanism optimization, an introduction of impurities, controlling the
microstructure, and the thickness of the films. Recent development in the nanoscience and
nanotechnology has led to the miniaturization and diversification of the electronic and optical
devices, which endeavor researchers to develop new synthetic strategies in order to process
semiconductor‐based thin films and powders on a viable scale [2].
ZnO films are useful for the transparent conductive layer applications in the LEDs, flat panel
displays (FPD), and solar cells due to its high transmittance properties in the visible region
and good electrical conductivity [3]. The electrical properties of ZnO are associated with the
presence of interstitial Zn atoms and crystal defects, that is, oxygen vacancies due to the non‐
stoichiometry and defects generated in crystals during grain growth. To improve the conduc‐
tivity in ZnO films compared to the metallic films, various elements in the form of impurities
are introduced in the ZnO crystal lattice to replace Zn. The elements from group III (B, Al,
Ga, and In) and group IV (Ti, Zr, Sn, and Hf) are commonly used to alter the properties of
ZnO. The electronegativity and ionic radius are important parameters, which affect the dop‐
ant efficiency. Another approach is to modify the processing techniques to develop ZnO films
with modified microstructure. The particle morphology such as from particles, tubes, and
wires (in the nm or µm range), and film surface morphology influenced the properties of the
aimed devices.
Zinc oxide exhibits a wurtzite hexagonal crystal structure (a ≈ 3.249 Å; c ≈ 5.205 Å ICDD PDF
no. 36‐1451) [4]. The undoped ZnO structure is composed of alternating planes of tetrahe‐
drally coordinated O2+ and Zn2+ ions along the c‐axis (Figure 1(a)). The characteristic non‐
central symmetric structure and properties such as piezoactivity and pyroelectricity are
associated with the tetrahedral coordination of ZnO. Further, ZnO exhibits polar surfaces,
and the asel plane is the most common surface. The positively and negatively charged sur‐
faces (Zn‐(0001) and O‐(0001), respectively) are created due to the oppositely charged ions, which
generate spontaneous polarization and normal dipole moment along the c‐axis as well as a
divergence in the surface energy. The lower valence band (VB) and the upper conduction
band (CB) comprise the Eg of ZnO (Figure 1(b)). The given band structure for the pure ZnO
was calculated using a VASP code [5]. At 0 K, the CB remains empty, while electrons only
occupy the VB energy levels. Discrete energy levels are present in an isolated atom. However,
the split in the energy level occurs during the crystal formation. In such a state, the closely
spaced levels due to atomic interactions result in a continuous energy band. Various proper‐
ties of the pure ZnO are presented in Table 1.
ZnO thin films are processed using methods such as atomic layer deposition (ALD) [7], chem‐
ical vapors deposition (CVD) [8], pulsed laser deposition (PLD) [9], RF magnetron sputtering
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Figure 1. (a) Crystal structure ZnO. The small spheres represent zinc atoms, while the large spheres represent oxygen
atoms; (b) calculated band structure of pure ZnO. The Fermi level (EF) is set to 0 eV.

[10], epitaxial growth [11], self‐assembly [12], sputtering technique [13], co‐precipitation [14],
electrodeposition [15], spray pyrolysis [16], and sol‐gel method [17]. The sol‐gel technique is
also used for the fabrication of membranes [18], chemical sensors [19], optical gain media [20,
21], electrochemical devices [22], photochromic and non‐linear applications [23], and nano‐
materials [24]. The sol‐gel method is advantageous over other synthetic procedures. These
advantages include as follows:

Properties

Characteristics

Crystal structure

Wurtize

Lattice constant (a)

0.325 nm

Lattice constan (c)

0.521 nm

Density (kg/m3)

5.6 gcm−3

Exciton binding energy

60 mV

Static dielectric constant (εs)

7.9

Optical dielectric constant

3.7

Optical band gap energy (Eg)

3.2 eV

Flat band potential (Efb)

−0.5 V versus saturated calomel electrode (SCE)

Effective electron mass (M)

0.24–0.3 meme = 9.11 × 10−31 kg

Effective hole mass (mh)

0.45–0.6 meme = 9.11 × 10−31 kg

Electron mobility (µe)

200 cm2 V−1 s−1

Point of zero charge (Pzc)

8–9 pH

Table 1. Various properties of pure ZnO [6].
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• The sol‐gel product exhibits better homogeneity and purity.
• The sol‐gel process can be conducted at low temperatures.
• The sol‐gel process offers control over stoichiometry of multiphase systems, particle size,
shape and physiochemical properties.
• The procedure can be used for thin film fabrication.
• Sol‐gel can be used for the synthesis of various inorganic and organic hybrid materials.
• Sol‐gel process is easier to control the microstructure during sintering (densification process).
These advantages allow for commercial processing compared to other techniques such a
ALD, PLD, and magnetron sputtering, which are costly, inefficient for large production pur‐
poses and have lengthy processing times. While recent research provides novel approaches in
the development of ZnO‐based thin films, this chapter presents a review with a goal to help
ensure the device fabrication based on the sol‐gel‐derived ZnO thin films with current under‐
standing and future perspectives. This chapter provides a plan to improve the approaches
to semiconductor material applications, made available to a wider community of academ‐
ics and practitioners, and present techniques for optimizing the parameters for better device
performance. The chapter concludes with a summary of the contribution of the doped ZnO‐
based materials as the potential candidate for gas sensing, photocatalytic, and thermoelectric
applications. This chapter will also provide researchers currently working in the field a useful
literature in the form of articles and reviews.

2. Processing
The sol‐gel method was initially used in 1800s. Later, around 1900s, this technology was
implemented by the Schott Glass Company (Jena, Germany). The record of publications in
the literature (patents and journal articles) related to the processing of materials via the sol‐gel
route from 1980 to 2010 is given in Figure 2.
A schematic view of the sol‐gel process for the development of ZnO‐based films is given in
Figure 3. The sol‐gel method can be modified for different purposes, and the parameters
discussed here are modified continuously. Generally, the first step in a sol‐gel process is the
selection of suitable precursors, which will react through various steps and finally converting
to colloidal particles (sol) or polymeric gels. A stable sol is required for the thin film deposi‐
tion, which can be deposited by spin coating, dip coating, or drop casting techniques, while
the sol is converted to a polymeric gel in order to synthesize powders. Metal ions or other
reactive elements surrounded by ligands are largely used as a precursor for the sol‐gel reac‐
tion. The most important precursors utilized in this method are metal alkoxides M(OR)n and
alkoxysilanes due to their radial reaction mode. Metal alkoxides are derivatives of alcohols,
ROH, which are weak acids, economical (inexpensive) and results in high purity hydrated
oxides [25, 26]. Alcohols, such as absolute ethanol and isopropanol, are used as solvents for
alkoxides, because they are immiscible with water. In the case of ZnO, acetates (zinc acetate
dihydrate; Zn(CH3COO)2.(H2O)2) are commonly used as the Zinc (Zn) precursor [27]. Other
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Figure 2. Publications in the sol‐gel materials field, 1980–2010.

Figure 3. A schematic view of sol‐gel process for the ZnO thin film processing.
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Zn sources such as nitrate, acetylacetonate, perchlorate, and alkoxides (i.e., ethoxide, perox‐
ides) are also used [28]. The alkoxide has disadvantages related to its high cost and sensitivity
to moisture among others. On the contrary, metal salts are favored for large‐scale produc‐
tion purposes. The Zn‐salt plays an important role in developing a stable and clear colloidal
solution. Acetates and nitrates are preferred compared to perchlorates, which might result
in turbidity; however, the nitrate ions may result in the ionic impurities in the film anneal‐
ing process. Further, the choice of precursor salt affects the morphology and hence the final
properties of the films. The solvent used for the sol‐gel process must exhibit a dielectric con‐
stant high enough to dissolve the metal salts. Generally, alcohols with low carbon number
(i.e., methyl alcohol, ethyl alcohol, isopropanol, 1‐butanol, and 2‐methoxyethanol) are pre‐
ferred as the potential solvents [29–32] and references therein. Ethylene glycol (boiling point;
b.pt = 194.4oC) has also been reported exhibiting a dielectric constant of 40.61 (at 25oC) [33, 34].
During the sol‐gel process, the precursor materials, that is, Zn source and the dopant elements
(if applicable) in the predetermined stoichiometric ratios are first dissolved in a suitable sol‐
vent. In the second step, a stabilizing agent is added to the initial solution for the precursor
metal(s). Monoethanolamine is a common stabilizer, which is used for the stabilization of Zn
solution in sol‐gel process. Acetylacetone, diethanolamine, tetramethylammonium hydroxide,
and ethylenediamine tetraacetates are also used as stabilizers [27, 35]. A stabilizing agent is
critical in sol‐gel reactions to avoid both the premature precipitations and inhibiting the rapid
conversion of the sol into a gel. In some cases, a catalyst is concurrently used for catalyzing the
hydrolysis and condensation reactions. Some of the most common catalysts employed in sol‐
gel reactions are hydrochloric acid, potassium hydroxide, sodium hydroxide and ammonia
[36]. The precursor solution is kept bathing on the magnetic hot plate with continued stirring
until a clear and stable sol is achieved. The temperature is maintained (25–80oC) in an oil bath
for homogeneous heating. The initial concentrations of the precursor materials, solvent to pre‐
cursor ratios, and ratio of the stabilizing agents to the precursor are important as it can affect
the solubility of precursors and stability of the sol. Furthermore, the concentration of the sol
is an important factor, which defines the microstructure and thickness of films. Once a stable
sol is achieved, it is aged for 24 h approximately at room temperature to confirm its stability.
The stability is also checked by the Tyndall effect; laser light is applied to the solution, and the
scattering phenomenon is investigated that is directly associated with the presence of small
particles in the sol. The stable sols can be applied to different kinds of substrates using a drop
casting, dip coating, and spin coating techniques. The speed of the spinning (revolution per
minute; rpm) is controlled, which affects the film thickness and morphology. The spinning
process is completed through the repetition of these steps: (a) spinning the sol (∼3000 rpm/
min for 30 s) on the substrate, (b) drying at low temperature (120oC for 10 min), (c) drying
at relatively high temperature (350oC for 10 min), (d) drying in a furnace in the temperature
range ~ 500–600oC for 10 min. The steps from (a) to (d) are reported as the preheat treatment
process in literature. The parameters, such as drying time and temperatures, can be varied.
After applying various layers by the same procedure, the films are annealed (referred as post‐
heating) at selected temperatures for longer dwell time to develop homogeneous, crystalline,
and single phase ZnO films. The annealing regime affects the grain growth and the crystalline
microstructure of the ZnO films [37]. Table 2 presents various sol‐gel methodologies recently
reported for the ZnO film processing.
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Precursor Alcohol
(mol L−1)

Additive

Aging (h) Substrate Ph‐Ta (oC) Po‐T b (oC) Thickness Cryst.
Ref.
(nm)
orientation

ZAD (0.4) MeOH
EtOH
PrOH
2‐ME

2‐Ma
MEA
DEA

–

Si(100)

140–170

400

–

(100),
(002),
(101)

[27]

EtOH
PrOH

MEA

15

Quartz

300

500

175–200

(100),
(002),
(101),
(102),
(110),
(103),
(112),
(004)

[29]

ZAD (0.6) PrOH

MEA

24

Glass

300

500

–

(100),
(002),
(101),
(102),
(110)

[38]

ZAD (0.1) EtOH

MEA

24

Soda‐lime 250
Silica
Silicon
Pt(50 nm)/
Ti(5 nm)/
SiO2

400

140

(100),
(002),
(101)

[30]

ZNH
(0.3)

PrOH

MMEA

120

Sapphire

700

700

300–1900

(100),
(002),
(101)

[28]

ZNH
(0.3)

PrOH

MEA

168

Sapphire

300–600

600

–

(100),
(002),
(101) or
(100),
(002),
(101)

[39]

ZAD
(0.75)

EtOH

MEA

–

Glass

200

500

–

(100),
(002),
(101)

[40]

ZAD (0.5) EtOH

MEA

–

Glass

100

450, 600

–

(100),
(002),
(101),
(102)

[41]

ZAD

ZAD

MeOH
PrOH

MEA

24

SiO2/Si

150

500

–

(100),
(002),
(101)
or
(100),
(002),
(101)

[42]

ZAD
(0.2‐0.1)

2‐ME

MEA

24

Glass

300

500

180–270

(100),
(002),
(101),
(102),
(110)

[31]
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Additive

Aging (h) Substrate Ph‐Ta (oC) Po‐T b (oC) Thickness Cryst.
Ref.
(nm)
orientation

MEA

840

Glass

190

550

–

(100),
(002),
(101)/
(100),
(002),
(101)/
(100),
(002),
(101)/
(100),
(002),
(101)

[43]

ZAD (0.2) EtOH

MEA

72

Glass

230

450

98–366

(100),
(002),
(101)

[44]

ZAD (0.5) PrOH

DEA

–

Glass

25 (RT)

450

311

(100),
(002),
(101),
(102),
(110),
(103),
(200),
(112),
(201),
(004),
(202)

[32]

2‐ME

MEA

–

Quartz

170–350

250–400

–

(100),
(002),
(101)

[45]

ZAD (0.1) PrOH

DEA

Glass

550

400

350

(100),
(002),
(101)

[46]

ZAD (0.2) PrOH

MEA
DEA
TEA
TE
EN

–

Soda lime 120–300
Glass

500

300–370

(10¯10),
(0002),
(10¯11)

[35]

Precursor Alcohol
(mol L−1)
ZAD

ZAD
(0.1–0.5)

EtOH
MeOH
BD
PrOH

ZAD

EtOH
‐water

AcA

–

SiO2

200

450

–

(100),
(002),
(101)

[47]

ZAD
(0.75)

2‐ME

MEA

24

Sapphire

300

600–900

50–350

(100),
(002),
(101),
(102),
(110),
(103),
(112)

[48]
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Precursor Alcohol
(mol L−1)

Additive

Aging (h) Substrate Ph‐Ta (oC) Po‐T b (oC) Thickness Cryst.
Ref.
(nm)
orientation

ZAD (0.3) 2‐ME /
PEG

MEA

24

Glass

300

600

257–277

(100),
(002),
(101),
(102),
(110),
(103)

[49]

ZAD

2‐ME

TEA

36

Glass

500

600

230–350

(100),
(002),
(101),
(102),
(110),
(103),
(112)

[50]

ZAD
(0.75)

EtOH

MEA

–

Glass

200

500

–

(100),
(002),
(101)

[51]

ZAD
(0.1–0.3)

PrOH

MEA

24

Soda lime 80
glass

400

218–437

(10¯10),
(0002),
(10¯11)

[52]

ZAD

2‐ME

MEA

–

SiO2/Si

200

500

–

(100),
(002),
(101),
(102),
(110),
(103),
(112)

[53]

ZAD (0.5) 2‐ME

MEA

–

Si‐wafer

300

500–900

–

(002)

[54]

ZAD (0.5) 2‐ME

DEA

168

Glass

300

500

170

(100),
(002),
(101),
(102),
(110),
(103)

[3]

–

720

Glass

180

400–500

–

(100),
(002),
(101),
(102),
(110),
(103),
(200)

[55]

Si (001)

300

500

24–94

–

[56]

ZAD

MeOH

ZAD
2‐ME
(0.09–0.75)

MEA

Abbreviation Product name

Formula

Abbreviation Product name

ZAD

Zinc acetate
dihydrate

Zn(CH3COO)2.2H2O MeOH

Methanol

CH3OH

ZNH

Zinc nitrate
hexahydrate

Zn(NO3)2.6H2O

Ethanol

C2H5OH

EtOH

Formula
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Abbreviation Product name

Formula

Abbreviation Product name

Formula

2‐ME

2‐Methoxyethanol

CH3O(CH2)2OH

PrOH

x‐Propanol

C3H7OH

TE

Triethylamine

N(CH2CH3)3

ED

Ethylenediamine

C2H4(NH2)2

DEA

Diethanolamine

(HOCH2CH2)2NH

AcA

Acetic acid

CH3COOH

MEA

Monoethanolamine (HOCH2CH2)2NH2

PEG

Polyethyleneglycol C2nH4n+2On+1

TEA

Triethanolamine

(HOCH2CH2)3N

BD

1,4‐butanediol

2‐Ma

2‐(methylamino)
ethanol

C3H9NO

HOCH2CH2CH2CH2OH

Preheat treatment; bpostheat treatment.

a

The bold entries are self explanatory which suggest the preferential crystallographic orientation.
Table 2. Recently published papers about the sol‐gel‐derived ZnO films.

3. Doping of ZnO
The term doping is used to introduce impurities in semiconductors. Similarly, doping mech‐
anism is applied to improve the properties of ZnO (Table 3). Transition elements such as
Cu2+, Fe3+, Co3+, Mn2+ are used to alter the ZnO optical and electrical properties [57]. The
dopants in ZnO crystal structure affect the crystal structure, volume, lattice parameters, hop‐
ping mechanism of electron, band gap, and particle morphology, which are efficient ways in
which the properties of ZnO are improved [58]. It has been reported that 9 mol% Fe in ZnO
decreases the d‐spacing of ZnO crystal. The ionic radius of Fe3+ (0.68 Å) is smaller than Zn2+
(0.74 Å), which can possibly influence the crystal lattice due to the generation of tension in
the crystal. Further, it decreases the crystal growth. The Eg also decreases with Fe due to the
addition of more energy levels, consequently resulting in defects. Aydin et al. [59] reported a
corresponding decrease in Eg for the samples with 5, 10, 15, and 20% Fe‐doped ZnO as 3.08,
2.83, 2.79, and 2.75 eV, respectively. Xu and Li [60] processed sol‐gel‐derived Fe‐ZnO on the
Si substrates. The preferential orientations of the film perpendicular to the substrate surface
along the c‐axis and the crystalline nature were reported to increase for the 1% Fe doping
concentration. However, with increasing Fe from 1% worsen the above‐mentioned proper‐
ties. The grain size was also decreased with increasing Fe content. The Eg was observed
to increase. Aluminum (Al3+; ionic radii: 0.053 nm) doping in Zn2+ (0.074 nm) decreases the
interplanar d‐spacing and lattice constants [61]. Chen et al. [62] investigated the effect of
Ga‐ZnO film thickness (230–480 nm), temperature (400–600oC) and atmosphere (air/argon) to
improve the optical response and electronic microstructure of the ZnO. The films were pro‐
cessed by using the sol‐gel dip coating technique, where thick films showed high crystalline
nature. The annealing atmosphere resulted in the low carrier concentration, while an increase
in the particle size promoted the career concentration. The argon atmosphere possibly pro‐
duced films exhibiting resistivity 1.18 × 10−2 Ω cm, carrier density (3.376 × 1019 cm−3), and
mobility (15.74 cm2 (Vs)‐1). Dubey et al. [63] used Mn and Li as the co‐dopants to optimize
the optical and magnetic behavior of ZnO thin films, which were processed through a sol‐gel
route according to the stoichiometric formula Zn1‐y‐xMnyLixO (y = 0, 0.02| x = 0–0.06. The lat‐
tice parameters were observed to increase linearly and were associated with the distortion
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ρ (Ω cm)

Dopant

Conc. (%)

Substrate

Annealing Atm.
(oC)

Al

24.71

p‐type Si

500

H2

Ti

0.5

Glass

400

Air

Fe

1–5

borofloat
glass

650

Air

3.371

Cu

0.00, 0.03,
0.06, 0.10

Si(100)

750

Air

3.22–3.43

Optical

[68]

500

Air/
Vacuum

3.28–3.32

Optoelectronic

[69]

Sn‐Al

3.8– × –104

0.52–575.25

Eg (eV)

3.346

Application

Ref.

Solar cells

[65]

Transparent
cond. layer

[66]
[67]

Co

0–10

Corning glass 550

Air

3.26–3.31

Magnetic

[70]

Na

3–30

Quartz glass

800

Air

3.25–3.293

Optical

[71]

Ru

0–6

Si/Quartz

600

Li

0–0.2

Al‐Ni

1.5

Corning glass 450–600

Al
B

0.25–5.0
0.25–1.25

Glass

Al

500

3.278–3.372 Transistors
Air

[72]

Sensors

[73]

N2/H2

1.05– × –10−3–
6.53 × 10−3

Optoelectronic

[74]

550

Air/ 5%
N2/95% H2

1.99– × –10−3
4.01

Optoelectronic

[75]

Quartz

600

Air

3.22–1.42

3.21–3.14

Gas sensing

[76]

3.26–3.21

Optical

[77]

Sensing

[78]

Optical

[79]

Sensing

[80]

3.27–3.29

Sensing

[81]

3.31–3.69

Optical

[82]

Optoelectronic

[83]

Fe

1–4

FTO

450

–

In

3

Quartz

600

Air

Mn

1–5

Glass

400

Air

Cu

1–4

Glass

500

–

Ga

0–1

Alkali free
glass

550

Ag

0–3

Glass

500

Air

Al

0–12

Glass

300–500

Air

Fe

0–20

Glass

500

Li

0.25–1.25

Glass

450

Pb

1–4

Glass

500

Al‐Ti

(1)Al–(0.1)
Ti

Glass

550

Air

Co

0–0.09

Quartz glass

650

Mn

0–12

Glass

450

B

0–5

Alkali free
glass

500

Ga

0–3

Glass

500

3.43

3.07–3.38
Air

Optoelectronic/ [84]
Magnetic
Optoelectronic
Thermal

[85]

3.19–3.25

Optoelectronic

[86]

3.23–3.26

Optical

[87]

Air

3.26–3.28

Optical

[88]

Air

3.89–3.15

Optical

[89]

2.2 × 102

3.25–3.3

Optical

[90]

102–9

3.24–3.28

Photocatalytic

[91]

Vacuum

900
× 106–13 × 106

Table 3. Recently used impurities in the ZnO films for different applications.
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of the Zn tetrahedron. The Mn K‐edge XANES data revealed the Mn2+ in the 2% Mn‐doped
samples, while the oxidation state was reported as Mn2+ and Mn3+ in the co‐doped samples.
Furthermore, the methylene blue dye degradation was improved up to 90% with the co‐dop‐
ing mechanism. All the samples showed a preferred crystallographic orientation (100), (002),
(101), (102), (110), (103), (112), and (210). The crystallite size calculated using a Scherer equa‐
tion was observed to increase nonlinearly from 27.180 to 27.145 nm for the undoped to high
doped samples, respectively. Vijayaprasath et al. [64] used various transition metals (Ni, Mn,
Co = 0.03 mol%) as impurities in the ZnO crystal lattice by processing sol‐gel‐derived pure
and doped ZnO films. The X‐ray diffraction (XRD) studies confirmed the hexagonal wurtz‐
ite structure with (002) preferred orientation. Optical characterization showed a transparent
character in the visible region while a d‐d transition was reported in the violet region, which
was associated with the crystalline defects and grain morphology. The crystalline size was
reported as 28.70, 27.74, 26.00 and 27.74 nm for the pure ZnO, Ni‐, Mn‐, and Co‐doped ZnO,
respectively. An increase in the dislocation density (lines m−2) and microstrain (lines−2 m−4)
was observed for all the transition elements. The resultant films exhibited well‐defined fer‐
romagnetic properties at room temperature. The coercivity of Ni‐, Mn‐, and Co‐doped ZnO
thin films was 41, 58 and 49 Oe (Oersted), respectively. It is important to further investigate
the effect of elements in the ZnO both theoretically and experimentally. The new mecha‐
nism that can potentially improve the properties of ZnO is the co‐doping mechanism rarely
reported.

4. Application of ZnO
Zinc oxide has been utilized as a potential technological material for centuries. In the Bronze
age, the smelting process for copper ore produced ZnO as a by‐product. It was also used
for the wounds healing and brass (Cu‐Zn alloy) production. After industrialization in the
mid‐nineteenth century, ZnO was used in white paint, rubber vulcanization activation, and
porcelain enamels. In the following, we will discuss comprehensive details of the selected
electronic and optical applications of ZnO.
4.1. Gas sensing
ZnO nanostructures have been extensively studied for use in gas sensing applications. A gas
sensor is designed to convert chemical information (concentration) of a particular gas present
in a designated space into an electric (or optical) signal (Figure 4). The basic requirements of
such a device configuration are: (1) compaction in order to install it in a commodity appliance
and (2) must be economical. In principle, the gas sensors are designed by combining two key
functions. The first one is the gas recognition, which is conducted through adsorption, reduc‐
tion or electrochemical reactions to/by sensor materials or electrode (receptors). The second
function is the transduction of this information in the form of signals (signal transduction).
The interaction can be any physical or chemical effect on or around the receptors, such as a
reaction product, adsorbed formations, generation of heat of reactions, changes in receptors
mass, dimensions, surface/bulk properties and changes in the electrode potentials.
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Figure 4. A typical ZnO‐based gas sensor.

In the case of semiconductors, the changes in the work function are monitored, and conse‐
quently, the work function dependent resistance is monitored. The surface conductivity of the
ZnO is recorded in response to the adsorbed gas. As mentioned in the previous text, the sur‐
face of the ZnO exhibits the point defects, which affect the conductivity of ZnO. The oxygen
vacancies are dominant defects in ZnO that are generally generated in the films by annealing
at high temperature. The resistance of ZnO‐based sensors is monitored, which correspond
to the adsorption and desorption of the target gas molecule on the surface of the sensors
[92]. The surface of ZnO captures oxygen from the air, which is converted into oxygen ions
by taking electrons from the conduction band. This phenomenon results in decreasing the
charge carrier species, subsequently resulting in increasing the resistance across the circuit.
For example, when ammonia molecules react with O2 on the surface, the electrons flow back
into the conduction band which decreases the circuit resistance. The oxygen and NH3 reaction
are as follows:
2NH 3(g) + 7O ‐ → 2NO 2(g) + 3H 2 O(g) + 7e ‐

(1)

The gas sensing properties of ZnO depend on the surface areas, porosity, defect concentra‐
tion, and working temperature. The thickness of the ZnO film by sol‐gel route is controlled
by varying the sol‐gel concentrations and deposition cycles. Kumar et al. [44] reported that
an increase in the film thickness from 98 to 366 nm resulted in particle size growth and sur‐
face roughness 5.8–47 nm, respectively. Further, the band gap was observed to decrease from
3.33 to 3.24 eV, respectively. Films with high surface roughness showed good gas sensing
characteristics. Huo and Jayatissa [93] studied the effect of laser irradiation on the sol‐gel‐
derived ZnO film thickness and H2 sensing. A pulsed laser (£ = 532 nm, pulsed rate = 8 nm,
pulsed f = 5 kHz, laser fluence range = 1.06–3.58 J/cm2) was used in this experiment. The low
irradiation promoted the grain growth and crystallinity, while the high‐dose resulted in dete‐
rioration of the crystallinity. The H2 sensing ability of the Al‐doped ZnO was observed to be
dependent on the film thickness and optimum dose of the laser. Liu et al. [76] reported the
sensing and optical properties for the Al‐doped ZnO films deposited on the quartz substrates
and annealed with a different heating process. The films exhibited Eg = 3.21–3.14 eV, resis‐
tivity = 3.22–1.42 Ω cm, average transmittance 400–700 nm increased from 82.9 to 86.7%. The
sensing properties were in ethanol atmosphere. The thin films showed high response and
recovery toward ethanol gas sensing. Hou et al. [94] utilized two different Zn metal salts (Zinc
acetate and Zinc nitrate) to develop Al‐doped ZnO films. These precursors were selected as
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the controlling factors to investigate its effect on the films microstructure, conductivity, and
gas sensing response for the Zinc acetate compared to the Zn‐nitrate. Different concentra‐
tions of the hydrogen in the air were also investigated. Zinc acetate‐derived films exhibited a
skeletal wrinkles structure. The sample with 3.0% Al‐doped ZnO showed conductivity, high
tunability for a selective, and optimum operating temperatures.
4.2. Photocatalytic applications
The photocatalysis process can be exploited as a renewable energy source and an environ‐
mental technology for application ranging from solar cell to photoelectrochemical cells for
water splitting reactions, purification of hazardous materials from industrial effluents, that
is, removal/degradation of drugs, dye, and conversion of alcohols to fuel. The photocatalysis
is an important electrochemical process, which occurs under light irradiations either from
the sun or artificial light source that occurs at the surface of a photocatalyst (semiconductor
material). The interaction of photon to the photocatalyst is a very important characteristic that
facilitates/deteriorate the photocatalytic process. The photocatalysts have been under exten‐
sive investigations, and recently, a number of efforts have been given to tune the electronic
microstructure of the semiconductor materials. For this purpose, efforts have been made not
only to modify the synthesis procedures, but also the crystal orientations, impurities, tuning
the defect chemistry such as TiO2. However, there is still room to improve the photocatalysts
for industrial applications and to understand the physical and chemical processes involved
[95]. ZnO is one of the efficient photocatalysts that exhibit good photocatalytic activity, non‐
toxicity, and abundance [96]. The environmental contaminants are degraded by using ZnO
as the photocatalysts. When the energy of the incident photons is equal to or greater than the
Eg energy of the ZnO, reactive species such as H2O2, Radicles (i.e., anions (•O2−) and hydroxyl
(•OH)) are produced, which are strong oxidizing agents that facilitate the photocatalytic pro‐
cess of degrading the organic and pharmaceutical pollutants. Moreover, these reactive spe‐
cies can be used as antibacterial agents that can rupture the outer membrane of bacteria,
inhibiting their growth. The antibacterial agents can be organic or inorganic; however, the
inorganic antibacterial agents are more stable and safe. ZnO is categorized as the most prom‐
ising inorganic antibacterial agent that showcase antibacterial activity, even in the absence
of UV light. These properties can be exploited for various applications, such as wastewater
treatment. Additionally, the thin ZnO films exhibiting antibacterial activity can be used to
modify windows in buildings for protection purposes against certain microbes. Recently, the
self‐healing films with good antibacterial activity are under consideration to improve health
care facilities for the public [97]. The ZnO is applied in the form of aqueous slurries as a pho‐
tocatalyst; however, the process is technologically not feasible, and thus, it cannot be used to
recycle and recover the catalyst after wastewater treatment. To overcome this issue, attempts
have been reported to develop ZnO thin films on rigid substrates such as glass (beads, fibers),
aluminum foil sheet, and stainless steel. The photocatalytic response of these films is lower
compared to the nanopowders. A new approach is to develop immobilized nanostructured
photocatalysts, exhibiting superior microstructure properties such as a high number of active
sites and surface to volume ratio compared to thin films. Furthermore, mixed phases are fab‐
ricated to increase the photocatalytic activity. Georgakopoulos et al. [98] processed the TiO2/
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ZnO nanocomposites and studied the photoconductivity of various stoichiometric ratios both
in vacuum and in air. The environment did not affect the photoconductivity amplitudes; how‐
ever, a high decay rate was recorded in the air. Moreover, a composite ZnO (10%)/TiO2 thin
film degraded 78.1% of methyl orange (MO) compared to pure TiO2 (49.3%) [99]. Despite
absorption in the ultraviolet region of the solar spectrum by ZnO, for good photocatalytic
properties, it is important that ZnO absorbs the visible region because the solar spectrum
constitutes only 5–7% UV light, while the visible and IR percentage are higher 46 and 47%,
respectively. Therefore, the Eg of the ZnO is narrowed by doping the transition elements to
improve the absorption of the visible region of the solar spectrum [100]. Davar et al. [101]
adopted a novel green chemistry route to develop ZnO for the degradation of various dyes
such as methyl blue (MB), methyl red (MR), and methyl orange. The effect of sucrose solution
was added in various ratios to investigate its effect on the lemon juice and zinc acetate solu‐
tions. The product materials studied by SEM and XRD showed an enhanced grain morphol‐
ogy and crystal phase. The as‐synthesized ZnO showed a good photocatalytic response to
the degradation of various dyes used in this work, and the photocatalyst can also be used for
commercial applications in the degradation of dyes in the textile industry.
4.3. Thermoelectric properties
The demands for the generation of energy from sources that are free from carbon emission
are increasing which has a great impact on the current social economic and political structure.
The production of energy from sources such as fossil fuels and natural gas has increased the
production of carbon dioxide emission in the atmosphere and sulfur compounds to an alarm‐
ing rate, which poses a great threat to our environment and health. To overcome these issues,
attempts have been made to produce energy from clean sources and utilize alternative means
of energy. These include sources like hydrogen fuel economy, solar cells, piezoelectric materi‐
als, pyroelectric materials, and thermoelectric materials for energy harvesting either from sun
radiations, vibrations and movements or, surrounding heat and heat generated in the automo‐
biles and industries. Every year a tremendous amount of energy is wasted in the form of heat,
which provides an opportunity to harness the energy for power generation. Techniques have
been explored to recover waste heat, such as Organic Rankine Cycle (ORC), which utilizes
an organic fluid, using superheated gases for running blades in a turbine for power genera‐
tion, and thermoelectric generators, those can transfer the difference of heat energy between
the two plates into a DC power by using Seebeck, Peltier, and Thomson effect, which can be
exploited for the generation of electric powers from heat. In the past few years, many materi‐
als, both oxide and non‐oxide‐based, have been studied to improve the performance of the
TEGs. The non‐oxide‐based TEGs have better ZT values; however, they contain lead and other
heavy and expensive metals, which cannot be used for large‐scale implementation. The oxide‐
based TEGs are cheap, abundant and have the potential to improve its properties by tuning
the defect chemistry and conductivity in these materials. Further, these materials are more
stable at high temperature compared to non‐oxide based, which readily oxidizes at extreme
temperature and deteriorate its properties. ZnO is considered to be one of the potential ther‐
moelectric materials, which has recently gained attention due to its stability and economy.
TEGs are based on p‐ and n‐type semiconductor materials connected in series and parallel to
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deal with current and heat flow, respectively. The thermoelectric figure of merit, ZT = S2σT/κ
where T is the temperature, S is the Seebeck coefficient, σ is the electrical conductivity, and κ is
the thermal conductivity, is the measure of the potential efficiency of a thermoelectric material
[102]. The thermoelectric power factor (PF) of ZnO is comparatively higher and can be used
as alternatives to the conventional thermoelectric materials. The PF is given as ZT ¼(rS2T)/k,
where r is defined as electrical conductivity. The doping mechanism can be adopted in ZnO
to restructure the crystal architecture, which can possibly increase r. In such a way, the semi‐
conductor behavior can be changed into a metallic one. The Al doping has been reported to
increase the magnitude of r by the three order; however, the high k results in a low thermoelec‐
tric performance. The thermoelectric properties can be improved by improving the electronic
transport mechanism [103]. Liang [103] reported the effect of Fe on the ZnO for thermoelec‐
tric applications. The XRD confirmed the ZnO solid solution and ZnFe2O4 spinal phases. The
magnitude of ZT was observed to increase with increasing Fe concentration, which might be
associated with phonon scattering, point defects, and electron transport mechanism.

5. Summary and future perspectives
This chapter reviewed the processing, effect of doping, and strategies to improve the devel‐
opment of the sol‐gel derived pure and doped ZnO films, with an emphasis understand‐
ing the parameters that can influence the optical and electronic properties of these materials.
Moreover, it has been discussed how these materials can be used for gas sensing, photo‐
catalytic and thermoelectric applications. The number of publications on sol‐gel chemistry
is increasing every year, which shows its potentials in semiconductor‐based films processing
that can be exploited and applied on an industrial scale. The doping mechanism, film micro‐
structure, and hence the final properties can be easily controlled by the sol‐gel method; how‐
ever, the parameters, which can influence the properties and durability of the sol‐gel derived
films, must be further investigated and optimized. For instance, very little attention has been
given to understand the film growth and grain orientation on the nanoscale, and most of the
studies generalize/overlook this approach. It is important to modify the sol‐gel process to
develop the homogeneous ZnO‐based films with preferred crystal orientations and controlled
microstructure, which can be proved as an alternative to atomic layer deposition and magne‐
tron sputtering techniques. Few studies report the microstructure evaluation, which limits the
usefulness of sol‐gel for the sensitive and reliable applications. Future studies must focus on
the grain formation in sol‐gel during film processing and crystal orientation mechanism must
be studied, which will open a new window in the sol‐gel regime. Moreover, the grain‐to‐grain
connection and density parameters must be investigated in detail, which strongly affect the
electrical properties of the device. Although the sol‐gel technology for the semiconductor pro‐
cessing has been used for decades, the methods have been overlooked. Despite hundreds of
papers published each year, the sol‐gel process has been little modified, that is, sol‐precipita‐
tion and sol‐hydrothermal method. The major issues, which are not only related to the current
discussion, but also, in general, are the reproducibility of the results which are reported differ‐
ently from lab to lab. The percentage of reproducibility of the experimental results reported is
extremely low, which demolishes the adoption of such techniques.

Sol-Gel-Derived Doped ZnO Thin Films: Processing, Properties, and Applications
http://dx.doi.org/10.5772/67857

The importance of the sol‐gel technology and further modification in the techniques will
increase in the near future. The new precursors and developing new sol‐gel chemistry will
change the film growth technology, and sol‐gel has enormous potential for commercial appli‐
cations. Sol‐gel‐derived films will generate unique properties to cope with the needs of future
technological device applications.
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