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Abstract: Zinc oxide (ZnO) has been widely studied over the last decade for its remarkable properties 1

in optoelectronic and photovoltaic devices because of its high electron mobility and excitonic proper- 2

ties, probably the broadest range of nanostructured forms, and their ease and low cost of synthesis 3

by a wide variety of methods. The volume of recent work on ZnO nanostructures and their devices 4

can potentially overshadow significant developments in the field. Therefore, there is a need for a 5

concise description of the most recent advances in the field. In this review, we focus on the effect 6

of ZnO nanostructure morphologies on the performance of ZnO-based solar cells sensitized using 7

methylammonium lead iodide perovskite. We present an exhaustive discussion of the synthesis 8

routes for different ZnO nanostructure morphologies, ways to control the morphology, and the impact 9

of morphology on the photo-conversion efficiency of a given PSC. 10

Keywords: ZnO morphologies; Perovskite; Efficiency; Photovoltaic devices 11

1. Introduction 12

ZnO is a metal oxide semiconductor that has a wide band gap of 3.37 eV and a large 13

exciton binding energy of 60 meV [1–8]. These properties allow it to interact efficiently in 14

emissive processes that involve excitons [9]. There is great interest in ZnO because of its 15

wide range of applications and promising properties. For instance, it has high infrared 16

reflectivity and good visible-spectrum transparency, is biocompatible, and its nanostruc- 17

tures show the greatest variety and are easy to prepare. Its high electron mobility means 18

that the mean diffusive-transfer speed of its photo-generated electrons is high, making it 19

suitable for optoelectronic and photovoltaic devices [1,2,6,8,10]. Chemically, it is stable, 20

inexpensive, and environmentally friendly. ZnO is suitable for solution-based processing 21

at lower temperatures because it is nearly soluble in water [4]. It has the appearance of a 22

white to yellowish-white crystalline material. ZnO comes in three crystallization forms: 23

cubic zinc blende, hexagonal wurtzite, and cubic rock salt. The cubic rock salt structure of 24

ZnO, shown in Figure 1, is rare and only sporadically detected. 25
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Figure 1. Cubic rocksalt structure of ZnO. Reproduced with permission from [11].
In contrast, the hexagonal wurtzite crystal structure shown in Figures 2 and 3, is stable 26

at ambient temperature and pressure and more abundant. 27

Figure 2. Wurtzite hexagonal crystalline structure of ZnO. Reproduced with permission from [12].

Figure 3. Schematic representation of a Wurtzite ZnO structure having lattice constants a in the basal
plane and c in the basal direction. In the ideal crystal, the bond length (nearest-neighbor distance) is
0.375 and the bond angle is 109.47◦. Reproduced with permission from [12].

ZnO is a polar crystal with octahedral geometry. There are two lattice constants 28

(a and c) with hexagonal unit cells. It belongs to the space group C46v or P63mc [5]. 29

The cubic martensite forms under high-pressure conditions and has an indirect bandgap 30

semiconductor (Eg=2.7 eV) [13]. The ZnO hexagonal lattice belongs to the space group 31
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of P63mc or C46v. It has lattice constants a=b=0.32539 nm and c = 0.52098 nm such that 32

c/a =
√

8/3 = 1.6333 [1,3,8,13,14]. The wurtzite structure consists of alternating planes of 33

O2− and Zn2+ ions coordinated to tetrahedra stacked along the c-axis. The base (0001) and 34

(0001̄) planes have different bulk terminations, first with a positive Zn charge and second 35

with a negative O charge. As a result of these polar surfaces, ZnO exhibits normal dipole 36

moments and spontaneous polarization along the c-axis [15]. Normally, ZnO has three 37

types of high-speed growth directions: (± [21̄1̄0], ± [1̄21̄0], ± [1̄1̄20]), (± [011̄0], ± [101̄0], 38

± [11̄00]) and ± [0001] [14]. Since the energy of the (0001) crystal surface is higher than 39

that of the other planes, as described above, the ZnO crystal tends to grow in the [0001] 40

direction or along the c-axis. However, by adjusting the growth rate in these directions. A 41

wide range of morphologies with major crystal facets can be obtained as shown in Figure 42

4. This highlights the vast variety of ZnO morphological structures, i.e. 1-dimension (1D), 43

2-dimension (2D), and 3-dimension (3D). 44

Figure 4. Preferential growth directions of ZnO wurtzite crystal and possible structures. Reproduced
with permission from [16].

The 1D structures are the main and large group and it includes nanorods, nanotubes, 45

nanoneedles, nanohelixes, nanorings, nanobelts, nanowires, and nanoneedles. The 2D 46

structures have a greater surface area for dye-sensitized solar cells, including nanopellets, 47

nanosheets, and nanoplates. The 3D structures include snowflakes, flowers, dandelions, 48

and coniferous urchins [1–8,10,13,14]. Figure 5 shows various morphologies that can be 49

seen under a scanning microscope. These forms are manifestations of the wurtzite ZnO 50

structure possible from Figure 4. 51
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Figure 5. Typical examples of morphologies of ZnO. Figures (a) and (b) show 1D structures, (c) and
(d) show 2D structures, while (e) and (f) show 3D structures. Reproduced with permission from [16].

The synthesis method is now widely accepted as significantly influencing the final 52

ZnO nanostructure, morphology, valence state, and defect distributions in the oxide lattice. 53

The electrical, magnetic, mechanical, optical, and chemical properties can also be controlled 54

through the employed synthesis method. The various nanostructure synthesis methods are 55

broadly categorized into three groups, namely, chemical, physical, and green routes [17–20]. 56

Chemical synthesis is the most commonly used approach to synthesize ZnO nanostructures. 57

This method can be classified as either the liquid or the gaseous phase. Liquid-phase syn- 58

thesis includes precipitation, co-precipitation method, colloidal methods, sol-gel processing, 59

water–oil micro-emulsions method, hydrothermal synthesis, solvothermal, and sonochemi- 60

cal and polyol method [17,20–22]. On the other hand, gas-phase methods involve pyrolysis 61

and inert gas condensation. Chemical synthesis, i.e. the bottom-up approach, combines 62

substances in wet chemistry while adjusting reaction parameters. The atoms, molecules, 63

or ions in the solution first nucleate, followed by cumulative aggregation of the species 64

until the required nano-sized regime is reached [22]. Physical synthesis, or the top-down 65

approach, starts with the bulk matter and then breaks down the smaller particles until the 66

nano-scale size is achieved. These methods include laser ablation, ball milling, melt mixing, 67

physical vapor deposition, sputter deposition, electric arc deposition, and ion implantation. 68

Green synthesis employs microorganisms or plants extracts with a precursor to form the 69

desired nanomaterials [22–24]. Table 1 summarizes the advantages and disadvantages of 70

the chemical, physical, and green route synthesis methods. 71

2. Synthesis routes for ZnO nanostructures 72

As already discussed, the literature suggests that various synthesis modes have been 73

developed for convenient and simple means of achieving the desired properties of these 74

nanostructures. ZnO materials, a group II-VI binary compound semiconductors, have 75

been considered in solar cell applications due to their stability, high conductivity, high 76

electron affinity and excellent electron mobility. Variations in ZnO nanostructures have 77

a significant impact on three aspects of the solar cell film: (i) the solar layer morphology 78
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Table 1. A summary of the various synthesis methods, and their advantages and disadvantages.

Method Mode Pros Cons

Chemical

Hydrothermal,
sol-gel,
precipitation,
co-precipitation,
microwave,
pyrolysis,
micro-emulsion,
thermal decomposition,
bath deposition

Supports many
precursors, and
conditions.
Allows tuning
of morphology,
size, and geometry

A large number of
surfactants,
poor solubility
for some
precursors,
poor temperature
stability of
micro-emulsions,
and pH issues [25]

Physical

Laser ablation,
ball milling,
melt mixing,
physical vapor deposition,
sputtering

Technically simple,
chemically pure,
uniform nanoparticles,
applicable zinc surface

Needs higher energy,
temperature and pressure,
are expensive, and
radiation fallout

Green

Plant extractions,
biochemical,
and
microorganisms

Cost-effective,
fewer toxic
chemicals,
use natural
antimicrobe
activity

Hard to tune size,
shape, and
growth rate.
Endotoxin fallout,
rarely reported in
the literature

and loading, (ii) the quality of the ZnO/active layer interface, and (iii) as a conducting 79

substrate as a photo-anode. On the other hand, the ZnO nanomaterials directly grown on 80

the substrate have been attractive due to their unique electron pathways, which suppress 81

the influence of surface states typically found in the former case. This review presents and 82

discusses recent progress on ZnO nanostructures, synthesis methods, and their effects on 83

perovskite-sensitized solar cells. Figure 1 focuses on the much-needed comparison of the 84

synthesis and growth processes needed to realize the wide forms of ZnO nanoparticles. 85

Also, the influence of several parameters such as pressure, temperature, pH, agitation, 86

amount of reagent/substrate interface, the presence of a catalyst, and concentration of the 87

reagents during the course of the reaction are discussed in this section. 88

2.1. Hydrothermal Synthesis of ZnO nanostructures 89

With the continued development and material science progress, new powder synthesis 90

and material preparation technologies are receiving increasing attention. The hydrothermal 91

synthesis process is a promising liquid-phase technology that evolved in recent years. The 92

microwave hydrothermal method makes good use of microwave–induced temperatures 93

to compensate for the poor heating of the other hydrothermal methods, thus enabling 94

practical application [24]. Hydrothermal synthesis refers to the heterogeneous reaction to 95

synthesize inorganic materials in aqueous media above ambient temperature and pressure. 96

In this case, the aqueous mixture of precursors is heated above the boiling point of water in 97

a sealed stainless steel autoclave, resulting in a dramatic increase in pressure in the reaction 98

autoclave above atmospheric pressure. This synergistic effect of high temperature and 99

pressure provides a one-step process for producing highly crystalline materials without 100

needing post-annealing treatment. Hydrothermal strategies for synthesizing various nano- 101

materials, including ZnO nanomaterials, have also been developed. Reaction parameters 102

such as precursor properties and concentrations, solvents, stabilizers, reaction temperature, 103

and time have important effects on the product. Hydrothermal synthesis can yield very 104

high crystallinity ZnO nanomaterials under high temperature and high-pressure reaction 105

conditions, as compared to the “low temperature” co-precipitation method, which usually 106
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produces low crystallinity nanoparticles. The hydrothermal approach yields relatively 107

low product yields compared to the co-precipitation method. This method is commonly 108

employed to synthesize well-aligned ZnO nanorods for the electron transport layer of solar 109

cells. Figure 6 shows the schematic synthesis route for ZnO nanorods using water as the 110

solvent. Typically, the method uses high autoclaving temperatures of between 100-1000 ◦C 111

and high pressures between 1-10,000 atmospheres. 112

Figure 6. Overview of the hydrothermal method to synthesize ZnO nanoparticles. Reproduced with
permission from [26].

Noorasid et al. [27] synthesized ZnO nanorods for use as the electron transport layer 113

in a dye-sensitized solar cell using a hydrothermal method. In their study, they varied the 114

time of the growth process to obtain a pristine layer of ZnO nanorods. The duration of the 115

growing process was kept between 5 to 15 h, followed by annealing at 90 ◦C for 180 min. 116

These variations in the synthesis conditions gave well vertically-aligned ZnO nanorods of 117

uniform size and diameter. Similarly, Kumar et al [28], while studying the effect of reaction 118

time (3, 6, 9, and 12 h), obtained well-aligned ZnO nanorods with average lengths between 119

77 and 255 nm. Nadargi et al [29] demonstrated the flexibility of producing vertically 120

aligned ZnO nanorods which are 700–800-nm long at lower hydrothermal temperature (80 121

◦C) and shorter reaction time (2–10 h). It became evident that hydrothermal methods are 122

more amenable to the control of synthesis parameters and thus permit the tuning of the 123

properties of especially one-dimensional ZnO nanostructures. This approach is essential to 124

optimize solar cell performance. The facile approach of the hydrothermal method proves 125

effective in producing well-defined ZnO nanorods [30]. Figure 7 shows overall SEM images 126

of ZnO nanorods obtained under different conditions in the hydrothermal method. 127
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Figure 7. SEM images of ZnO nanorods obtained by varying, in (a) the growth time, in (b) the
reaction time, in (c) lower hydrothermal temperature. Figure (d) shows facile hydrothermal synthesis.
Reproduced with permission from [30].

Although hydrothermal synthesis has advantages over conventional synthesis, its 128

reliance on high reaction temperatures and pressures and the longer reaction times are 129

drawbacks, particularly for pilot and industrial-scale production. However, its allowance 130

to tune the reaction temperature and reaction time makes it suitable for reaching the desired 131

nanomaterial morphologies shown in Figure 7. Control of the annealing temperature and 132

reaction time can further enhance and improve the quality of the final nanorods by increas- 133

ing their diameter and length [20]. The literature also has several accounts of hydrothermal 134

synthesis in combination with other factors. For instance, well-defined, pencil-like ZnO 135

nanorods have been reported in the method in the presence of surfactants [10]. Other 136

reported structures are long ZnO nanowire arrays [3], nanobelts and nanospheres [30], 137

nanoflowers [31], and nanotubes [32]. 138

2.2. Sol-Gel Synthesis of ZnO nanostructures 139

The sol-gel method is considered the simplest and most well-established among the 140

nanoparticle synthesis methods. It has the ability to control particle size and morphology 141

through the systematic monitoring of reaction parameters [21]. The principle of sol-gel 142

synthesis is to “dissolve” (more accurately, disperse) the compound in a liquid in order 143

to redeploy it in a controlled manner. Multi-aspect compounds can be organized with 144

a managed stoichiometry by blending the sols of various compounds. The processing 145

parameters (such as concentration, pH, the annealing temperature, additives such as 146

surfactants, etc.) are systematically controlled during synthesis for the desired morphology, 147

size, orientation, etc. [33]. These attributes affect the optical properties of the nanoparticles. 148

The morphology, specifically, can be regulated efficiently during sol-gel synthesis via 149

hydrolysis and condensation reaction. The sol-gel technique avoids the issues of co- 150

precipitation, which includes inhomogeneous and gelation reactions. It also encourages a 151

more homogeneous blend at the atomic level and yields smaller particles without difficulty. 152

This method occurs in 5 steps, hydrolysis, poly-condensation, gelation, aging, drying, 153

densification, and crystallization as illustrated in Figure 8. 154
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Figure 8. Schematic procedure of synthesizing nanomaterials via the sol-gel technique. Reproduced
with permission from [33].

During hydrolysis, precursors such as metal alkoxides are dissolved in an aqueous or 155

an alcohol-based solvent (the “sol”)) that provide an oxygen-rich medium beneficial to the 156

formation of ZnO nanoparticles. The condensation stage of the process results in increased 157

solvent viscosity, forming the “gel”. This is a porous structure that maintains a localized, 158

semi-liquid phase. During the aging stage of the process, poly-condensation continues 159

within the localized solution along with re-precipitation of the gel network. This ultimately 160

decreases porosity and increases the thickness of the colloidal particles. In the drying stage 161

that follows, the solution is thermally treated i.e. calcined to drive off the residues and 162

water molecules from the sample, which is now predominantly ZnO nanoparticle-based. 163

The calcination temperature is carefully controlled to achieve the desired pore size and 164

material density. Khan et al [34] suggested that the mechanical speed of agitation and 165

rotation in the synthesis protocol sol-gel method are important parameters that contribute 166

to the size of the final ZnO nanoparticles. They showed that mechanical stirring during 167

sol-gel synthesis forms thorn-like ZnO nanoparticles. In the literature, there are also several 168

examples of the sol-gel method. For instance, flower petal-like ZnO nanoparticles spanning 169

∼ 500 nm at the top, ∼ 1 µm at the bottom, and more than 9 µm in length [31]. The particles 170

were obtained using zinc nitrate Zn(NO3)2·6H2O, citric acid, and ethylene glycol as the 171

source of Zn2+, the chelating agent, and the solvent, respectively. Also, a modified sol-gel 172

method formed flower-like and semi-spherical ZnO nanoparticles [35]. They used zinc 173

nitrate (Zn(NO3)2·6H2O) as a Zn2+ source, triethanolamine (C6H15O3N), and citric acid 174

(C6H8O7) as the chelating and gel agents, respectively. Figure 9 shows the SEM images of 175

typical ZnO nanostructures using the sol-gel method. 176

Figure 9. SEM images of different sol-gel synthesized ZnO nanostructures. In (a) thorn-like, in (b)
flower-petals, (c) semi-spherical, and in (d) spherical. Reproduced with permission from [32].
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2.3. Chemical Bath Deposition Synthesis of ZnO nanostructures 177

The chemical bath (or solution) deposition method has been used to synthesize a wide 178

variety of metal oxide thin films on different substrates for a long time, although it is less 179

popular than the sol-gel method. It requires only a vessel of an aqueous solution of a 180

precursor that can be reacted and precipitated in a controlled manner to form the desired 181

metal oxide compound. It is essentially a two-step method that involves the formation of 182

the solid phase from a precursor solution, nucleation, and particle growth. The method 183

favors large-area thin films and is amenable to batch processing and continuous deposition. 184

However, the formation of the thin film is highly sensitive to the pH of the chemical bath 185

solution, bath temperature, deposition time, stirring rate, the concentration of the cations 186

and anions, etc. Film growth occurs through ion condensation of material, or through the 187

adsorption of colloidal material from the solution, on the substrate. The major benefits of 188

this technique are its technical simplicity and excellent reproducibility. It yields a stable, 189

uniform thin film without physical substrate damage. Its major drawback is the abundant 190

remnant solution making it considered wasteful and expensive. Figure 10 depicts the facile 191

and rapid chemical bath deposition setup and used by Strano et al. [36]. 192

Figure 10. The overview of the setup for the chemical bath deposition method. Reproduced with
permission from [36].

They managed to produce extended, open-structured ZnO micro-flowers with a high 193

reactive surface area. Figure 11 outlines the flow of the two-step method. 194

Figure 11. Schematic representation of the two-step method of the chemical bath deposition process.
Reproduced with permission from [36].

The micro-flowers were composed of very thin sheets organized to form a spherical 195

structure characterized by a large surface-to-volume ratio, which is also a key factor for 196

improved charge transport in solar cells. The average diameters of the ZnO micro-flowers 197
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were in the 0.2–2.5 µm range. The formation was achieved by a complexing action of 198

fluorine in an aqueous solution of zinc nitrate hexahydrate and hexamethylenetetramine. 199

The growth catalyst or surfactant is now accepted to assist the tuning of ZnO nanostructure 200

1D, 2D, and 3D morphologies. 201

Figure 12. SEM images of some achievable ZnO nanoparticles by varying CBD bath parameters.
In (a) ZnO microflowers, in (b) ZnO nanorods, in (c) flake-like, and in (d) compact nanoparticles.
Reproduced with permission from [].

Mwankemwa et al [37] examined the influence of ammonia solution as an external, 202

concentration control parameter on the growth of ZnO nanorods in low-temperature (60 ◦C) 203

CBD. The concentration of ammonia was seen to impact the degree of supersaturation in the 204

growth solution, causing a significant deviation in the morphology and crystal orientation 205

of ZnO nanorods. Dense nanorods arrays were obtained with diameters ranging from 206

60 to 90 nm. Similarly, Koao et al. [38] evaluated the effect of the pH bath varying 207

different volumes of ammonia under constant time and bath temperature. They observed a 208

combination of ZnO flakes-like and flower-like structures. Among all of the parameters 209

affecting the chemical bath deposition method, properties of the seed layer appear to exert 210

significant influence on the morphological features of the final ZnO nanorods. Earlier 211

studies suggested that by varying the seed layer sol concentration, the quality of ZnO 212

nanoparticles can be improved by regulating the Van der Waals forces in the sol step [31]. 213

2.4. Physical Vapour Deposition Synthesis of ZnO nanostructures 214

The physical vapor deposition method is a bottom-up approach, as previously defined. 215

The materials are evaporated in a vacuum to avoid impurities. This occurs by vapor 216

particles traveling towards the substrate (cold target) and as soon as the vapor particles 217

reach the substrate, they get condensed into solids. Vapor particles can be deposited into 218

the substrate by the resistive method or by the sputtering method. During the resistive 219

method, heat is generated to evaporate the material by passing a current through a high 220

resistance coil that is connected to a power supply. Similarly, the sputtering method is also 221

a bottom-up approach where the material is sputtered in a vacuum and moves towards 222

the substrate where they are deposited and condensed back into a solid state. However, 223

in the sputtering method, high electrons are produced by an electron gun onto the target 224
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material and then evaporated to the substrate where they will be deposited and condensed 225

into solid particles. Different catalyst sizes affect the morphology of the resulting particles, 226

either 1D, 2D, or 3D. Therefore, to get a more effective morphology, one needs to optimize 227

the parameters such as dye adsorption, electron transport, and network configuration. 228

Jimenez-Cadena et al. [39] investigated the synthesis of various ZnO nanostructures using 229

a physical vapor deposition process on a glass-ITO substrate. They showed that by using 230

the gold nanoparticles as catalysts through a single-step process, nanowires (1D structures) 231

and nanosheets (2D structures), were obtained. Using a modified two-step process, they 232

obtained 3D nano-architectures by a physical vapor decomposition process by varying 233

temperature, pressure, deposition time, and gas carrier flux. Figure 13 shows SEM images 234

of their results. 235

Figure 13. SEM images of the cross-section of ZnO nanowire arrays at (a) 2 µm, (b) 1 µm, (c) 20 µm
and the zoom-in view image of the ZnO nanowires at 2 µm. Reproduced with permission from [39].

Zhang et al. [40] also showed that using a physical vapor method that is free from 236

a metal catalyst forms hexagonal well-faceted ZnO nanowire arrays at a temperature of 237

500 ◦C. These nanowire arrays are 1D, with an average diameter of 100 nm, and follow 238

the c-axis direction of the wurtzite structure of ZnO. The ZnO nanowires and nanorods 239

prepared by Barratto used physical vapor deposition by RF sputtering [41]. Xu et al. [42,43] 240

established during the synthesis of crystalline wurtzite ZnO nanowires by physical vapor 241

deposition that the diameter and growth of the ZnO nanoparticles increase as a function of 242

growth temperature. 243

2.5. Plant Extract Synthesis of ZnO nanostructures 244

Green synthesis methods were devised to limit the release of toxins into the environ- 245

ment. They are considered to be the safest approach for producing large scales of large 246

surface-area-to-volume ratio nanoparticles. Thus, they present a sharp contrast to the 247

physical and chemical synthesis. One such method that can be considered green is the 248

plant-extract method. It begins with washing and drying the plant (i.e. roots, leaves, stems, 249

etc.) with distilled water at room temperature to remove any debris. The aerial parts of 250

the plant are then finely ground into a powder, followed by the formation of an aqueous 251

extract by cold maceration. This involves soaking the plant powder and then continuously 252

agitating the suspension for some amount of time. The product is then filtered and stored 253

at a low temperature as indicated in the schematic diagram in Figure 14. 254
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Figure 14. A schematic illustration of the plant extraction method. Reproduced with permission from
[35].

Suresh et al. [44] used the extraction method called artocarpus gomezianus to syn- 255

thesize ZnO nanoparticles. A hexagonal wurtzite structure with average crystallite sizes 256

between approximately 5 and 15 nm was obtained. Similarly, Abdelkhalek et al [45] ex- 257

tracted spherical ZnO nanoparticles with 74 nm sizes from the leaves of mentha spicata. Xu 258

et al [46] explored the factors that influence the morphology of ZnO NPs and their growth 259

mechanism. The results indicated that the factors that influence the morphology are the 260

preparation conditions, plant extract concentration, precursor concentration, reaction time, 261

and calcination temperature [47–52]. The precursor concentration is the most significant 262

factor affecting the morphology of ZnO nanoparticles. A pH of 12 was found to be appro- 263

priate for the synthesis of ZnO nanoparticles from plant extracts. Table 2 summarizes the 264

synthesis routes, conditions, the resulting nanostructures, and the reported applications for 265

the structures. 266

2.6. Application of ZnO nanostructures in perovskite solar cells 267

Early in the search for electron-transporting materials, it was shown that certain 268

oxides, particularly SnO2 and TiO2, have some promising properties [52]. However, the 269

research focus has largely shifted to ZnO-based materials. ZnO is physically similar [56,57] 270

to both SnO2 and TiO2 but exhibits higher electron mobility and affinity. Such materials 271

appear to form a better electron transporting layer than both SnO2 and TiO2 [58]. In 272

addition, they can be fabricated using many simple methods and can be tuned by various 273

synthesis conditions, such as precursor concentration [8], are less costly and use far less 274

energy, and show higher robustness to detrimental environmental conditions such as 275

photo-corrosion [59]. Several studies have established the influence of different hybrid 276

configurations of ZnO nanoparticles for electron transport layer application. The use of ZnO 277

in third-generation solar cells has been widely reported in the literature. Such devices have 278

employed ZnO in sensitizers in various configurations, most notably in dye-sensitized solar 279

cells (DSSCs), quantum-dot sensitized solar cells (QDSSCs), and perovskite-sensitized solar 280

cells (PSSCs or PSCs). In DSSCs, the most common sensitizers are Phyto-dye extracts and 281

derived complexes which, under monochromatic light, gave photo conversion efficiencies 282

above 2% [60]. However, the role of ZnO was often limited under certain operating 283

conditions when used jointly with other complexes in contrast to TiO2, which appeared to 284

function more effectively due to its lower alkalinity. For instance, ruthenium complexes 285

were commonly used and appeared to improve the device performance, but the resulting 286

acidity due to the protonation of the carboxyl groups of the Ru dye led to the dissolution 287

of ZnO at the interfaces, with a replacement of Ru by Zn2+in the dye. The overall effect 288

is that the chemical stability of ZnO is reduced. The net effect is that electron injection 289

into the oxide is inhibited [61]. ZnO nanostructured materials have also been deployed 290
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as photo-anodes in QDSSCs. One-dimensional structures e.g. nanorods, nanotubes, and 291

nanowires appear to benefit from an increase in the photo-conversion efficiencies owing 292

to the natural vertical alignment of these structures, which is thought to favor electron- 293

hopping in stacked-layer devices such as solar cells. Also, the surface defects are typically 294

fewer, giving more charge conduction pathways and, therefore, lower device resistance 295

and higher photocurrent in the material. However, they have been shown to be limited by 296

their lower light harvesting abilities [62,63]. Perovskites, which quickly appeared on the 297

scene as potential advancements, belong to materials with the ABX3 structure. A and B are 298

cations with different ionic radii, and X is an anion. Kojima et al [64] first demonstrated 299

that the methyl ammonium lead-halide perovskites suitably sensitized TiO2 under visible 300

light. They reported PCEs of 3.8% and 3.1% for the bromide and iodide perovskite versions, 301

respectively [65]. The pace of research in PSCs has proceeded furiously over the last 302

decade, with PCEs of better than 20% now being reported routinely [64]. The strength 303

of both TiO2 and ZnO in the bulk of these devices is due to their inclination towards 304

n-type, which enhances their ability to extract and transport photo-generated electrons, 305

while simultaneously blocking the photo-generated holes. Thus, the recombination of 306

electron-hole pairs within the bulk is suppressed, leading to a higher photocurrent. It 307

is, therefore, crucial to tailor the physical characteristics of the precursors of the device 308

i.e. the morphology, defects states, interfacial aspects, and energy alignment deployed 309

to usher the final device into optimal performance [64,66]. It is now widely accepted 310

that the control of these parameters can be exerted gainfully through the synthesis and 311

device fabrication method. Amongst the most impactful control pathways are the oxide 312

nanostructure and engineering of the interface [56,58–60], the deposition method, post- 313

treatment such as thermal decomposition [60], and doping [61–63,67–69]. The first reported 314

application of ZnO as an electron transporting layer (ETL) for PSCs was by Kumar et al. 315

[70]. In their study, ZnO had the dual function as a hole-blocking compact layer and also as 316

an electron-transporting layer with a mesoscopic nanorod structure. The compact layer 317

was electrodeposited, and the nanorods were grown by chemical bath deposition. Planar 318

devices using only compact ZnO layers have been demonstrated, albeit with lower Jsc and 319

FF than mixed compact/nanorod-based devices, with a conversion efficiency of 8.90% in 320

contrast to ∼2.62% that is typical for compact ZnO devices. Bi et al. [71] used an aligned 321

array of ZnO nanorods as the ETL. Their results showed that ZnO nanorod-based PSCs 322

exhibit good long-term stability, suggesting that perovskite materials are more suitable to 323

sensitize ZnO nanorods. However, under AM 1.5G lighting, the efficiency of such solar 324

cells is typically only 5.0%, due to the upper recombination loss than for comparable TiO2 325

devices. Such studies further evidence that the growth processes for ZnO nanorod arrays, 326

just as for the other structures, affect the performance of the final PSC. However, with ZnO, 327

some limitations remain to their application in various devices, particularly PSCs [71–76]. 328

Although there have been significant advances in recent years in ZnO-based PSCs, 329

the literature suggests many questions remain unanswered about the precise routes to 330

apply ZnO nanoparticles in electronic devices and sensors. A quick online search returns 331

thousands of articles pertaining to ZnO nanostructures in optoelectronic devices and 332

suggesting possible directions. To this end, Table 3 summarizes recently reported PCE 333

figures for ZnO-based PSCs. The immense interest in ZnO nanostructures spanning over a 334

decade is evident in Table 3. Improvements in PCE have been possible by adjusting ZnO 335

nanoparticle morphology, varying the synthesis method, post-treatment, and doping. It is 336

probable that newer, improved approaches may still be found that further improve device 337

PCE. 338

3. Challenges and future directions of ZnO-based PSCs 339

In this review, we present the state of the research and the current questions regarding 340

ZnO-based perovskite solar cells from the synthesis and fabrication of perovskite devices. 341

To maintain focus, the present work has avoided classifying the devices into either inverted 342

or non-inverted types [81,82].Recent progress in ZnO-based PSCs has improved the un- 343
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derstanding of the impact of the different 0D, 1D, 2D, and 3D nanostructures and other 344

synthesis conditions on the overall device performance. This is evident in the upward 345

trend in the PCE figure. When the first PSC devices were created, it was predicted that 346

the performance of these devices would soon surpass that of silicon-based devices, not 347

only in terms of PCE but also in terms of cost. However, despite the significant progress, 348

the primary issue of film-on-substrate stability remains the most pressing and recurrent 349

theme. This poses a major challenge to real-world application and commercialization. In 350

ZnO-based devices, the vicinal surface and interfacial behaviors of heterogeneous layers 351

are important. Recently, Shtepliuk et al [83] showed a correlation between the structural 352

and optical properties for such surfaces and interfaces in ZnO, using epitaxial films grown 353

on SiC for nano-optoelectronic applications. Figure 15 is an overview of the main issues of 354

device stability. These issues are broadly classified as either intrinsic or intrinsic or both. 355

Intrinsic issues arise from the molecular and crystallographic structure of the perovskite

Figure 15. A pictorial depiction of the stability issues in perovskite solar cells.
356

material, while extrinsic issues are contingent on often unavoidable external factors. Such 357

factors include, but are not limited to, encroaching moisture, oxygen, light, and thermal 358

operating conditions. In photovoltaic applications, the presence of moisture, for instance, 359

poses the most rapid degradation of the device [25]. Also, device operating temperatures 360

of 50 ◦C are expected in commercial solar cell modules, but can easily exceed 85 ◦C. Such 361

conditions further compromise the integrity of the device. A visual cue is often presented 362

by the device itself, where the nominally pristine black perovskite layer deposited on the 363

ZnO layer yellows with temperature. Some concerted attempts are at the present time 364

being made to improve the stability. For instance, Ahmad et al 2021 [84] employed ZnO 365

and NiOx as the electron and hole transport layers, respectively. They reported that the 366

device retained 83.82% of its original 8.97% PCE after 30 days under ambient air. They 367

believed that the improved visible absorbance is due to the larger grain size and pin-hole 368

filling in the CH3NH3PbI3-based photoactive layer. Another example of device stability 369

and PCE improvement by doping was reported by Lin et al [85], using SnO2 doping of 370

ZnO. They stated found a PCE of 20.45%. The stacking of SnO2 on the ZnO layer improved 371

the interface contact by reducing the surface roughness and work function of the ITO 372

layer and enhanced the electrical properties of the ETL. The overall result was increased 373

crystallization in the perovskite. This improved the transport and extraction of charge at 374

the interface. Recently, Rauwel et al. [86] found that the incorporation of Ag nanoparticles 375

improved the absorption in ZnO-nanotubes by increasing the excitonic plasmon resonance 376

and suppressing defect states. In summary, it is thought that for extrinsic stability, future 377

research should focus on replacing lead with tin in a next-generation perovskite material. 378

It is to be noted that the toxicity of Pb is on account of its reactivity. Such a strategy would 379

also benefit the environment and be appealing for wider-scale production and deployment. 380

4. Conclusions 381

This review provides detailed information on the effect of ZnO morphologies on 382

perovskite solar cell performances and monitors stepwise the synthesis routes for obtain- 383

ing the desired nano morphologies. The work reviews previous studies and the latest 384
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developments in the synthesis methods, challenges, advantages, and the contribution of 385

controlling ZnO’s ETM layer characteristics, particularly its shape, interfacial properties, 386

trap states, and energy level alignment are among the topics discussed. It is noted that 387

the morphology and loading of the perovskite layer, the quality of the ZnO/perovskite 388

interface, and the quality of the perovskite itself are all significantly impacted by variations 389

in the nanostructures. 390
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Table 2. A summary of the various ZnO synthesis methods, observed nanostructures, and reported
applications.

Method Conditions Nanostructure
attributes Applications

Hydrothermal
Annealing at 90◦C for 180 min,
growing for 10 - 15 hr

Rice-shaped

Tetrapods
ETL in DSSC [28]

Reaction time: 3, 6, 9, 12 hr Nanorods
(77- 255 nm)

Photoanode in
DSSC [29]

Hydrothermal

(facile)

Low temperature (80 ◦C),
short reaction time (2 - 10 hr)

1D - vertically
aligned nanorods

Gas sensing,
solar cells [53]

Hydrothermal
(2-step)

Growth at 90 ◦C and
100 ◦C, 6 hr reaction time,
Zinc acetate at 24 mM and 50 mM

Nanorods

Enhancing of
electrical properties
of MAPBI/ZnO/NR
solar cells [24]

Hydrothermal Low temperature Good crystalline, 1D pencil-like
nanorods Sensors [10]

150 - 450 ◦C Long ZnO nanowire arrays
Enhancing of
DSSC PCE [3]

Hydrothermal
(One-pot)

Autoclaving at 140 ◦C for 12 hr,
Drying at 60 ◦C for 4 hr

Nanowires (20 - 100 nm) diameter
Nanobelts (80 - 250 nm) width Sensors [53]

Hydrothermal Grown at 200 ◦C for 3 hr

Highly crystalline wurtzite
nanoflowers of (234 - 347 nm)
length, (77 - 106 nm) diameter,
3.23 eV bandgap

Gas sensing,
photodiodes,
photodetectors,
solar cells [33]

Hydrothermal
(template-free)

Reactants as-is, 5 min grounding,
autoclaved at 180 ◦C for 24 hr
and cooled to room temperature

Nanotubes (200 - 500 nm)
length, (20 - 30 nm) diameter Sensors [34]

Sol-gel Incubation at 37 ◦C for 24 hr Thorn-like nanoparticles
Biological e.g.
sunscreens [32]

50 ◦C for 1 hr, pH not controlled,
drying at 250 ◦C for 1 hr, heat-treated in
air at 600 ◦C

Flower petal-like nanoparticles
(500 nm at top, ∼1µm
at bottom, and more than
9 µm length

Optoelectronics [54]

Sol-gel
(modified)

Stirred at 80 ◦C for 1 hr, calcined at
120 ◦C for 1 hr

Hexagonal wurtzite flower-
and semi-spherical nanoparticles

Optoelectronics,
removal
of pollution [35]

PVD
(2-step) 500 ◦C 1D nanowires, 2D nanosheets DSSC [55]

PVD
Single crystal hexagonal wurtzite
nanowires of ∼100 nm
diameter

Sensors [46]

CBD
Thermostatic bath control to 90 ◦C Microflowers (0.2 - 2.5 µm)
Growing at 60 ◦C Nanorods (60 - 90 nm) diameter Optoelectronics [39]

Isothermal and isochoric conditions Nanoflakes and nanoflowers

Plant Extract

Aqueous cassia fistula as fuel, preheated
to 400±10 ◦C, 5 min time Hexagonal wurtzite nanoparticles

Grown at 60 ◦C for 2 hr, and dried at
60 ◦C overnight

Spherical ZnO nanoparticles
(74 nm) diameter Biological [44,46]
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Table 3. A brief summary of recent results on the impact of ZnO structure, method of synthesis,
post-treatment, and doping on the PCE of the PSC device.

Structure Synthesis method Post-treatment Doping PCE (%)

Nanorods

Spin coating
- 9.1 [74]

- 10.0 [76]

- 11.0 [1]

Low-aspect ratio methods - 10.3 [76]

Nitrogen 11.6 [76]

High-aspect ratio methods Nitrogen 13.6 [76]

Polyethylene terephthalate capping Nitrogen 16.1 [1]

Hydrothermal
Al2O3 passivation - 10.4 [59]

Magnesium 15.3 [77]

Iodine 18.2 [77]

Nanoparticles

Non-aqueous method - 4.3 [78]

Spin coating - 7.0 [79]

Spin coating (ZnO and ZnS blend) - 10.9 [77]

Spin coating Thermal decomposition - 13.1 [8]

Hydrothermal Iodine 18.2 [77]

RF magnetron sputtering Gallium 20.2 [80]
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