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Abstract: This review attempts to compile the physics and
chemistry of defects in zinc oxide (ZnO), at both, the
fundamental and application levels. The defects, either
inherent ones or introduced externally, have broadened the
ZnO material field in various directions. The ZnO material
exhibits many defect-attributed properties leading to broad
technological applications: electronic and optoelectronic
devices, sensors, optical components, ceramic industry, bio-
medical, catalysis, lightening, etc. Considering the huge
defect-dependent technological scopes, the ZnO material is
constantly engineered for various defects, and corresponding
functionalities are tailored with respect to particular applica-
tions. The functional properties of ZnO are strongly influ-
enced by the defects, and as a result, the defect engineering
of the ZnO materials has remained an important motivation
in materials science and engineering in terms of localized
defects, extended defects, impurities, and surface defects,
etc. A detailed characterization of these defects seems to be
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an essential part of any research area. The correlations of the
microstructural characteristics with electrical and optical
properties of ZnO are then a natural step for further facili-
tating an efficient way toward advanced ZnO-based materials
and devices. The present review is an effort to shed light on
the defects of ZnO, properties, theoretical aspects, and corre-
sponding applications.

Keywords: zinc oxide nanomaterials, defects, techno-
logical applications

1 Introduction

The word “zinc” has been derived from the Persian word
“sing,” which means stone. Zinc ore has been initially
used for the fabrication of the copper—zinc alloy, brass,
and zinc salts for medicinal uses even before the dis-
covery of zinc as a metal. The materials of brass were
also being used in Babylonia and Assyria around 3000
BC, as well as in Palestine in between 1000 and 1400 BC
approximately. It took centuries for the recognition of
zinc as a metal, and finally, after the reemergence of
zinc in the seventeenth century, the word “zinc” became
widely famous. Because zinc exists only in the compound
form in nature, it has been first extracted from the carbon-
ates of the zinc. At the early stage of the evolution of zinc,
it was particularly well suited to alloys along with other
metals. It was being used initially for the manufacturing
of coins. One of the primary challenges in extracting
zinc at the early stages was regarding its propensity of
vaporization before reaching the melting temperature of
more than 1,000°C. For solving the issue, the researchers
condensed the vapors without any exposure to air during
the smelting process [1]. With the advancement of tech-
nology, it has been found that zinc exists in nature
only in the compound form, mainly involving oxygen or
sulfur. Among them, the compound “zinc oxide (ZnO)”
was being discovered to be one of the most functional
materials with remarkable and unique physical and che-
mical properties such as strong chemical stability, high
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electrochemical coupling coefficients, a broad spectrum of
radiation absorption, along with high photostability [2,3]. In
materials science, the ZnO is categorized as a semicon-
ductor of group II-VI, with a covalence lying in-between
the ionic and covalent semiconductors [4].

The thirst and need of the human civilization for
better living standards has remained the demand in every
century. The fulfillment of the demands always relies on
the shoulders of the researchers working in the different
fields. Researchers design different ways to attain the required
properties for any materials of need, such as doping,
codoping, ion beam radiation, and creating defects. Among
the diversity of materials and needs, the ZnO, which belongs
to the oxide semiconductors, is of great interest. The research
interest in ZnO is exponentially growing as is observed from a
surge in the number of publications in these materials [5]. The
graph presented in Figure 1(b) is taken from Scopus depicting
the number of publications per year for the ZnO, from which it
is clearly evident that after 2017, the number of publications
per year is more than 100,000. This surge is due to the non-
toxic nature of ZnO and its cost-effective production on both
small and large scales [6,7]. Among the cluster of available
semiconductors, ZnO has been readily used for the past
decade as an electronic material for numerous applications
[8,9]. The defect engineering of the ZnO has remained an
important motivation in materials science research as the
fundamental physical and chemical properties of ZnO much
depend on their defect structures. It is because of the complex
nature of the defects that ZnO is being discovered and re-
discovered repeatedly [10-12]. With a direct band-gap value
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of 3.37 eV, it possesses higher exciton binding energy than
that of GaN, that is, 60 meV at room temperature (RT)
[6,8,9,11-15], because of which the excitonic emission pro-
cesses persist at or even above RT [16,17]. This exceptional
characteristic feature makes it a remunerative material for
RT ultraviolet (UV) lasing devices [5]. It acts as a potential
candidate for application in optoelectronic and spintronic
devices. The material properties of ZnO make it applicable
to a wide range of applications in UV light emitters, varis-
tors, ceramic positive temperature coefficient thermistors,
transparent high-power electronics, surface acoustic wave-
guides, piezoelectric transducers, chemical and gas sen-
sing, solar cells, piezoelectric nanogenerators (PNGs), etc.
[8-10,18-22]. Also, it possesses an important position in
solid-state lightning technology because of its high emis-
sion efficiency [23]. It opens the opportunities toward the
formation of new optical and magnetic effective devices,
such as spin-polarized solar cells [24], spin light-emitting
diodes (LEDs) [25], and magneto-optical switches [26]. It
has been modeled into several nanostructured polymorphic
shapes, such as nanorods (NRs), nanowires (NWs), nano-
flowers, and nanoparticles (NPs) [27-30]. The above men-
tioned benefits of the ZnO make it favorable for the different
fields of science and technology. This diversity in applica-
tions of the ZnO in different fields is depicted in Figure 1(a)
taken from the Scopus, representing the applicability of ZnO
in the various domains of science and technology. These
nanostructures prove to be important for optoelectronic
devices owing to their large surface-to-volume ratio [31]. A
wide range of methods have been used to synthesize ZnO,
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Figure 1: (a) Applicability of the ZnO in the different fields of science and technology and (b) number of publications per year related to ZnO.
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that is, pulsed laser deposition (PLD), vapor-liquid—solid,
metal-organic chemical vapor deposition, molecular beam
epitaxy, hydrothermal aqueous chemical growth, micro-
wave-assisted growth, etc. [32-36]. The density of defects
in ZnO directly depends on the growth methods. Sol-gel
strategies, including aqueous strategy, are effortless, modest,
and easy to use techniques in business use. Although the
other previously mentioned strategies yield nanostructures
that are huge from size perspective, they require refined hard-
ware and include significant expenses and temperatures that
limit the utilization of different substrates [13]. Modern crystal
growth methods make it conceivable to develop huge size
ZnO crystals and wafers, which led to the wide modern utili-
zation of ZnO with exceptional results [37]. Yet, polycrystal-
line, nanocrystalline, or a normal deficient ZnO material
shows interesting unique functionalities [23,38-44], which
is significant from both theoretical and application view-
points. Such alleged inferior quality (not regarding virtue)
ZnO offers greater adaptability to be used in gadget applica-
tions because of the presence of an enormous number of
different imperfection species in such a framework [45].
They can be delivered at a lower cost and by generally simpler
methods [46-51]. Along these lines, polycrystalline or nano-
crystalline ZnO has gotten considerably more attention. This
review article mainly focuses on the manipulation of defects
in ZnO for enhancing their technological applications. Because
of the presence of different types of impetrfections, ZnO offers
ascend to generally new material attributes [52-54]. Theore-
tical investigations, particularly first-principle computat-
ions that relies on density functional theory (DFT), have
also made significant contributions for a better under-
standing of the role of local point imperfections and con-
taminations on the accidental n-type conductivity in ZnO
[55-60]. To date, large number of reviews related to ZnO
have been published, but all those are dedicated to some
particular characteristic and application. In this regard,
this is a unique review as it provides an insight into almost
every aspect of the ZnO. This review article consists of dif-
ferent sections, and each section is subsequently divided into
its respective subsections. After a brief introduction, the
second section provides the information on different ways
of synthesizing the ZnO, followed by the third section, which
provides the detailed information related to the structural
aspects of the ZnO. The fourth section deals with the different
properties possessed by ZnO, that is, optical, thermal,
mechanical, etc. In the fifth section, the defects present in
Zn0 are presented, wherein the effect of all of the intrinsic
and the extrinsic defects are briefly explained. In the next
section, some general remarks about the defects have been
presented, and the last section deals with the applications of
ZnO0 in a variety of scientific and technological domains.
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2 Different methods for synthesis
of ZnO nanostructures

Due to the diverse nature of structures acquired by the
Zn0, the interest in knowing the physics and chemistry of
these structures has increased drastically in recent years.
These various structures attained by the nanometric ZnO
make it a unique material with diverse set of character-
istics and prospective uses in a variety of nanotechnology
disciplines. ZnO occurs in one-dimensional (1-D), two-
dimensional (2-D), and three-dimensional (3-D) struc-
tures [4]. 1-D group makes up the largest group, which
includes NRs [61-63], needles [64], helixes, springs and
rings [65], ribbons [66], tubes [67-69], belts [70], NWs
[71-73], and combs [74]. The 2-D structures of ZnO include
nanoplate/nanosheet and nanopellets [75,76]. 3-D struc-
tures are mainly flowers, dandelion, snowflakes, coni-
ferous urchin-like, etc. [77-80]. Different techniques to
produce various ZnO structures that differ in shape, size,
and spatial arrangements are depicted in Figure 2. A
detailed summary of ZnO obtained by different methods
is given below in the Table 1.

2.1 Sol-gel method

This technique has been prominently used for the fabri-
cation of the ZnO because of its numerous benefits, such
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Figure 2: Different synthesis methods used for the development of
different ZnO structures.



DE GRUYTER

Irfan Ayoub et al.

578

(panuyuo))

WU QZ~ SIURIIBLINS JJUOIUR pUB ‘WU 05-0T~

[€8]  SijuelIBYINS DIUOIUOU ‘WU 0G—Of~ SIUBIIBLINS DIUOIJRD :SUleIS JO 3ZIS sjueldeuNs yum ¢(EQN)uz uolsinwy ¥
S92IA9p |e213do pue 21u04329)d :uojiedjddy
[to1] sadeys \\N Pue SYN Y}Im 91n3aniis aziunm jeuoSexay 131eM paziuolap pue ¢(EQN)uz
wu Q00z-0%7~ joueylahxoing—
[ooT1] I9}oWelp pue wu €T—6~ 9IS 1e}SAID aSeI9AR Y}IM 3IN3INIIS 331dU17Z pue ‘Axoyia-Axoyjlaw ‘sjeuoiade)A}aie ouiz
salaydsoudiw 3y1]-1amoyy yum Suoje (wu 0g~) SYN ‘s9)d11ed pazisoueu pinby
[66] yum (wr g—g) sasaydsosdiw mo)joy ‘@injdniis aziunm jeuoSexsH  J1uo0] 93e10q0JoN}eIId} WNijozepiw] pue ‘HOSHY) ‘NZ ‘VZ
(wu 09-%2) aujwelpauajAy}s pue
[86] SdN pue (wu S8T—0%) SYN jo adeys ajd1uied yjim aInjonils ajzUnpy - ‘auan)ol “|JH ‘opiIxo-N auljodid-f ‘apixo-N sulwejAylawii]
wu 09-0z J0 19pio 3y} Jo 3zIS e dAey sa9)diped
[26] J0 9)e8a188e ue ‘sajoy yum Suoje spud Jensau ssassod sapdiled 08HED pue ‘HOSH?D ‘uz’QPeH") ‘eluowwe ‘yz
wr oz 0} wu QOT~ apIxoipAy wnjuowwe pue ‘apixolpAy
[96] J0 19pi0 By} JO 9zIS S8}|1BISAID0IDIW YIIM B4NJINIIS 3ZI}NM JeuoSexaH wnissejod ‘apixolpAy wniyyy ‘(NZ) d1e4HU dUIZ ‘Y7
[s6] wu QTT-5G punoie Jajawelp apdiued yum adeys jeausyds apixoipAy wnipos pue (yz) 9jelade duiz
uo 0s pue ‘(wu QO-00¢) uoipayhjod e ‘(wu 00z-09) sanbjuyda) anemoldiw
[v6] 193ys ‘(wu 00Z-00T) 11-po4 }9]1nq :ASojoydiow 3)d13ed HOEBN pue ¢ouz pue JewayjoipAy jew.saylon|os €
wu g/~ 19p40 3y} jo
[€e6] sagnioueu jo adeys ay) ssassod sajdinied ‘94n}INLIs ziUnm jeuoSexay HOSH®) pue ‘C(HO®HD%HD)NH ‘@1eipAylp ajelsde duiz
wu g7—g¢ Jouedouid
[26]  YiBua) pue wu 0g-GZ~ 1a1awelp yum adeys jedtipullfa jo sayeish -7 pue ‘jouey’d ‘(HON"(¢HD)) ‘@reuoxayihyiae-z duiz
[16] s91211ed padeys jedo1ayds Ajuwiojiun y3im a1n3dnuls 91zunm jeuoSexay HOSH?) pue "QZH?) ‘ajelpAylp ajelade duiz
ulJes JO uoljeUIWERIUOIIP 10} PAsN :uoledlddy
wu QQT~ Jaewelp
[06] pue wuQOS~ YISua] yum adeys axi)-pos jo sajdiled ‘ainjniis alduIz HOEHD pue ‘HO®H®) ‘"0%H%) ‘@1eIpAyIp ajeiade duiz 198-105 z
Ayjanoe jeiqosdjwnue :uopjednddy
[68] adeys J1amo}j Yy3Im ainjoniis jeuoSexay HOBN pue ¢(Q0DEHD)UZ
[88] sadeys 3)[1]-poJ pue ‘1amoj} ‘94n}INIIS 3}ZJNM pue |euoSexay €0DJH"HN “4apmod Quz pazis-onIN
(28] wu 09~ yidua) pue wr -1°0~ J3)WeIp 3)d13ed £0DH"HN pue ‘HO"HN ‘’0Suz
[98] wu QOZ~ J9)9wWelp pue wu ST~ Yi3ua] ym sapdiued uolinjos snoanbe ue se YN yum ¢(00IEHI)UZ
wu z~ J3)awelp
(e8] 9z|s 9pd1ed pue wu Qg—6 9zIs 1eISAID YHIM 31n3INI1S aNZUNM Joueyld pue ‘€0IH"HN 70oSuz
(78] wu Q¥ puno.ue jo sapdied azis jeausyds HOBN pue ¢(EQN)uz
slosuas se$ uj pasn :uopednddy
(€8] wu 0g~ Jajawelp 3)d1ed Yym ainjdnis ayzungm Z(EQN)uz
uolnepeiSap dnAjeiedojoyd uj 3sAjejesojoyd e se pasn :uojjedddy
[z8] wu Q€~ Jo Jajawelp e yum sa)died jeauayds :94n3aniis ayduiz €0D%("HN) pue ¢(00DEHD)uz
(18] 8/,w91~% 1139 ‘Wu 005-09T :13)3Welp 3)diled uofinjos e se HOM pue ¢(00JHI)uZ $sa20.d uoneydidaid T
‘Joy suonjesfjdde pue sansualdeIRY) S10S1nJ3.d poyjaw/anbjuyss} “-ou-s

QuZ JO uoljedliqe) 3y} 10y sanbjuyday Jualayip jo Alewwns :1 a)qeL



579

Enhancing their technological potentials

Advances in ZnO

DE GRUYTER

[zTTé1T1] $3.Nn1onJ3s 9Y1]-podeu}a) Jo uoljedliqe) ayy 1oy Aem juapLys uy poylaw yodsuesy saweyy Aq spodesyay Quz pue
[0TT] wugZ-Tg~ J0 J19pI0 Y} jo Jajawelp 3)d13ed e yHm aunjaniis |euoSexaH ‘Suissadoud jeatwaydoueydrsw yum |DeN ‘€0dieN ¢ouz
$921A3p |ed13do pue 2ju04329]9 Ul pasn :uoljedddy
[toT1] sadeys MN Pue SYN YHM 3in3dNn13S 9zinM |euoSexaH uoljeipedl] djuosesn yum ¢(EQN)uz
[601] wu 0€-0Z~ sadiMed jo azis wiojiun uonisodwodap jewsays yum {(Q0IEHI)uzZ spoyjauw JayiQ 9
[80T] wu QT~ 3zIs jo sapd1ed pasiadsip Ajwiojiun ylim aIndonils jeuoSexsy uo os pue ‘aueyday ¢(Q0IEHI)UZ C1Duz
wu 8z-1z~ Jarpwelp
pue wu z/-99~ Yi8ua) jo sadeys pos awos yym Suoje wu yg—gI~ w10j010]Yyd pue ‘joueylaw
[£0T]  jo 43pJo 3yj jo adeys |eaudyds 3y} Yy3m aIn3dnJls 9ziUnm JeuoSexsy ‘HoeN ‘auelday-u 0132418 ‘10 10S01aR ‘C(Q0DEHD)UZ
uo 0S pue ‘joueylaw ‘suolade
[901] wr €T-T1~ 9zIS uleIS pUR WU 6'CT—/ T~ I1918welp yiim adeys jeauayds ‘louryld ‘auazuaq ‘aue}doos| ‘piae djexo ¢(EQN)uz
(wu 08-0g~ Ja33Welp ‘Wu 00T-08~ Yidua))
SUWN|0J0UBU pue (Wu GG~ J19J3WeIp ‘Wwu 00Z—0ST~ YiSua)) ajpasu
[so1] e se yons saiSojoydiow dpd134ed YyHUM 91n3dN13S dZIJNM |RUOSEXIH 00T-X uojli] pue ‘jouexay ‘aueiday ‘HOeN ‘“(EON)uz uoIS|NWI0IIW q
1sAjejedojoyd e se pasn :uojjediddy
uo 0s pue ‘saye)) ‘spos ‘splosdi)|e SJUBJORLINS DUOIUOU
[#01] ‘sp1jos se yans salSojoydiow moys sa)diued ‘@in3oniis |euoSexaH pue ‘auexayo)dAd Suoje HOY ‘HOEBN ‘“(00DEHD)UZ
wr G1°0-50°0~
[eot] J913welp 3)diped yym adeys jeanayds ‘ainjonils jeuoSexsy HOYHN pue ‘aueiday ‘“(00DEHD)UZ
saje8aiSS8e |eouayds opnasd
pue jeduayds yum Suoje ‘sadeys jeuoSexay pue ‘jeansayds Ajieau
[cot]  ‘e1peau e yum sajesSaiSSe a)diped tejnSaull :sapdined jo ASojoydiop Joueyla pue ‘1a}em ‘suedsp ‘HoeN ‘“(00DEEHL))uz
*Joy suonedidde pue sapsiualeiey) s10sindaid poyjaw/anbiuyls} “-ou-sg

panunuo) 1 a|qeL



580 —— Irfan Ayoub et al.

as ease of use, low cost, reliability, reproducibility, and
very mild conditions of synthesis [4]. The efficient optical
properties of ZnO NPs attained by this technique have
remained a widely known topic of research as is observed
due to the surge in the number of scientific publications
[90]. The basic synthesis procedure for obtaining the films
and powder by this method is shown in Figure 3 [113].
Figure 3(a) represents the method of obtaining the thin
film from the colloidal sol, and Figure 3(b) illustrates the
method of obtaining the powder form of ZnO from the col-
loidal sol by transforming it into a gel. Benhebal et al. [91]
synthesized the ZnO powder by utilizing the precursors zinc
acetate dehydrate and oxalic acid with ethanol as a solvent.
The powder form of the ZnO was then characterized using
X-ray diffraction, nitrogen adsorption isotherms, scanning
electron microscopy, and UV-Vis spectroscopy. It has been
found that the powder possesses the hexagonal wurtzite
structure with spherical-shaped particles. The surface area
was found to be 10 m?/g by using Brunauer-Emmett-Teller
(BET) equation. Ristic et al. [92] utilized this method for
obtaining nanocrystalline ZnO. Yue et al. [93] produced

&
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the ZnO by using the sol-gel technique. Finally, it is also
worth to mention that incorporating the anodic aluminum
oxide membrane with a sol-gel technique will help to
synthesize high-quality 1-D nanomaterials along with the
extension of its applications as a template for the develop-
ment of nanostructures.

2.2 Emulsion or microemulsion method

The emulsion is defined as a liquid phase in which
another discontinuous and immiscible liquid phase is
dispersed. Emulsions are usually classified based on the
nature of the external phase; one group is called “oil-in-
water,” and another one is called “water-in-oil.” The
terms “oil” and “water” are very well known with their
general definitions as any highly polar hydrophilic liquid
belongs to the category of “water,” whereas hydrophobic
and nonpolar liquids belong to “oil” group [104,105].
Vorobyova et al. [102] applied the technique of emulsion
for synthesizing the ZnO. They obtained the ZnO by
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Figure 3: Two examples of synthesis of ZnO by sol-gel method: (a) film of ZnO from colloidal solution and (b) powder form of ZnO from gel.

Reproduced with permission from Elsevier [113].



DE GRUYTER

performing a reaction between zinc oleate dissolved in
water with sodium hydroxide. The study revealed that
processing conditions such as temperature, substrates,
and the ratio of two phase components impact the par-
ticle size along with their phases. The obtained ZnO had
different particle shapes such as near-spherical, near-
hexagonal, and spherical aggregates. Lu and Yeh [103]
also obtained ZnO by applying the emulsion technique.
In a similar fashion, many researchers obtained the ZnO
by the phenomenon of precipitation in an emulsion
system. In these systems, ZA is being used as a precursor
along with sodium hydroxide or potassium hydroxide as
a precipitating agent [104]. Microemulsion are stable and
isotropic liquids that consist of two different layers along
with surfactant. It has been observed that the size drop
on microemulsion is relatively small, lies within the
range 0.0015-0.15 pm [114]. Furthermore, microemulsion
are spontaneous in comparison to the emulsion tech-
nique. Li et al. [105] synthesized the nanometric form of
Zn0 by microemulsion technique. They obtained the ZnO
by adding the alcohol to the emulsion system which con-
sists of water, oil, and emulsifier. During the synthesis of
NPs, the exchange process took place among substrates,
microemulsion droplets, and medium in an aggregation
of the formed nuclei. In the whole synthesis process,
different concentrations of the polyethylene glycol 400
were used. Similarly, many researchers have used this
method for the fabrication of ZnO [83,106-108].

In addition to the above-mentioned well-known methods,
there are many other methods to synthesize ZnO such as
pyrolysis spray method, sonochemical method, microwave
method, and developing ZnO from the gas phase. ZnO
nanostructures were prepared from an aqueous solution
of ZA (Zn(CH5COO0),,H,0) and hydrazine hydrate (N,H,)
[115]. These precursor solutions were mixed with distilled
water under vigorous stirring while a N,H, solution was
added drop-wise into the solution and then transferred
into a 100 mL Teflon liner and finally subjected to micro-
wave (Perkin Elmer/Anton Paar Multiwave 3000) oven
irradiation at 150 W microwave power for 10 min. The
resulting white precipitate at the bottom of the Teflon
was collected, filtered, and then washed several times
with absolute ethanol and distilled water to remove any
impurities and then dried. Violet-blue emitting ZnO nano-
structures were obtained by this method. The electron spin
resonance signal was also found to gradually decrease with
increasing annealing temperature signifying the decrease in
the concentration of zinc interstitials (Zn;’s) and/or zinc
vacancies (Vz,’s) defects in the ZnO nanostructures. Simi-
larly, Zhao et al. [109] utilized the pyrolysis method and
obtained the ultrapure ZnO particles. They used zinc acetate
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dehydrate as a precursor because of its high solubility and
decomposition temperature. From the analysis, it has been
observed that the water of crystallization gets lost below
200°C, and anhydrous ZA starts to develop. Then by slowly
increasing the temperature up to 400°C both endothermic
and exothermic reactions take place, which results in the
decomposition of the ZA into ZnO and some organic com-
pounds. Hu et al. [101] suggested the growth of ZnO rods
by the sonochemical process and microwave heating.
According to them, ZnO synthesis in this way does not
require any surfactant along with its simple and energy-
efficient nature. Also, this method can be used in large
scale with minimum production costs. The ZnO NRs find
applications in electronics and optoelectronic devices.
Salman et al. [116] obtained the controlled growth and
morphology of ZnO in nanostructures by applying the
domestic microwave synthesis. Grasza et al. [117] obtained
the pure crystals of ZnO by growing it from a gas phase
medium, using broad range of values for heating time and
temperature. They observed that heating in gaseous zinc
results in surface roughness of less than 1 nm, compared to
the heating in gaseous arsenic, which leads to the dete-
rioration of the crystal surface. Moreover, by increasing the
temperature and the heating time, improved porosity of
the surface was observed. The PLD method was used by
Wei et al. [118] for the ZnO fabrication.

3 Structural Informations

Structurally, ZnO is mainly found in three different types
of unit cells, namely hexagonal wurtzite, zinc blend, and
rock salt, as shown in Figure 4 [6,119].

Among these, the hexagonal wurtzite is well known
because of its stability at RT and normal atmospheric
pressure [6]. It is composed of triangularly stacked alter-
nate biatomic close-packed planes where-in four zinc
ions (Zn*") are located at corners, with oxygen ion (0%*)
placed at the center and vice versa. The zinc and oxygen
ions are thus arranged in the manner of AaBbAaBb...in
the <0001> direction within a plane [6,12]. The structure
of the zinc blend is metastable. Because of its stability,
it is difficult to grow it, as it possesses the stability only
in a cubic structure [6,12]. For stabilization, it is usually
developed on cubic substrates, such as ZnS [120], GaAs/
ZnS [121], and Pt/Ti/Si0,/Si [122], which depicts the com-
patibility to overcome the innate approach regarding
the formation of the wurtzite phase. The symmetry of
zinc blend structure is given by space group F43m in
the Hermann—-Mauguin representation and also possess
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Figure 4: (a) The hexagonal wurtzite structure of ZnO, (b) the rock-salt, and (c) zinc blende phases of Zn0O. O atoms are shown as white
spheres, and Zn atoms are shown as black spheres. Only one-unit cell is illustrated for clarity. Reproduced with permission from

Elsevier [119].

two interpenetrating face-centered cubic structure [123]. In
contrast to wurtzite, the atoms are arranged in the stacking
order of AaBbCcAaBbCc...within a plane. In the case of
rock-salt, both the zinc and oxygen atoms remain sur-
rounded by their six nearest neighboring atoms. It pos-
sesses its stability only at higher pressure (<10 GPa) and
is also epitaxially unstable [6]. It has also been found that
the rock-salt structure of ZnO can be acquired from the
hexagonal wurtzite structure on the application of high
pressure [124]. Among the above structures of ZnO, the
stable wurtzite structure has been studied to a large extent
on both experimental and theoretical grounds. Some of the
observed pressure parameters of ZnO structure are pre-
sented in Table 2.

4 Properties of ZnO

The wide range of beneficial characteristics showed by
Zn0O has been recognized in the past decades [7]. ZnO
belongs to the direct and wide bandgap (~3.37 eV) metal
oxide semiconductor family and is a very astonishing

Table 2: Experimental and theoretical pressure parameters of ZnO

material to be suitable for a large number of technolog-
ical applications [6,13]. The possibility of such utilities
has been filled by significant advancement in bulk-crys-
tals [37,133] along with the thin-film development in
recent years [134-139]. ZnO has a number of character-
istics that differentiate it from other oxides and makes it
valuable for different applications. These characteristic
properties can be explained directly or can be categorized
based on their nature, that is, electrical, optical, mechan-
ical, magnetic, thermal, etc. These properties attribute an
abundance of applications to the ZnO. Figure 5 represents
the different properties of the ZnO, followed by their brief
explanation as well.

4.1 Electrical properties

The bandgap of ZnO is 3.44eV at low temperature and
3.37 eV at ambient temperature [140]. For comparison, the
specific characteristic of wurtzite GaN at low and RTs are 3.50
and 3.44 eV, respectively [141]. These properties broaden its
applications for optoelectronic devices in the blue/UV

Experimental results

Theoretical results

Wurtzite Rock-salt AV/V (%) Transition References Wurtzite Rock-salt AV/V (%) Transition Ref.
volume (A3) volume (A3) pressure volume (A3) volume (A3) pressure

Py (GPa) P, (GPa)
23.829 19.60 16.7 9.5 [125] 23.346 19.515 16.41 9.32 [126]
— 19.40 — 9.0 [12] 24.570 19.799 19.42 8.57 [127]
23.796 19.484 18.13 8.7 [128] 23.62 19.08 18.8 8.0 [129]
23.785 19.60 18.0 10.0 [130] 17.9 14.5 [128]
23.81 19.60 17.68 9.1 [131] 23.839 19.041 20.3 10.45 [132]
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Figure 5: Categorization of properties on the basis of their nature.

regions, including LEDs, laser diodes, and photodetectors
[12,23]. Moreover, the optically lasing action has been noticed
in ZnO platelets, thin films, a group composed of nanocrystal
of ZnO, and in ZnO NWs [16,17,142,143]. Also, applications
with regard to p—n homojunction have been reported, how-
ever, security and reproducibility have not been set up yet
[144-146]. Also the free-exciton binding energy in ZnO is
60meV [16,17], in comparison with 25meV in GaN [141].
This huge exciton binding energy shows a proficient exci-
tonic emission in ZnO and can endure at both room and
higher temperatures [16,17]. As the excitonic strength of the
oscillators is significantly greater in comparison to the
direct electron-hole transitions in direct gap semiconduc-
tors, the enormous exciton binding energy of ZnO makes it
an efficient material for optical gadgets that rely on exci-
tonic impacts [147].

4.2 Optical property

In general, the visible luminescence arises due to the
recombination of the deep level defects, that is, so-called
deep level emission. These imperfections are generally the
consequences of several factors, such as crystal perfection,
surface morphology, stoichiometry deviation of the mate-
rial, and doping and impurities. [148,149]. Because of the
high luminosity in the green—-white range of the spectrum,
Zn0 is, additionally, an efficient material for phosphor
applications. The emission spectrum of the ZnO has a
peak at 495nm and an extremely wide half-width of the

Effective surface conductivity
Non linear coefficients
to wet

e Absorption

chemical

order of 0.4 eV. The broad green luminescence possesses
its center in between 2.4 and 2.5 eV [150-152]. The phenom-
enon of green luminescence has been observed in samples
synthesized by different methods, it is still not completely
understood whether native defects are the origin of green
emission, and if they are, which defects are accountable.
For example, the occurrence of Cu debasements has been
proposed as a possible explanation [153,154], but it has
been observed that Cu is not present in all the samples of
ZnO that have been studied for the green luminescence.
Local imperfections have been proposed as an expected
cause for the mentioned phenomenon. It has been reported
that V2, enhances green luminescence [150,151,155]. For
the proper explanation of this phenomenon, different inter-
pretations have been suggested by the researchers. Some
researchers have recommended that the green luminescence
arises because of the oxygen vacancies (V,’s) [156-162].
Pramanik et al. [163] have recently investigated the effect
of Vy’s on the photoluminescent property of the ZnO. They
observed that with the increase in the synthesis time, both
the band gap and the PL intensity start decreasing. The string
green emission has been observed at approximately 540 nm,
whereas blue emission has been observed at 485 nm. They
also observed the shift in the emission by changing the band
gap excitations. The PL spectra recorded for the samples
synthesized with a slight difference in their preparation
time and the CIE diagram for visualization of the emission
colors are shown in Figure 6. Besides different explanations,
some researches have also studied the effect on the emis-
sion intensity due to change in the number of the V,’s
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Figure 6: Excitation wavelength-dependent normalized PL spectra corresponding to the samples grown for microwave synthesis time of (a)
1min, (b) 2 min, and (c) 4 min. Insets show the variation of integrated visible PL intensities as a function of excitation wavelength for all the
samples. (d) Color chromaticity diagram for the sample corresponding to (a). Reproduced with permission from Elsevier [163].

[158,162—-164]. Their argument related to the V,’s availability
depends on the perception of a line with g ~ 1.96 in electron
paramagnetic resonance (EPR) estimation [158,162].

In addition, ZnO is a potential material for applica-
tions in vacuum fluorescent displays and field emission
displays because of its n-type conductivity nature. The
inception of luminescence centers and the luminescence
mechanism are not so much comprehended, ascribed to
V,’s or Zn;’s, with no reasonable proof. Because these
imperfections cannot transmit in the green regions, it
has been proposed that V,’s are an almost certain reason
for the green glow. V,’s are acceptors and prone to form in
n-type ZnO [165]. Kumar et al. [166] with the help of X-ray
photoelectron spectroscopy (XPS) and PL, demonstrated
that the emission from ZnO is directly related to the defects
in the ZnO. ZnO nanophosphors (ZnO NPr) were synthe-
sized by a combustion method using ZN and ZA as

precursors and urea as a fuel. UV and orange-red light
were emitted due to different defects in the NPrs. XPS
showed that the O1s peak consists out of three compo-
nents: O; (Zn0), O, (deficient oxygen; OH groups), and
03 (adsorbed species), respectively, as shown in Figure 7.
The 0, is linked with O ions in oxygen-deficient regions
within the matrix of ZnO and/or Zn—-OH groups. Hence,
variation in the intensity of this part may be somewhat
linked to the variation in the concentration of oxygen
vacancies (V). The relative intensity of the O, peak is
much higher for the ZN in comparison to ZA sample,
meaning that the concentration of oxygen defect is higher
in the case of the ZN. This effect was confirmed with the
broad orange-red emission from 500 to 850 nm that was
obtained from the ZnO NPr synthesized with the ZN pre-
cursor. The observed phenomenon may be ascribed to dif-
ferent kinds of defects, and a sharp UV band, due to the
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Figure 7: O 1s XPS peak of ZnO NPs before and after Ar* sputtering. Reproduced with permission from Elsevier [166].

passivation of defects, at 392 nm from ZnO NPr prepared
with the zinc acetate precursor, as shown in Figure 8. A
possible schematic energy diagram was drawn from the
observed data is shown in Figure 8(c). The band transition
from Zn; to O; level, Zn; to V, level and V,, to valence band
is obtained at ~2.06, 1.43, and 1.51 eV, respectively.

4.3 Thermal property

The characteristic of large thermal conductivity in ZnO has
made it valuable for an added substance; that is, ZnO
is added to elastic for the expansion of the thermal con-
ductivity of tires. High thermal conductivity converts into
enhanced proficiency of heat expulsion amid gadget activity
[167,168]. Besides this, the semiconductor gadget creation
measures incredibly advantage due to the agreeability to
wet chemical etching at low temperature. Furthermore, the
studies have revealed that ZnO thin films can be incised
with an acidic, alkaline, and also by a mixture of solutions.
This chance of low-temperature chemical etching provides

incredible adaptability for the preparation, planning, and
integration of electronic and optoelectronic gadgets [7].
Also, for the examination of the high power and high tem-
perature electronic and optoelectronic devices, the thermal
conductivity, governed by the contribution of the rotational,
vibrational, along with the electronic degrees of freedom, is
an incredibly essential material characteristic. The phonon-
phonon scattering acts as a limiting mechanism for the
thermal conductivity in pure crystals, which is inversely
related to temperature. The phonon—phonon Umklapp scat-
tering and phonon scattering by point and extended defects
dominated the heat transmission. Similar to the existence of
thermal conductivity due to imperfection in other semi-
conductors, the defects have a crucial role in the thermal
conductivity shown by ZnO [168].

4.4 Mechanical property

In piezoelectric materials, an imparted voltage distorts
the crystal and vice versa. These materials are commonly
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Figure 8: (a) PL spectra of the different ZnO NPr, (b) and (c) are the deconvoluted peaks of the broad band PL spectra, and (d) schematic
energy band diagram of PL spectra. Reproduced with permission from Elsevier [166].

utilized as sensors, transducers, and actuators. The weak
symmetry of the wurtzite crystal structure joined with
an enormous electromechanical coupling in ZnO offers
ascend to effective piezoelectric and pyroelectric charac-
teristics. Piezoelectric ZnO films with consistent thickness
and direction have been developed on various substrates
utilizing distinctive deposition methods, that is, sol-gel,
spray pyrolysis, chemical vapor deposition, molecular-
beam epitaxy, etc. [157,169-175]. Because of this piezo-
electric property offered by the ZnO thin films, they are
largely being used in the development of different types
of micro electrochemical systems (MEMs). Tao et al. [176]
have utilized the ZnO thin film synthesized by using
the sputtering method for the fabrication of two-degree-
of-freedom (2DOF) MEMS piezoelectric-vibration energy
harvester chip. The design procedure they followed for
the development of the MEMs is shown in Figure 9. The
fabricated device has been found to possess the piezo-
electric coefficient of the order of 4.66 pc/N. For the con-
firmation of the percentage composition of the different
elements, the energy dispersive X-ray spectroscopic studies

have also been performed. The studies confirmed the pre-
sence of oxygen, silicon, zinc, and platinum with 53.98,
26.48, 17.91, and 18.37%, respectively.

As the piezoelectricity property enables the materials
to transform the mechanical energy into electrical energy
and vice versa, which makes them extremely interesting
because of solving the energy concern shortly. As a
result, materials that possess high piezoelectric coeffi-
cients are being found as an intriguing study area for
researchers. In this regard, the ZnO also has gained
increasing focus as a significant semiconductor because
of its large piezoelectric coefficient among the II-VI com-
pounds. In comparison to other compounds of the same
group (ZnS, CdS, etc.), it has been found that the piezo-
electric tensor of ZnO is two times that the rest [177]. At
the very first in 1994, Dal Corso et al. [178] used the ab
initio approaches for the evaluation of the piezoelectric
constant of ZnO. According to their calculations, they
concluded that the strong piezoelectric behavior is due
to its low clamped-ion contribution. Similarly, Hill and
Waghmare [179] used the first-principle simulations for
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Figure 9: Procedure for the development of the 2DOF MEMs based on the ZnO. Reproduced with permission from Elsevier [176].

(a) Patterning Pt/Au bottom electrode through a lift-off process, (b) spin-coating photoresist and followed by lithography, (c) deposition of
ZnO by sputtering at room temperature, (d) remove photoresist by wet etching, (e) deposition of Pt/Au top electrode, (f) patterning SiO2 by
RIE, (g) frontside feature patterning through lithography and DRIE process, and (h) backside feature patterning and realease the structure.

the investigation of the effects of stress and temperature
on the piezoelectric property of ZnO. They observed that
the piezoelectric constant is substantially influenced by
both stress and temperature conditions. This dependence
on stress and temperature is very critical for future appli-
cations as fine-tuning of piezoelectric characteristics for
specific device applications may be accomplished by con-
trolling the ZnO lattice constants. Due to rapid progress in
electronic technology, low-dimensional nanostructures,
that is, NWs and nanofilms, have received greater atten-
tion in recent years due to their potential uses in nano-
scale electronics. Immense attention has been diverted
toward the ZnO NW as they act as key components in
most of the MEMS. It was for the first time in 2006
when first-principle calculations were used for investi-
gating the piezoelectricity of hexagonal (0001) nonpassi-
vated ZnO NWs with diameters up to 2.8 nm. It has been
observed that because of the free boundary, ZnO NWs
possess a higher effective piezoelectric constant than
bulk ZnO [180]. Besides the theoretical, experimental stu-
dies have also been carried out on the piezoelectric beha-
vior of ZnO. Wacogne et al. [181] have investigated the
piezoelectric characteristics of ZnO films experimentally. The

key components of their studies were substrate temperature,
optical loss, radio-frequency electrical activity, efc. Von Pre-
issig and his coworkers [182] developed a novel technique
for determining the piezoelectric strength of ZnO thin films
for MEMS application.

4.5 Magnetic property

ZnO is currently being investigated for the ferromagnetic
behavior at RT that has been observed in the pure semi-
conductor. The genesis of this property observed in the
undoped ZnO is still a matter of debate [183-187]. Most of
the researchers have reported that this property arises
due to the presence of V,’s in the ZnO [186,188,189].
Panigrahy et al. [186] investigated the ferromagnetic
characteristic of ZnO that possesses different V, concen-
trations and observed the changes by altering the dif-
ferent synthesizing parameters, such as growth time
and annealing time. They observed a reduction in the
magnetization as the size and the annealing temperature
of NRs has been increased, owing due to a decrease in
the defect-related emission from the singly charged V..
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They conclude that the concentration of the V, and mag-
netization are directly interrelated to each other. Xu and
coworkers [190] recommended that the single charge V,
positioned close to the surface play an essential function
in modulating ferromagnetism in undoped ZnO NPs.
Some researchers have also investigated the antiferromag-
netism in undoped ZnO synthesized via the wet chemical
technique at an ambient temperature. The investigations
have revealed that the magnetic property of the ZnO is
strongly correlated with the concentration of V, at the sur-
face [190].

4.6 Biomedical property

In the previous years, when contrasted with other metal
oxides, it has been observed that ZnO provides an envir-
onment hostile to bacterial properties, because of which
it acts as a hotbed for the researches. ZnO nanostructures
have demonstrated more toxic behavior against microor-
ganisms and are less receptive to human cells [191-194],
as in ZnO nanostructures reactive oxygen species (ROS)
enables it for the antibacterial action, as it eliminates the
bacterial cell [195-199]. The main aim of the ROS is to
prevent humans from infectious diseases and utilize the
technological agents, which are easy to produce, green,
simply transported, economical, and influenced by bio-
film morphology, hence proves to be useful for humans
[200,201]. The basic principle of ZnO nanostructures is
dubious yet [202]; however, numerous investigations have
announced the antibacterial systems of ZnO structures
wherein the ROS and response among nanostructures and
bacterial cells damages the entire cell and lead to the
freedom of Zn** particles [191,195,197,198,203,204]. Most
researchers have reported that ROS provides the main
mechanism of nanotoxicity [195-199,205]. ZnO nanostruc-
tures have been accounted as a dominant inhibitor of bac-
terial thriving because of ROS creation and release of Zn>*
ions, which harms the cell wall and causes cell death
[206-209]. Most of the metal oxides act as a suitable anti-
bacterial agent because of ROS production, which results in
the formation of 0?~, OH", and H,0, [205,207]. The antibac-
terial proficiency of ZnO nanostructures unequivocally relies
on the size of nanostructures. There is an effective increment
in the surface-to-volume proportion as the size of the ZnO
nanostructures diminishes, thus improving the surface area
when contrasted with volume, and ROS creation depends
directly upon the surface area of ZnO nanostructures
[196,210]. Also, an efficient increase occurs in ROS produc-
tion when the concentration of the ZnO starts rising [211].
Furthermore, the difference between the electrical potential
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of the medium and external surface of the microbes, so-
called the zeta-potential is altogether influenced by the con-
centration of nanostructures that legitimately influences
ROS creation [212]. Ongoing research has additionally
revealed that the presence of ZnO nanostructures brings
about direct associations and efficient bindings to bacterial
cells and can harm the cell membrane, which results in the
death of cells through apoptosis [192,197]. Such type of
research has been broadly revealed by numerous specialists
around the world against a few miniature living beings.
Furthermore, the antibacterial properties of ZnO nanostruc-
tures, along with their shape, size, and tested micro-organ-
isms was reported by the various researchers [213-224].

4.7 Other properties

Besides the above-mentioned characteristics features, the
exceptional high radiation hardness greater than GaN
shown by the ZnO is very crucial for different purposes
at high altitudes or in space. Also, it is possible to alter
the bandgap of ZnO by adding magnesium or cadmium as
is done in some GaN-based alloys [225-230]. Furthermore,
in comparison with the amorphous silica or organic semi-
conductors ZnO ways out the options for the fabrication of
thin-film transistors on flexible substrates with enhanced
electron mobility [231,232]. Other important properties of the
Zn0 are also briefly explained in sections 4.7.1, 4.7.2 and 4.7.3.

4.7.1 Abundance in large single crystals

Large single crystals are being fabricated with various methods,
comprising hydrothermal growth, vapor-phase transport, and
pressurized melt development [37,133,233-235]. The epitaxial
development of ZnO on local substrates can prompt top-
notch thin films with a decreased level of extended defects.
This has been found effective when contrasted with GaN,
for which local substrates do not exist. Considering how
the GaN-based gadgets have accomplished high efficien-
cies irrespective of the moderately huge concentration of
expanded imperfections, it is conceivable that a high-
quality ZnO-based gadget could outperform the efficien-
cies acquired with GaN [136-139,206,236].

4.7.2 Effective surface conductivity

The thin films fabricated from ZnO via different methods
possess a very sensitive nature if their surface gets
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exposed to gases. It may be used as a low-cost odor
sensor able to sense the freshness of foods and drinks,
owing to its prominent sensitivity to trimethylamine pre-
sent in the odor. The working of the sensor action is not
fully understood. Recent investigations uncovered the
existence of an electron layer buildup on the surface in
vacuum-tempered single crystal, which vanishes when the
material is exposed to encompassing air. This layer may
also assume a function in the sensor activity [237-239].

Recently, the EPR measurements were performed for
proper understanding of the intrinsic defects at different
temperatures. The researchers have observed that the
occurrence of the defects on the surface has a significant
role in conducting the behavior of ZnO. Most interest-
ingly, it has been observed that at 300°C, only surface
defects became evident in the EPR spectra of ZnO nano-
crystals, which eventually favors the p-type conduc-
tivity [240].

4.7.3 Nonlinear coefficients

The linear and nonlinear optical characteristics of any
semiconductor are very important from both the theore-
tical and the experimental point of view [241]. Especially,
the nonlinear optical coefficients are significant factors
for comprehending the physics of nonlinear optical pro-
cesses [242]. The unique features shown by the nano-
semiconductors in comparison to their bulk equivalents
have piqued attracted both the fundamental and the
technological researchers [243]. The efficiency of the
wavelength-conversion devices relies on the nonlinear
optical coefficients. Among a large number of semicon-
ductors, the appealing nonlinear feature of ZnO has made
it a good candidate for the nonlinear optical device fabri-
cation. The nonlinear optical characteristics in nanocrys-
tals have been studied at both the quantum confinement
effects, that is, weak and strong-confinement regimes. The
theoretical and experimental studies have revealed that
the state-filling effect is responsible for the nonlinearity
in the regime of strong confinement. In this regime, the
state-filling effect acts in such a way that both the photo-
excited electrons and hole get independently confined
[244]. In the case of the weak confinement regime, the
Coulomb interaction in-between the electron and the
hole produces an exciton, which is confined as a quasipar-
ticle. The size-dependent amplifications of the nonlinear
susceptibility have also been examined both theoretically
and experimentally, and it has been observed that the
exciton—exciton interactions are mainly responsible for
the nonlinearity, which in turn leads to the divergence
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from the harmony of the boson-like exciton within the
nanocrystal [243]. Furthermore, the ZnO crystals and, spe-
cifically, thin films reveal nonlinear optical activity at the
second-and third-order, which has been found useful for
nonlinear optical gadgets. The nonlinear optical effects in
ZnO thin films proves to be beneficial for integrating non-
linear optical gadgets [245].

5 Native defects in ZnO

The development of nanotechnology has opened up large
number of possibilities for manipulating the ZnO struc-
tures on all dimensions and broadens its application
field. Besides some inherent defects that are very much
responsible for the different properties, engineering the
ZnO nanostructures with regulated dimensions, size, por-
osity, crystal aspects, and mesoscale geometries has greatly
improved their performance for variety of applications
[246,247]. The local or intrinsic or native deformities are
the blemishes in the crystal lattice that include just the
constituent components [7]. ZnO mainly possesses six types
of defects, that is, vacancies, interstitials, and antisites (a
“Zn” molecule involving an “O” lattice site or vice-versa),
which are pictorially represented in Figure 10 [8,248]. Defects
such as Vy’s have low formation enthalpies in p-type ZnO
and are therefore expected to form readily [156].

Although they may assume a noteworthy part as
compensating centers, V,’s and other native point defects
are assumed to be the main cause of the unintentional
n-type conductivity in ZnO [155]. Discussion regarding
defects in ZnO primarily concerns their nonstoichiometry
and n-type conductivity behavior. In early studies, both
experimentally and theoretically, it was assumed that
only Zn;’s and V,’s are the only defects responsible for
the above-mentioned property; however, it was unable to
explain many of the other phenomenon [249,250]. Later
on, first principle study provides deep insights regarding
the energetics, atomic, and electronic structure of these
native defects [6,57,59,155,156,251-263]. Most studies have
inferred that the Zn; has a high arrangement vitality,
although it is a shallow donor. The “O” vacancy has a
low arrangement vitality, yet it is a profound donor that
cannot produce a high concentration of carrier electrons.
Subsequently, neither Zn; nor V, is a probable wellspring
of n-type conductivity. A few different competitors have
proposed based on the first-principle study: the “H” impurity
unexpectedly incorporated into an interstitial site (OH™ - like
arrangement) or into the oxygen site [55,264], a metastable
shallow donor for the V,, a complex of a Zn; and “N” con-
tamination, along with Zn; balanced out within the sight of a
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Figure 10: Different types of defects found in ZnO.

high concentration of the V,, [258,260,265]. Local deformities
are, by and large, identified with the remuneration of the
dominating acceptor or donor dopants. For example, it is
simple to create donor defects in p-type material, although
acceptor defects are simpler to frame in n-type material,
every time counteracting the prevailing conductivity. Local
deformities have been accepted to play a significantly more
significant function in ZnO, which regularly shows elevated
levels of accidental n-type conductivity. V,’s and Zn;’s have
been frequently conjured as wellsprings of n-type conduc-
tivity in ZnO [249,266-269]. In general, the native defor-
mities influence the exhibition of Ohmic and Schottky
contacts. Depth-resolved cathodoluminescence uncovered
the arrangement of point defects at metal-ZnO interfaces,
prompting modifications in the Schottky barrier character-
istics [270].

5.1 Oxygen vacancies

The oxygen vacancy is among the most referenced defor-
mity in the ZnO literature; it is consequently advantageous
to committing extraordinary consideration regarding this
imperfection. The V, has been frequently invoked as the
wellspring of accidental n-type conductivity [7]. Even
though the V, has the most minimal formation energy
among the imperfections that act as donors as depicted
in Figure 11, the calculations performed via computational
methods demonstrate that the V, is an exceptionally very
deep rather than a shallow benefactor and, thus, cannot
add to an n-type conductivity [57,58,263]. Though the cal-
culations available in the published data vary on the
values for transition levels and formation energies because
of the various methods to precise the band gap, they
solidly agree that oxygen vacancy is a deep donor
[57-59,156,251,252,259].

First-principle counts reliably reveal that the V, is a
profound, negative-U contributor, where the 1+ charge
state is thermodynamically flimsy. It has been observed
that when the Fermi energy is over the “0/2+ level,” the
imperfection is in the unbiased charge state. When the
Fermi energy is beneath the “0/2+” level, the deformity
has a charge of “ +2e.” The “0/2+” level of the V, has been
determined to be at 0.5-0.8 eV over the valence-band max-
imum [251,255,257,259,271]. Calculations that endeavor to
address the bandgap blunder of the local density approx-
imation assessed the “0/2+” level to be 1-2 eV underneath
the conduction-band minimum. The determined movement
obstruction for the unbiased V,, is ~2 eV. Precisely, whether
oxygen vacancy is primarily accountable for the n-type
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Figure 11: (Color online) Formation energies as a function of Fermi-level
position for native point defects in ZnO. Results for Zn-rich and O-rich
conditions are shown. The zero of Fermi level corresponds to the
valence-band maximum. Only segments corresponding to the lowest-
energy charge states are shown. The slope of these segments indicates
the charge state. Kinks in the curves indicate transitions between dif-
ferent charge states. Reproduced with permission from Elsevier [263].
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conductivity in ZnO has been still unsettled for the past
50 years. For instance, Lany and Zunger [259] anticipated
groupings of 10" /cm? or higher, whereas Janotti and Van de
Walle [263] estimated that the formation energy is exces-
sively high for noteworthy fixations to exist at balance. One
can comprehend that V,’s electronic structure in ZnO
depends on a straightforward model inside molecular
orbital theory (MOT) that includes the four Zn hanging
bonds (sp® hybridization) and two electrons.

These Zn hanging bonds join into a completely
symmetric “a,” state, which remains in the bandgap,
and three partially degenerate states in the conduction
band. In the unbiased charge condition of the V,, the “a
state is doubly involved, and the three states in the con-
duction band are unfilled. The control of the “a,” state is
legitimately identified with the neighborhood cross sec-
tion unwinding around the V,. In the neutral charge
express, the four zinc atoms firmly loosen up internal
(around the vacancy) by 12% of the balance Zn-0 bond
length. In the “+1” charge state, they marginally loosen
up outward by 3%; and in the “+2” charge state, the four
zinc atoms unequivocally loosen up outward by 23% as
shown in Figure 12 [7,57]. The observed significant differ-
ence in relaxations leads to the decrease in the formation
energy of different charge states of oxygen such as V2*, V2
in comparison to the V. This relative difference in the
formation energies results in creating the barrier in which
Vi is unstable. It is evident from Figure 12(b) and (c) that
the amount of the energy required to come out of the +1
charge state is approximately equal to 0.3 eV [57].
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Currently, the majority of the trial examinations of V,,
in ZnO have been observed to depend on EPR estimations
[272-279]. Most of these investigations have been sub-
categorized into two classes, contingent upon the estima-
tion of the g-factor: V,’s with a g-factor estimation of
~1.96 to ~1.99 [272,273,277,278]. There is, nonetheless,
overpowering proof that V,’s are connected with the g
~1.99 line [274,275,279]. Similarly, it has been observed
that illumination is important to have alook at the center,
in line with the outcomes of density-functional calcula-
tions wherein suggest that excitation is needed in order to
produce the paramagnetic +1 charge state [57,274].

Besides this, various authors have also performed
the EPR studies that have reported the existence of
one more line at g ~ 2.004 in the core-shell structures
[240,280-282]. The occurrence of this line has been mainly
attributed to the surface defects. Researchers, while inves-
tigating these defects, have revealed that these are posi-
tively charged oxygen vacancies that act as deep donors.
Also, it has been reported that this line becomes visible only
on moving from bulk to the nanodimensions [240,280-282].
Notwithstanding EPR contemplates, a couple of examina-
tions of V, in ZnO utilizing positron annihilation spectro-
scopy estimations. In these reports, the oxygen samples
were electron irradiated and had a Fermi level of 0.2eV
underneath the conduction band minimum (CBM) after irra-
diation. The prevailing remunerating deformity has been
discovered to be the Vy,, along with the other proposals
regarding the presence of the neutral V, [283,284]. The
inception of the green glow in ZnO has been a subject of
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Figure 12: (a) The atomic relaxations surrounding the oxygen vacancy in different charge states. For each charge state’s equilibrium
configuration, the location of the a, state is also displayed. (b) Presence of Fermi energy in different charge states at conduction band
minimal. (c) Presence of Fermi energy in different charge states at valence band maximum. Reproduced with permission from Elsevier [57].
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escalated conversation based on experimental outcomes,
for example, EPR and optically recognized attractive reso-
nance related to optical discharge and absorption estima-
tions [274,277,285]. In most of the studies, the green glow of
Zn0 was attributed to the V, [164,285-287]. First-principle
examines have anticipated optical transition energies of the
V, based on the Franck—Condon principle [57,59,260,263].
Concerning the beginning of the green luminescence, the
transition among “+1” and unbiased charge states of the V,
has been proposed [156,260]; however, different investiga-
tions recommend the change among “1-” and “2-” charge
states of the V, and that including the V, in the neutral
trio state [155,253,263]. The geometrical representation of
the V,, is depicted in Figure 13(d) where gray and red colors
indicate zinc and oxygen atoms, respectively, and vacancy
is indicated by the dark circle [60].

5.2 VZn’S

The electronic structure of Vz,’s in ZnO can be perceived
utilizing a straightforward model of the MOT. The expul-
sion of a Zn particle from the ZnO lattice brings about four

© Zinc
o Oxygen

, ° Zn;
Y o O

Figure 13: The geometrical representation of the different defects:
(a) Zn;, (b) oxygen interstitial (0;), (c) Vz,, and (d) oxygen vacancy.
Reproduced with permission from Elsevier [60].
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0 hanging bonds and an aggregate of six electrons. These
four O hanging bonds consolidate into a doubly involved
symmetric “a;” state found somewhere down in the
valence band, and three practically degenerate states in
the bandgap near the valence band maximum (VBM). As
the formation energy of acceptor-type defects drops along
with the change in the Fermi level energy, Vz, can more
easily form in n-type materials. V,’s possesses exception-
ally high formation energies in p-type ZnO, and hence their
concentration ought to be insignificantly low as depicted
from Figure 12. However, under the oxygen-rich condi-
tions, the formation energies of the V,, touch the lowest
limits, as shown in Figures 12 and 14. The lowest formation
energy, in this case, is the result of the V,’s. Under the
weak oxygen conditions, it has been observed that the
formation energies are higher, approximately equal to
4 eV, for the cases where the Fermi level remains close
to the conduction band maximum, which is clearly shown
in Figure 14(a) [250]. In n-type ZnO, Vz, has the most reduced
formation energy among the local point defects, demon-
strating that V%, can happen in minimal concentration in
n-type Zn0O, going about as a repaying center [7]. Theoretically,
the V, has been proposed to be a predominant acceptor-type
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Figure 14: (a) Defect formation energies as a function of the Fermi
energy at the oxygen-poor and oxygen-rich limits, which were
obtained using the Heyd-Scuseria-Ernzerhof (HSE) (a = 0.375)
hybrid functional with the finite-size corrections. The slope corre-
sponds to the charge state. (b) Defect transition levels equivalent to
the filled circles in (a), alongside the relevant charge states.
Reproduced with permission from American Physical Society [59].
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deformity in ZnO [58,59,155,156,253,257,259,260,262,263].
Also, Vz, has been distinguished as the prevailing remuner-
ating focus in n-type ZnO by positron annihilation estima-
tions [283,288,289]. The lifetime of positrons in bulk ZnO
has been observed to be in the order of ~169 ps at RT [290].
It has also been observed that there is no effective increase
in the open volume of the V,’s because of the unwinding
of the neighboring zinc atoms [291,292]. Tuomisto et al.
[288] demonstrated that V,’s are significant profound level
acceptors in as-developed and irradiated ZnO, with a life-
time of ~230 ps for trapped positrons. The Vz, caused by
the irradiation of electrons are annealed at 200-300°C
[283,293]. Hydrothermally fabricated ZnO possesses defects
related to open-volume, leading to a positron lifetime of
182 ps [294,295]. It has also been observed that in ZnO cera-
mics, the concentration of the deformities diminishes con-
sistently with an increase in sintering temperature [296].
First-principle estimations locate the “0/1-” and “1-/2-”
acceptor levels to be 0.1-0.2 and 0.9-1.2eV over the
valence-band most extreme, respectively [156,263,297].

The Hartree—Fock calculations also revealed that the
Vz, possesses two deep acceptor levels of “0/1-” and
“1-/2-” at 0.7 and 2.4 eV, respectively, above the valence
band maximum, as shown in Figure 14 [59]. Local density
approximations (LDA)- and LDA + U-based extrapolation
approach is anticipated at the acceptor levels of 0.18 and
0.87 eV, and estimations of 0.9 and 1.5eV have been
acquired from generalized gradient approximations (GGA)
computations with a valence band maxima correction uti-
lizing GGA + U [259,263]. Under irradiation at low tempera-
tures, Zn vacancies may be converted to the “1-” or neutral
charge state, both of which are EPR active. The EPR para-
meters for the different acceptors in ZnO are tabulated in
Table 3, where the centers that possess the axial symmetry
are parallel and perpendicular to c-axis. Theta is the angle
between “z” and “c” axis.

Table 3: EPR parameters for acceptors in ZnO
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Sekiguchi et al. [301] gave a solid contention for V,
as a source for showing the characteristic of green lumi-
nescence. They described solid passivation of the green
glow by hydrogen plasma treatment. Indeed, Lavrov et al.
[302] saw a similar passivation impact, who studied
expansion in vibrational modes related to hydrogenated
Zn vacancies. Figure 13(c) represents the pictorial repre-
sentation of the V;, [60].

5.3 Oxygen interstitials and oxygen
antisites

Oxygen interstitials (O;’s) and antisites (O,) are the native
point defects of ZnO. Because of their higher formation
energies, it is very difficult to assume a function in ZnO
under equilibrium conditions [7]. O;’s have been sug-
gested to shape in many configurations, including that
of an O-ion at the octahedral interstitial site and in O,-
molecule-like configurations, which might be called as
dumbbell or split interstitials [263,271]. Computational
calculations using DFT demonstrate that the O; at the
tetrahedral position possesses a very short lifetime and
immediately unwinds into a split-interstitial arrange-
ment. The additional oxygen atom stocks a lattice posi-
tion with one of the nearest neighbors of oxygen atoms.
In the O; (split) arrangement, the O-O separation is
~1.46 A (Figure 15(a)), recommending the development
of an O-0O chemical bond, with two practically degen-
erate and totally filled states in the bandgap that look
like the antibonding pprm= state in a MOT of the separated
“0,” particle. Rather than the disengaged atom wherein
the ppr+ molecular orbital (MO) is filled by two electrons
with a spin parallel to O; (split), the additional two more
electrons come from the nearest neighboring zinc atoms

Axial Nonaxial
Acceptor S 9 g, O g9, 9, (degf) Ref.
N (neutral) 1/2 1.9953 1.9633 - - - - [277]
N, (1-) 1/2 2.0036 1.9935 — — — — [298]
Li (neutral) 1/2 2.0028 2.0253 2.0223 2.0254 2.0040 113 [299]
Zn vacancy (1-) 1/2 2.0024 2.0193 2.0173 2.0183 2.0028 111 [300]
Zn vacancy (neutral) 1 — — 2.0132 2.0187 2.0088 90 [300]

For centers with axial symmetry, parallel and perpendicular refer to directions parallel and perpendicular to the c axis, respectively. The
holes in deep acceptors might be found on axial or non-axial O atoms. 6 is the angle between the ¢ and z axes. For Li and the singly ionized
Zn vacancy, z points roughly along the Zn—0 bond direction. For the neutral Zn vacancy, z lies in the basal plane and points from one O atom

to an adjacent O atom.
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Figure 15: Local atomic geometry of electrically inactive oxygen split interstitial (a) in the most stable configuration [0%(split)] and (b) in a
metastable configuration [0°(split)]*. (c) Local atomic geometry of electrically active O; at the octahedral site [02~(oct)]. Reproduced with

permission from American Physical Society [263].

in solids. This clarifies the subsequent in a trio S =1
ground state, the ppm«-like MO fundamentally possesses
longer 0-O bond length in the O; (split) ~1.46 A com-
pared with the disengaged O, atom ~1.22 A. Also, some
deep level acceptor levels, £(0/-), and £(—/2-) have been
observed at 0.72 and 1.59 eV above the valence band max-
imum, respectively, in Figure 15(b). These levels came
into existence because of the higher formation energy
possessed by the octahedral interstitial than the Vgz,.
The split configuration shows an electrically inactive
role, acting neutrally throughout the Fermi level range
[263,271]. Moreover, researchers revealed that O; split
has a metastable set up with a formation energy of ~
0.2eV higher than the most minimal vitality design,
with 0-O bond length of the order of 1.51 A [263]. The
presence of these two practically degenerate designs
with different 0—Zn-0 bond angles strengthens the image
of the oxygen split interstitial as an “0,” molecule installed
in the ZnO crystal. Anderson Janotti [263,303] and Albe
[304] provided detailed studies regarding the O; split and
its metastable design. They proposed that these imperfec-
tions are electrically dynamic with acceptor transition levels
near the conduction band maxima. The O, is an acceptor-
type deformity with exceptionally large formation energy,
although the concentration of the oxygen atoms remains
very high. Henceforth, O, is not available in equilibrium.
It has been observed that O on the ideal Zn site is unsteady,
and thus it immediately relaxes to an off-site arrangement.
The O particle is dislodged along the [0 O 1] direction by
more than 0.7 A and structures a chemical bond with one of
the oxygen closest neighbors as displayed in Figure 15(c).
The O-0 bond length is 1.46 A, precisely double the covalent
span in the -2 charge state and 1.42 A in comparison to the
neutral one; 0.73 A, among O, and the other close by oxygen
atoms, are ~2.0 A, therefore, signifying the nonexistence of
bonding. O, are acceptors over the valence band maximum.

In order to migrate, O, could detach with transition levels €
(0/-) and &(—/2-) at 1.52 and 1.77 eV into Vg, and O; and,
qualitatively, it is anticipated that its migration barrier may
be better than of vacancies or interstitials [263]. The conclu-
sions urge that the O; and O, are exceptional about their
formation of energy and electrically dormant. These deformi-
ties are not imminent to assume significant parts under
thermal equilibrium. The Oy’s are depicted in Figure 13(b) [60].

5.4 Zn;’s and zinc antisites (Zn,’s)

The Zn; are generally found in the wurtzite structure of
the octahedral site. The octahedral site for the Zn;’s has
been considered as the most favorable [59,305]; however,
the tetrahedral site is suggested less favorable from the
energy point of view [59,155,255,257], and it is dynami-
cally insecure [253,263,305]. The Zn; is proposed to be a
shallow donor, with a donor energy of 30 meV [306].
These shallow donors possess the effective mass g-factor
of the order of ~1.96 with an annealing temperature of
170K [277]. It has also been found that the thermody-
namic transition levels show stability with the one-elec-
tron structure near the conduction band maxima. The Zn;
possesses a very small relocation barrier of the order of
0.22 or 0.57eV for the “2+” charge state [58,263,307].
Hence, it is required to diffuse out effectively or bind
with different imperfections [58,263]. The shallow donor
properties of the Zn; have been studied to a great extent in
the reports given in Table 4.

Furthermore, it has also been observed that these
interstitials are not stable at RT [274,307]. With the help
of the positron annihilation, it was also observed that
these interstitials are not the only source responsible
for the n-type conductivity as the results do not show
any decrease in the Vz,’s when annealing is performed
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Table 4: Value of formation energy (AEf) and thermodynamic tran-
sition levels at CBM for Zn interstitials for the octahedral site

Method Zn interstitials Ref.
AE;  €(2+/+) €(+/0)

Result using LDA and LDA+U 6.95 (B CB [263]

VBM correction using GGA + U 5.2 0.6 0.2 [259]

Hybrid (HSE, a = 0.375) 3.9 04 0.1 [59]

Hybrid (B3LYP) — 0.09 0.16 [261]

sX 3.7 0.1 <0.1 [308]

CB: conduction band.

in the zinc vapor [309]. Similar to the Zn;, the Zn,’s are
the positions of the oxygen sites occupied by the zinc ion,
and hence show a transition level of £(2+/+/0). Other
than this transition level, they also possess the deep €
(4+/3+) and £(3+/2+) levels, which are situated under-
neath the bandgap [250]. The Zn, is a twofold donor in
n-type ZnO, and the high formation energy reveals that
it is a far-fetched wellspring of unexpected n-type con-
ductivity. The presence of a huge number of off-sites,
which develops due to the slight shifting of the zinc
atom by more than 1A from the substitutional cross-sec-
tion site toward two next-closest-neighbor oxygen along
the [1010] direction [58,263]. The subsequent Zn,-O
interatomic oxygen atoms along with the [1010] heading,
as appeared in separations, are just 8% bigger as com-
pared with the balanced Zn—O bond length. At this sym-
metry arrangement, it has been observed that there exist
three Zno—Zn separations of the order ~2.4 A and one Zn,
—Zn separation of the order ~2.8 A. One can think of this
low symmetric configuration of ZnO as a Zn distances
~2.4 A, and one ZnO-Zn distance of ~2.8 A is complex of
a Zn; and a V, [263]. The relocation of Zn, include parting
the deformity into its Zn; and V, constituents, bringing up
the issue of whether these constituents would stay bound
and move in the show, or would move autonomously.
The assessed dissociation barrier of Zn2* into Zn** and
V, is 1.3 eV in n-type ZnO. This proposes that Zn2" is antici-
pated to be studied at temperatures of up to ~500 K [263].
This suggests that Zn2* may cause n-type conductivity if
deliberately introduced under nonbalance conditions, for
example, high-energy electron irradiation. The Zn; are illu-
strated in Figure 13(a).

6 Extended defects

These are defined as the defects that remain stretched
through a substantial part of the crystal. They remain
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stretched in at least one direction of the crystal and
show a dominant effect on the properties of the crystal.
Similarly, large density of grain boundaries may result
in the hardness of the material, which can also lead
to a change in the conductivity of the semiconductor,
resulting in an increment in the rate of diffusion [310].
In this part, the effect of these extended defects in ZnO is
discussed. These defects are of four types which are
represented in Figure 16.

6.1 Surface conduction

The surface conduction layer of the ZnO samples pos-
sesses a free electron concentration of the order of (1-3)
x 10%/cm? [237,311]. Look et al. [311] studied the effect of
the annealing and O, plasma treatment on the bulk con-
ductance and the surface conductance. They observed
that only the surface conductance was affected by these
treatments. The effect is clearly revealed in Figure 17.
As the conduction band has small energy compared to
vacuum, the Fermi level at the surface is most likely stuck
over the conduction band smaller than the expected
minimum [312]. This prompts a surface collection of elec-
trons, like the circumstance in InN [313,314]. Uncovering
the surface-to-air or O, plasma lessens the conductivity of
the layer, probably because of the adsorption of O, and
changes in the surface remaking [237,311]. Hall-effect
estimations can be deciphered with a two-layer model,
where the first layer is the surface leading channel and
the subsequent layer is the hidden mass [315].

6.2 Dislocation

Heteroepitaxial layers of ZnO ordinarily possess stringing
disengagement densities of 10°/cm? Stringing disloca-
tions, for the most part, runs along with the “c” pivot,

Dislocation Surface
Conduction

Extended Defects
inZnO

Grain Boundaries Staking Faults
(U J

Figure 16: Different types of extended defects.
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Figure 17: Carrier concentration versus temperature for sample #2:
(1) as-grown, (2) annealed at 715°C, (3) annealed at 700°C after
irradiation, and (4) subjected to a remote O, plasma. Reproduced
with permission from Elsevier [311].

even though ZnO developed under Zn-rich conditions
gave a few dislocations 20-30° from the “c” axis [316].
Transmission electron holography reveals the presence of
negative charges because of the aggregation of Vz,’s
close to the separation center [317]. The activation energy
value for the separation movement was assessed to be
of the order of 0.7-1.2eV in the range 650-850°C [318].
Dislocations made by plastic disfigurement appear to
expand the excitonic emission intensity [319]. ZnO has
also been developed on r-cut sapphire as a single crystal;
however, the interface contains a high thickness of non-
conformist dislocations [320].

6.3 Stacking faults

Samples developed by molecular beam epitaxy on r-cut
sapphire demonstrated a basal-plane stacking deficiency
thickness of 10°/cm and fractional disengagement den-
sity in the range of mid-10'/cm? [321]. Calculations indi-
cated that basal-plane stacking shortcomings have low
development energies; however, they do not bring elec-
tronic states into the gap [322]. Nevertheless, spatially
settled cathodoluminescence estimations demonstrated
that basal-plane stacking deficiencies contain confined
conditioning acceptors with a hole having a binding energy
value of 130 meV [323]. The recombination of free electrons
with acceptor-bound gaps prompts an outflow at 3.31eV.
An emanation at 3.333 eV was credited to excitons bound to
structural imperfections [324].
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6.4 Grain boundaries

Thin films faltered on “c”-cut sapphire displays columnar
development, similar to GaN, with grain boundaries having
small energy [325,326]. At the grain limits, a few molecules
have triple or fivefold coordination. In ZnO developed on
silica, a few sorts of [0001]-tilt grain limits has been identi-
fied [327]. Defects at grain limits assume a significant func-
tion in ZnO varistors and semiconductor gadgets fabricated
of ceramics with profoundly nonlinear current-voltage attri-
butes [328]. Varistors are protecting up to an all-around
characterized breakdown field. They include conductive
grains encompassed by added cations such as Bi or Pr,
which isolate to the grain limit. Grain sizes are ordinarily
around 10 pm with the common grain resistivity of the order
of <1Qcm. A depletion region was observed to frame at
each grain limit, where it lies completely inside the ZnO
grain, as a result of which the breakdown voltage of ~3V/
grain has been observed [329]. First-principle computations
demonstrated that Bi may fill in for Zn molecules at the
grain limit, bringing about a confined acceptor state [330].
This type of predicament leads to a creation of a p—n inter-
section between the grain limit and the n-type ZnO grain.
Liang and shen. [331] studied the interfacial thermal and
electrical transport characteristics of the grain boundaries
in ZnO by studying the physical transport parameters of
Zn0 polycrystals with different grain boundary spacing
[331]. They have studied the correlation between thermal
conductivity and grain boundary under various environ-
mental conditions. Studying the behavior under the tem-
perature variation from the RT up to 1,073 K, they observed
that the thermal conductivity first varies by changing the
grain boundary spacing at RT but latterly shows indepen-
dence on grain boundary spacing with the increase in tem-
perature. For further understanding of the grain bound-
aries, the effect of electron concentration and mobility
have also been considered.

7 General remarks about defects

To sum up what is thought about local defects, V,’s prove
to be profound contributors but unable to provide a
proper explanation about the experimental n-type con-
ductivity in ZnO. Nonetheless, they can remunerate p-type
doping. Zn; proves to be a shallow contributor, although it
possesses large formation energies under n-type charac-
teristics. In addition, it has been observed that it diffuses
at a very fast rate and henceforth probably not going to
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be steady as confined point defects. Zn, is similarly a
shallow donor; however, it possesses large formation ener-
gies in n-type samples. Zn, reveals the characteristic of
massive off-site removal and instigates a huge neighbor-
hood cross section unwinding. V,’s are profound accep-
tors but possess very low formation energies under n-type
conditions; they can hence happen as repaying surrenders
in n-type samples. It is usually recommended that V,’s
are a probable source of the frequently observed green
luminescence in ZnO. O; have excessive formation energies
and are not estimated to exist in substantial concentration.
They are usually present in an electrically inert split inter-
stitial or as profound acceptors at the octahedral site in n-
type tests. O, possess the most remarkable arrangement
energies among the acceptor-type local point defects. Zn;’s
possess a diffusion mechanism with a fairly low relocation
hindrance of 0.57 eV, concurrence with trial perceptions,
and are liable for the watched quick recuperation of the
electrical properties in illuminated ZnO. The relocation
boundary of O; in the octahedral arrangement is 1.1eV,
although Vy, and V, diffuse with relatively higher move-
ment hindrances of 1.4 and 2.4 eV, individually.

8 Applications of ZnO

ZnO is one of the most widely used metal oxides with
numerous applications due to its diverse characteristics
and extensive activities in the industrial sector [116]. ZnO
has applications in every aspect of life. It is being used in
materials science, engineering, chemistry, and environ-
mental science, etc. It possesses many applications in
multiple areas such as in electrical and optical devices,
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sensors, cosmetic materials, solar cells, windows, drug
delivery, LEDs, and lithium-ion batteries [332]. Besides
the above-mentioned applications, it also has applica-
tions such as plastic and rubber fillers, photocatalytic
antibacterial agent [333]. The above-mentioned applica-
tions of ZnO are categorized as shown in Figure 18.
Among the mentioned categories, the applications in
the textile industry analyzing the absorbing nature of
7ZnO for UV radiations. Second, a brief discussion will
be provided on the pharmaceutical and cosmetic industry
on the use of ZnO in medicine. Finally, the electrotech-
nology industry with the main focus on use of ZnO in
sensors, solar cells, field emitter such as LED and super-
capacitors will be discussed.

8.1 Textile industry

For the commercialization of nanotechnological products,
the textile industry plays an important role. Especially,
water repellent and self-cleaning textiles are important
for the military purposes due to the lack of time for laundry
in extreme circumstances. Not only for the military pur-
pose, but the water repellent textiles possess a consider-
able demand in the world-class business also [4]. Mainly,
the body’s resistance from the effect of the harmful UV
radiation is the vital area of the research, where the
researchers need to devote. A large number of scientists
are working on the development of self-cleaning, water
repellent, and UV-blocking textiles [334-339]. Sunlight is
the primary source of UV radiation, which affects the
human immune system and skin over time. To protect
from the passive damage, the UV absorbers are frequently
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Figure 18: Schematic representation of applications of ZnO in different fields.
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developed in the form of organic coatings. Nevertheless, the
UV absorbers developed from the organic materials face the
problem of stability due to migration and the degradation
phenomenon. However, the UV absorbers developed from
inorganic substances are found to be stable and do not face
any degradation issues. When comparing textiles made with
inorganic constituents for UV protection to those made with
organic constituents, it has been discovered that the textiles
made with inorganic constituents are far more stable.

They are also extensively used because of their tiny
size. In this regard, the ZnO NPs are inexpensive for UV-
blocking applications [340,341]. For the textile industry,
Zn0 nanostructures are very efficient because the nano-
structured coatings are air-permeable with higher UV-blocking
property compared to their counterparts [342]. Among the
different kinds of available nanostructures, the coating of
the ZnO proves to be an efficient UV-protective textile. So
far, many techniques have been used for the fabrication of
UV-protecting textiles, among which the hydrothermally
grown ZnO NPs in SiO,-coated fabric show an efficient
UV-blocking property [343]. Also, it has been observed
that the synthesis of the ZnO NPs via homogeneous phase
reaction followed by the deposition on the fabrics (cotton
or wool) results in the enhancement of the UV-absorbing
property [344]. Similarly, the ZnO NRs have shown excel-
lent UV-protecting properties grown on a fibrous substrate
via a low-temperature growth technique [345]. Ates and
Unalan [346] utilized the microwave-assisted hydrothermal
method for synthesizing the ZnO NWs on the cotton fabric
to investigate the properties such as self-cleaning, super-
hydrophobicity, and UV-protection. The super-hydrophobic

(i)

(ii)

o
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nature was analyzed by functionalizing with the stearic acid
for obtaining the water contact angle of 150° and was found
to be stable. They also have studied the effect on the hydro-
phobicity of the cotton surface by utilizing the water contact
angle measurements. The different studies they performed
using the contact angle measurement technique are depicted
in Figure 19.

8.2 Pharmaceutical and cosmetic industries

ZnO0 has been widely used for different kinds of medicinal
purposes because of its drying, antibacterial, and disin-
fecting properties [210,347]. Earlier, it was used for curing
epilepsy and diarrhea, but now it is being used in oint-
ments and creams along with its use for dusting and
liquid powders. The efficient behavior of ZnO for wound
healing makes it suitable for developing medicines in
dermatology, especially for inflammation and itching
purposes. It is also being used for suppositories, in den-
tistry for dental paste, and temporary fillings [4]. ZnO
also finds its use in different dietary supplements and
goods, providing dietary Zinc [348]. Before the evolution
of the ZnO NPs, the sunscreen creams contained thick
preparations that did not rub easily on the skin, resulted
in rare cosmetics uses. The use of ZnO NPs in creams has
solved the disadvantage mentioned above, enhancing the
quality, and providing the propensity to absorb the UVA
and UVB radiations. Adding the titanium dioxide (TiO,)
to the ZnO for the fabrication of the cream provides an

O

Figure 19: (a) Water contact angle measurement of surface-modified ZnO NW coated cotton fabric. (b) Digital picture of (i) bare, (ii) coated
with ZnO seeds, (iii) coated with ZnO NWs, and (iv) cotton fabrics after methylene blue solution staining. Reproduced with permission from

Elsevier [346].
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effective medium that possesses properties like highly
transparency, less sticky, and being easily massaged
into the skin [349]. A large number of reports have sug-
gested that the combination of TiO, and ZnO yields better
results as it absorbs UV radiations, provides no irritation
to the skin, and is easily absorbed into the skin [350-353].

8.3 Electrotechnological industries

Zn0 is a significant semiconductor that possesses a diverse
function in electrotechnology [354-356]. As mentioned
earlier, ZnO is a wide band-gap metal oxide semiconductor
and possesses high bond energy which makes it an effi-
cient candidate for photoelectronic and electronic types of
equipment [357,358]. Also, it finds its applications in the
devices emitting surface acoustic waves [359], field emit-
ters [360], sensors [361-366], UV lasers [367], and solar
cells [368]. Because of the ZnO luminescence properties, it
is being used in field emission displays. With the high
electrical conductivity and good resistance against UV
radiations, it replaces the conventional materials. Thin
films made from the ZnO show high permeability and
high conductivity and hence are being used to fabricate
light-permeable electrodes in solar batteries. In photovol-
taic cells and electroluminescent devices, it is being used
as a transparent electrode and also acts as an encouraging
candidate for UV-emitting devices [369,370]. Among a
large number of properties in the electrotechnological
devices, the important applications are discussed below:

8.3.1 Sensors

The high sensitivity to the chemical environment makes
Zn0 an efficient material for many sensing applications.
The electronic processes are greatly influenced by surface
phenomenon, and hence, preferential materials are readily
chosen as nanostructures for their high surface area. The
NWs fabricated from the ZnO show high sensitivity even at
RT, whereas thin film gas sensors start functioning at ele-
vated temperatures. The sensing process relies on the
number of oxygen vacancies at the surface. The oxidation
and the reduction processes lead to the decrease and
increase in the conductivity, respectively. The main focus
is the detection of certain gases. NR structured device fab-
ricated from the ZnO has been developed and used to
detect the H, gas. The palladium (Pd) clusters were depos-
ited on the ZnO rod surface by sputtering process to increase
its sensing activity. The deposition of Pd increases the sen-
sing as it dissociates the H, into its atomic hydrogen,
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increasing the sensing activity. It has been observed that
it shows the tendency to recover its conductance up to 95%
within 20s after exposing the sensor to the air [371]. H,
sensitivity by the platinum (Pt)-coated ZnO NRs have also
been reported [372]. Rout et al. [373] utilized the thick film
fabricated from the ZnO NPs for the H, sensing. Also, a
demonstration of the sensors from single NWs of ZnO
with field-effect transistor geometry and O,, NO,, and NH;
as oxidizing agents was reported [374,375]. It has been
observed that the small diametric NWs have a higher
oxygen sensitivity and can be regulated by a gate voltage.
Large negative gate voltage leads to the desorption of the
NO, molecules, so that can be used for the refreshment of
the sensor. Observations show that using Pt-integrated elec-
trodes in the sensors revealed better results. An ethanol
sensor with Pt-integrations has shown better sensitivity
and quick response at 300°C [376]. Xiangfeng et al. [377]
demonstrated that the sensor response was strongly depen-
dent on the fabrication atmosphere. They synthesized the
Zn0 tetrapod by evaporating pure ZnO in four different gas
flows, that is, humidified argon (Ar), dry Ar, humidified N,
and dry N,. They observed that the sensor prepared in the
humidified Ar flow reveals the fast response and a good
selective behavior in detecting the ethanol. Ruthenium-sen-
sitized ZnO gas sensor developed to detect oxygen and
carbon monoxide at RT by utilizing the surface photocur-
rent. They observed that the sensing capability was highly
influenced by the gas molecules that remain adsorbed on
the surface [378]. With a growing demand for the develop-
ment of sensors, glucose biosensor in the form of ZnO NRs
has been synthesized by the hydrothermal decomposition
method [379]. Currently, researchers mainly focus on how
to harvest environmental energy. In this regard, the PNGs
are the new burgeoning that offer a new track for harvesting
the mechanical energies. These generators work on the
principle that when nanometric scale piezoelectric material
is deformed by some external source, piezoelectric poten-
tials rise [380]. These PNGs, when connected to an external
load, maintain the current in the circuit as long as the
mechanical movement continues. The ZnO NR-based nano-
generators were first studied in 2006 where it was observed
that mechanical deformation leads to the flow of electrons
in the external load. Soon after this discovery, an enormous
number of researchers have started working in this field,
and a large number of ZnO NR-based piezoelectric devices
have been fabricated such as piezoelectric gate diodes
[381], field-effect transistors [382,383], pressure-based sen-
sors [384,385], biomedical sensors [386,387], and PNGs
[388,389]. These PNGs found applications in energy har-
vesting [176,390-393], self-powering motion sensors [394],
pressing sensors [395], and piezo-biosensors [386]. Cue
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Figure 20: Gas sensing mechanism of ZnO nanofibers under UV illumination: (a) ZnO nanoplates and (b) ZnO nanoflowers in the presence of

HCHO. Reproduced with permission from Elsevier [396].

et al., in 2016 [396], have synthesized different structures of
the ZnO by utilizing the electrospinning and the hydro-
thermal route to study the effect of the morphology of the
Zn0 on the activity of the HCHO gas sensor. They found
that the HCHO gas sensor has a greater sensitive response
and a faster recovery time for different irradiation sources
than other sensors. They also studied the influence of
the nanostructure shape on the working mechanism. The
outlay of the sensing mechanism is shown in Figure 20.
The studies revealed that because of the tiny grain size, the
developed nanofibers have the strongest sensing respon-
sivity because of the observed significant change in the
depletion region (Figure 20(a)). In comparison to these,
the NPs that possess the bigger particle size cause slight
shifting of the depletion region by signifying the nanofibers
weaker sensing response (Figure 20(b)).

Sett and Basak [397] studied the sensing ability of the
cobalt-doped ZnO for the H, gas. They investigated the
effect of the different parameters such as temperature and
doping on the sensing ability. While studying the effect of
the concentration on the sensing response, they found
that an 8% doping level of the cobalt in the ZnO shows

the highest sensing response as is clearly indicated in
Figure 21(a) and (b). The enhanced sensing response
has been attributed to the high surface-to-volume ratio
of the NRs, resulting to the enhancement in the oxygen
vacancies (Figure 21(c)). Chen et al. [398] fabricated the
zinc NWs by utilizing hydrothermal methods. They stu-
died the effect of the functionalization with Pd/PdO on
the sensing ability of nitrogen dioxide. While studying
the gas sensing behavior, they observed a change in the
resistance by changing the NO, concentration. The sensing
ability of ZnO has been proved to be efficient for different
sensors. Besides enhancing the properties and character-
istics of the available ZnO-based sensors, researchers are
working on further developments. They are devoting time
to bring a new version of the sensors, which the commu-
nity requires.

8.3.2 LEDs

From the very beginning, the ZnO has been used for the
development of the conventional blue LEDs by using
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Figure 21: (a) Gas response with different Co-doping contents at 300°C, (b) gas response of all sensors for different H, concentration at
300°C, and (c) sensing mechanism of undoped and Co-doped ZnO NRs. Reproduced with permission from Elsevier [397].

different types of substrates such as sapphire [399,400],
GaN [401], and SiC [402]. LEDs development with ZnO
on these substrates has been studied to a great extent,
both theoretically and experimentally. Bulashevich et al.
[403,404] studied the operation of the ZnO/GaN-based
heterostructure diodes by simulation. They discussed the
mechanism of working of such heterostructures diodes
and laser diodes. Also, they studied internal parameters
such as internal quantum efficiency and its temperature

dependence. Kozuka et al. [405] came up with an elabo-
rated review on ZnO/MgZnO heterostructures for LEDs and
other optical applications. The article covers the large
areas of heterostructure LEDs ranging from growth tech-
niques, band alignment to device fabrication, and discus-
sions on characterization. It has been observed that it is
quite simple to develop the epitaxial heterostructures LED
structure containing ZnO because of their lattice mismatch
than III-IV homogeneous LEDs [406]. This simplicity is
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provided only by the ionic nature of ZnO, as ionic bonds
possess spherical potential wells compared to the aniso-
tropy found in covalently bonded semiconductors. It is
worth mentioning that ZnO proves itself to be a promising
candidate for a light generation with its crystallites so
small in size that they show quantum confinements and
hence described as ZnO quantum dots (QDs) [407]. Mikra-
juddin et al. [408] and Zhong et al. [409] developed the
LEDs based on ZnO QDs by using different synthetic routes.
For enhancing the applicability of the ZnO QDs, Liang et al.
[410] synthesized the ZnO QD-phosphors nanocomposites
by sol-gel methods. The synthesized nanocomposite con-
sists of yellow-emitting ZnO QDs and a europium-doped
blue-emitting phosphor, both were interlinked by the use
of silica. Besides achieving the white light for the QD nano-
composite, the PL quantum yield and the luminous efficien-
cies were calculated and found to be 63.7% and 73.6 Im/W,
respectively [410]. The ZnO has attracted attention in this
field because of its simple synthetic procedure and tune-
ability of the fluorescence. The life span of ZnO QDs is the
factor restricting their far-reaching use right now. When
legitimate embodiment strategies are created to delay their
usable lifetime, this material will probably arise as a gen-
uine competitor for making both UV and green-emitting
LEDs. Another purpose behind the ubiquity of ZnO QDs is
that they can be utilized both as an intrinsic light-emitting
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layer when integrated inside the structure of LEDs, and as
an external phosphor when covered on top of blue or UV
LEDs [407]. The researchers also have studied the effect of
the rare earth doping on the PL properties of the ZnO, and
the research in this regard is going on for the further devel-
opments. Kumar et al. [411] studied the effect of the ter-
bium-doped ZnO and find it suitable for the solid-state
lighting technology. Besides studying the PL emission,
they also investigated the different transitions responsible
for the emission. They also found the Commission Interna-
tional de l’eclairage (CIE) coordinates of the synthesized
compound as shown in Figure 22(a-d). They further con-
cluded that the visible emission shown by the ZnO arises
only because of the different defects, that is, oxygen vacancy
and the O;. The remarkable properties shown by the ZnO
for the lighting technology have forced the researchers to
explore the properties. In this regard, the researchers have
used different synthesis methods and different rear-earth
(RE) dopants as depicted in the CIE diagram Figure 22(e).

8.3.3 Solar cells
In the past few years, ZnO has been used to fabricate

electrode materials for dye-sensitized solar cells
[412-414]. It has been observed that the transfer of
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shapes that have been used in the fiber led to the many
restrictions in the functionality of these hybrid structures.
For resolving the issue, the same group came up with a
new version of the hybrid structure in which the optical
fiber has been replaced by the quartz slide as shown in
Figure 23(c) and (d) [422]. In the new design, the 3-D dye-
sensitized solar cells have been developed by interposing
the ZnO NW on the quartz slides with planar electrodes.
The developed solar cell functions as a wave-guide for
solar cells as only a few materials can fill the nanopores the transmission of light. The fabricated device led to an
of TiO, layers [419,420]. Various researchers have also increment in the energy conversion efficiency up to 5.8%
synthesized hybrid structures of the dye-sensitized solar as compared to the previous one [422]. Gonzalez-valls
cells with different synthetic routes. In this regard, Wein- et al. [423] synthesized vertically aligned ZnO NRs and
traub et al. [421] synthesized the hybrid 3-D NW for the used them as electrodes in dye-sensitized solar cells.
dye-sensitized solar cells, as shown in Figure 23(a) and They studied the changing effect of various parameters
(b). The NWs of the ZnO have been developed parallel to such as light intensity, temperature, and UV-light on the
the optical fiber in such a way that light will lit the fiber final photovoltaic properties. As a result, they found that
axially from one end. As the light enters the fiber, the the increase in the light intensity and temperature affects
phenomenon of the internal reflection enables the light the series and shunt resistances and finally led to the
to interact with the dye-sensitized molecules. Due to this decrease in the solar cell efficiency. Synthesizing the
continuous interaction, researchers observed an incre- ZnO-branched NRs by the hierarchical solution method
can be used for the applications such as solar cells,

ment upto 3.3% in the sun efficiency, almost 120% greater
than the previous high figures. The particular electrode UV-lasers, and sensors [424].

electrons from the dye to the conduction band of ZnO
happens in a very short interval of time compared to
the previously used TiO, layers [415-418]. Among a large
number of available nanostructures, ZnO acts as an
efficient candidate because of its wide bandgap, high
charge carrier mobility, and also high surface area, which
are necessary for dye-sensitization and light-harvesting
devices. The filling of the pores of these nanoporous
structures remains the main challenging work for these
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Figure 23: Design and principle of a 3-D dye-sensitized solar cells (DSSC). The cross section of the fiber can be cylindrical or rectangular.
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optical fibers utilizes conventional optical fibers and allows for remote transmission of light. The bottom segment consists of the 3-D DSSC
for solar power generation at a remote/concealed location. (b) Detailed structure of the 3-D DSSC. Reproduced with permission from Wiley-
VCH [421]. (c) Schematic architecture of a large-scale 3-D DSSC. The waveguide-NW 3-D unit SCs are plugged into the counter electrode
housing and then sealed and fully packaged. (d) Detailed structure of a unit waveguide-NW 3-D DSSC. Reproduced with permission from

American Chemical Society [422].
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8.3.4 Supercapacitors

In the current scenario of the growing technological
world, the storage of energy in different forms is crucial
by the research community. Among the different energy
storage devices, batteries and capacitors are considered
to be the most prominent. But, due to the fact that bat-
teries were being used for the systems that require high
energy density at low output power and capacitors were
being used for the systems that require high output
power, limits their utility for the systems, which require
high energy and power density. For solving the inade-
quacy, the different devices, such as electrochemical
capacitors, supercapacitors, and ultracapacitors, have
been analyzed for meeting the demands. Among the men-
tioned devices, the supercapacitors proved to be very
efficient and became the effective solution for the rising
energy demands, which is a growing challenge in today’s
world [425]. These supercapacitors have been categorized
into many types, such as electrochemical double-layered
capacitors, hybrid capacitors, and pseudocapacitors, depend-
ing on their design geometry [425,426]. ZnO has played an
important role in these energy storage devices by acting as
an electrode in the devices [427,428]. Li et al. [429] have
used the hydrothermal method and prepared zinc-cobalt
oxide and sulfide hydride. By comparing their fabricated
materials with zinc-cobalt binary oxide nanosheets, they
observed that the substitution of oxygen by sulfur results
in the generation of a more flexible structure along with the
development of efficient and rapid pathways for ion and
electron transport. These properties became evident by
the exceptional cyclic stability and very high specific capa-
citance of the materials of 2176.7 F/g at 1A/g, which is
nearly six times higher than the zinc-cobalt binary oxide
nanosheets of 367.2F/g at 1 A/g [429]. Pant et al. [430] fab-
ricated the ZnO nanoflakes wrapped carbon nanofiber
composites for utilizing them as electrode materials in
the supercapacitors. They fabricated these composites by
combining the electrospinning technology with the hydro-
thermal process. It has been reported that the composite
formed possesses a diameter of the order of 300 nm along
with the length of hundreds of micrometers, which pro-
vides high aspects. The specific capacitance of the compo-
site has been found to be 260 F/g. From the obtained
results, it has been calculated that such types of compos-
ites are suitable electrode materials for supercapacitors.
Many other researchers have also analyzed the capability
of the ZnO as an electrode for the supercapacitors. They
have observed that ZnO proves to be an efficient electrode
material for the supercapacitors [431-433]. It is all due
to the remarkable properties of the ZnO, that is, broad

DE GRUYTER

bandgap, presence of a large number of defects, high elec-
tron mobility, etc., which make it a promising material for
supercapacitors. With the growing technological advance-
ments in each and every corner of science and technology,
the researchers will be able to develop next-generation
high-power capacitors in the coming years, which will defi-
nitely serve as an alternative for energy storage devices.

9 Conclusion and future
perspective

In spite of a large number of difficulties in achieving the
p-type conductivity, both intrinsic and defect-related
properties of ZnO have significant advantages for device
applications. From the above study, it is clear that sig-
nificant efforts have been devoted both experimentally
and theoretically to understand the nature and role of
these defects. Predominant imperfection species and their
significance to the electrical and optical properties are dis-
cussed based on determined formation energies, donors
and acceptor levels, optical transition energies, and elec-
tronic structures of the deformities. The oxygen vacancy
acts as an efficient donor type-defect and possesses the
lowest formation energy among the native defects. In com-
parison to the oxygen, the V,’s have sufficiently high for-
mation energies and act as an acceptor type native defect
with low hole concentrations. The interstitials and the anti-
sites of the oxygen have high formation energy with neutral
behavior concerning electrical activity. Because of the neu-
tral electrical response, they do not play any significant role
in the electrical properties under equilibrium conditions.
The interstitials and the antisites of the zinc possess the
high formation energies in the n-type ZnO and act as
shallow donors. This review provides a brief idea regarding
the defects in ZnO, as this topic is the hotbed for many areas
of science and technology. With the growing research in
this field, more and more knowledge will be obtained,
which will ultimately lead to stronger evidence for many
new phenomena. In this bibliographic review, we tried
to show ZnO NPs have exceptionally unique properties
that are all the outcomes of the defects. All of these aspects
combine to make this nanomaterial a very adaptable
system, which is used both individually and the combina-
tion of the other materials. This aspect demonstrates that
the ZnO NPs can be used in almost any sector of science
and technology. Regardless of lot of applications of ZnO in
the various sectors of the science and technology, there is
still a requirement of growth along with the right knowl-
edge of the numerous phenomena, which includes
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biological effects of the ZnO, effect of the core-shell design
on the different properties etc. In addition, these consis-
tency in the reproducibility of the ZnO NPs remains a pro-
ject for the researchers. Concerning application, a lot of
work still needs to be done for the proper upgradation of
the different applications such as theranostic, criminology,
fingerprinting, and food packaging. Finally, science and
technology of nano and micrometric oxides are now the
day’s most rapidly evolving scientific and technical spe-
cialties. Working on ZnO, in this regard, can also help in
the fabrication of more durable ceramics, transparent solar
screens that can resist infrared and UV light, efc. Most
importantly, the usage of the ZnO for therapy and drug
delivery is still an open arena for the research community,
which needs a lot of attention.
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