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| ABSTRACT

Zinc-oxide (ZnO) nanostructures, such as nanorods, are generally viewed as leading studies of keen interest due to their significant
application potential in many applied areas, primarily for the improvement of photovoltaic solar cells. The morphologies of
nanorods are linked to the seed layer (SL) optimization. As a result, forming a high-quality ZnO thin film prior to the growth of
nanorods is critical. The processing parameters used during the synthesis technique can influence the quality of the synthesized
samples. This review article focuses on the outcomes of the process variables responsible for better-synthesized ZnO SL for
nanorod growth. The effect of various parameters, such as annealing temperature, precursor solution, and ZnO SL thickness, on
the morphology characteristics of ZnO nanorods prepared was reviewed. The study examined numerous published works to find
the effect of heat treatment, the thickness of the layer, substrate, and precursor concentration on the morphology of the seed
layer in the production of ZnO nanorods.
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1. Introduction

Energy is the backbone of mankind. Day after day, human energy consumption levels necessitate the usage of green energy.
Accordance to Energy Information Administration, the global energy requirements are expected to grow by 28% between 2015
and 2040, from 19.2 to 24.6 TWy (Carella et al., 2018). Solar cell technology has been identified as a viable renewable energy source
for meeting rising global energy demand with minimal environmental impact (Weerasinghe et al, 2013). The tenet of
photosynthesis is used in DSSCs. It is a single-junction solar cell from the third-generation family (Bera et al., 2021). This generation
of solar cells is expected to surpass the Shockley— Queisser limit of 31-41% power efficiency (Shakeel Ahmad et al., 2017). The
Shockley—Queisser efficiency limit, or a detailed balance limit, is a theoretical estimation of the maximum limit for solar cell
efficiency. This limit only applies to idealized p-n junction cells (Jacak & Jacak, 2022). DSSC produced charge carriers independent
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of the p-n junction. Gratzel and O'Regan discovered the innovation in 1991. Gratzel and his Coworker used a ruthenium-based
dye and 10-um thick porous TiO2 nanoparticle films (Rho et al., 2015). The cell's power conversion efficiency (PCE) was 7%, which
was high enough to grab attention in similar cells.

The main advantages of DSSCs are fully biodegradable, non-toxic, and cheaper than traditional p-n junction solar cells (Parisi et
al, 2017). Many methods for increasing efficiency were mentioned, including promoting electron transfer via film electrodes and
preventing or minimizing electron recombination between the substrate and another interface (Pavithra et al., 2015), optimizing
annealing temperature, and incorporating a nanorod layer into the photoanode are all crucial steps in achieving repeatable device
performance. It has been documented that ZnO films serve as the nucleation site for the formation of ZnO NRs. Controlling the
morphology of ZnO films results in final ZnO NRs with well-defined positions and orientations (Mbuyisa et al., 2015). The diameter
of the ZnO nanorods grown appears to be determined by the seed layer's properties rather than the initial growth time and
temperature. The length of the nanorods, on the other hand, is governed by the growth time, temperature, and Zn2+ concentration
in the solution (Yin et al,, 2010).

Much work has gone into studying the effect of reaction conditions on ZnO nanowires. Many researchers concentrated on the
seeding layer effect, chemical reagents, and the concentration effect on ZnO nanowire density, morphology, growth time, and
temperature. Thus, the goal is to review the impact of the above parameters on ZnO nanostructure morphology under various
fabrication scenarios. ZnO nanostructures can be in solution or gaseous form. Water is used in solution phase synthesis because
of its simplicity and reasonable growth conditions. The hydrothermal approach to generating ZnO nanostructures has gained
enormous appeal. Because the synthesis takes place in an aqueous solution, the growth temperatures are lower than the boiling
point of water.

2. Photoanode

The metal oxide semiconductor is among the components of a photoanode. The semiconductors served as electron carriers and
dye adsorption surfaces (Pallikkara & Ramakrishnan, 2020). Examples of metal oxide are; TiO2, ZnO, SnO,, and Nb,Os. The energy
levels of the valence band and conduction band are considered to choose the said metal oxide for effective charge separation and
reduced recombination.

2.1 Zinc oxide (ZnO)

ZnO is an n-type semiconductor having a wide band-gap of 3.3eV (Fang et al., 2020) and higher electron mobility of about 60meV
(Siregar et al., 2020). The Wurtzite-type structure is formed by ZnO in its thermodynamically stable state. Wurtzite-type ZnO is
polar because the oxygen and zinc atoms are interlaced along the c-axis (Nowak et al., 2020). ZnO is also recognized as a
polymorph, with diverse types of a structure subject to the synthesis method. ZnO nano morphology includes nanospheres,
nanowires, nanorods, nanoflower, nanotubes, nanocrystals, and 3D nanostructures (core-shell) (Wibowo et al., 2020). As pure ZnO
thin films are delicate to oxidation, absorption of O; in the films is inclined to decrease the electrical conductivity (Lee & Park,
2003). When a ZnO seed layer is immersed in a highly concentrated Zn ion solution, the ZnO nanorod begins to grow along the
strong priority plane due to following reasons: the plane has top surface energy and rising velocity, as well as the dense seed
layer's intense initiation and space constraint.

2.2.1 Application of Zinc Oxide

1. ZnO is vibrant in optoelectronics and laser skill because of its wide-ranging energy band (3.37 eV), great bond energy (60
meV), and great thermal and mechanical firmness at low temperature

2. Because of high-voltage obstructive competency, great temperature process, and high changing frequencies, most of the
extensive bandgap semiconductors could be practically useful in power electronics

3. Itcan be essential as a sensor, converter, energy initiator, and photocatalyst in hydrogen creation for its piezoelectric and
pyroelectric properties

4. Zinc oxide material is being used in the ceramics industry owing to its hardness, rigidity, and piezoelectric constant

5. It is a central material for biomedicine and pro-ecological systems applications due to its short toxicity plus
biodegradability.

3. Hydrothermal Technique
The term hydrothermal derives entirely from geology. Sir Roderick Murchison (1792-1871) coined the term to describe the action
of water at high temperatures and pressures in causing changes in the earth's crust, resulting in the formation of various rocks and
minerals (Yoshimura & Byrappa, 2008). These days, hydrothermal technology is in use in the synthesis of single-crystal such as
Zn0O, and GaN, among others.

The hydrothermal and solvothermal techniques are quite similar, with the precursor solutions being the key difference.
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In the hydrothermal and solvothermal techniques, respectively, aqueous and non-aqueous precursor solutions are employed.
The principal chemical processes take place in a stainless steel Teflon autoclave at high temperatures and pressures. The dielectric
constant and viscosity of H,O drop with increasing temperature and increase with expanding pressure in the hydrothermal process,
with the temperature impact being the most. The increased temperature within a hydrothermal system has a significant effect on
sample solubility and solids transport due to changes in such H,O properties (Verma et al.,, 2017).

3.1 Advantages of Hydrothermal Method
1. It does not require the use of organic solvents or additional processing of the product (grinding and calcination), which
makes it a simple and environmentally friendly technique.
2. The method resulted in diverse shapes and dimensions of the resulting crystals depending on the composition of the
starting mixture and the process temperature and pressure,
3. Formation of a high degree of pure crystalline product,

4. Hydrothermal techniques for the growth of ZnO nanorods

The structure of ZnO NRs occurs primarily in two paths: the main is the development of ZnO nuclei, also known as nucleation, and
the next is the growth of ZnO NRs. The basic framework for stage one is forming a precursor solution comprising zinc salt Zn(N03),
, ZnCl, etc.) and an alkaline reagent such as; NaOH, hexamethylenetetramine (HMTA), Na,COs, ammonia, and ethylenediamine.
Organic surfactants, such as polyethyleneimine (PEI), have recently been used to further orient the nucleation of ZnO due to their
ability to preferentially adsorb onto the lateral non-polar surfaces of growing NRs (Resmini et al., 2015).

The hydrothermal method for growing ZnO nanorods (NRs) is as follows, the nutrient solution of the required concentration will
be prepared by combining an appropriate amount of alkaline reagent and Zinc salt nitrate in a given volume of solvent (e.g.,
deionized water). The mixture is stirred for at least 15 minutes until it dissolves. Then, the glass substrate made of a seed layer will
be immersed in nutrient solution at 45% the layer facing the wall of the autoclave. Transfer the autoclave to the oven and heat for
3 hours or more at a low temperature. To regulate the flow of Hydroxyl ions, the temperature and pressure of the mixture in a
Teflon-sealed stainless autoclave are necessary.

4.1 The Reaction Mechanism for Synthesis of ZnO using Hydrothermal Method

The hydrothermal mechanism comprises dissolution—precipitation or dissolution—crystallization. In the first stages of
development, particles of the preparatory material dissolve in the solvent, forming ions or ionic clusters (Edalati et al., 2016). The
solubility of the mixture increases as the temperature goes up; subsequently, the formation of yield product at super saturation
state, as a result of the nucleation and particle growth state. These procedures are usually carried out in a closed environment. In
the formation of the ZnO seed layer, the guiding equation is as follows

Zn(CH3C00),.2H,0 — Zn** + 2CH;C00~ + 2H,0 1)
CH;C00™ + H,0 - CH3;COOH + OH~ )
20H™ + Zn?* - Zn(0H), (3)
Zn(0OH), - Zn0 + H,0 4)

Subsequently, during thermal annealing, the liquid evaporates, leaving only ZnO NPs on the glass substrates that act as the
nucleation layer for the growth of ZnO NRs. Similarly, the reaction that explains the formation of ZnO NRs is presented below

Zn(N0O3),. 6H,0 — Zn?** + 2NO3 + 6H,0 (5)

(CHy)¢Ny + 6H,0 - 6HCHO + 4NH, (6)
NH; + H,0 & NHf + OH~ )
20H™ + Zn?* - Zn(0H), (8)
Zn(0OH), - Zn0 + H,0 9)

Once zinc nitrate hexahydrate and HMTA are melted in DI water, they decompose into Zn?* and OH- ions, respectively. As soon as
the ionic concentrations of these two ions reach supersaturation levels, they will conglomerate to form zinc hydroxide Zn(OH)..
Because of the great temperature, Zn(OH), dissolves into their individual ions, forming satisfactory ZnO NPs in the aqueous
solution. These ZnO NPs will currently serve as nuclei for more growth, combining with the nucleation layer formed previously by
the thermal decomposition of zinc acetate to diminish interfacial free energy.
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5. Equivalent Circuit for the Dye Synthesize Solar Cell
The equivalent circuit is to understand the mechanism of DSSC and is presented in fig 1.
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Figure 1. Equivalent circuit for DSSC

The relationship between external current and voltage 1s (Safriami et al., 2017)

_q(v—ms)) 4 VRS (10)

I =L, — I,exp( KT o

Where_ I, 1s photogenerated current, I,= dark saturation current, n 1s ideality factor, R, 1s

the senes resistance R, is shunt resistance, Ky is Bolizmann's constant, g is a charge, and

T 1s absolute temperature, n 1s the ideality factor it approaches to unity at high Fermi level

The power conversion efficiency 1s; (Savar et al | 2021)

n = 2= w100 (11

Pin
Where V. is open circuit voltage, Js. is short circuit current, FF is filled factor, and Py, is the power of the incident light.

6. Review of related literature

ZnO nanostructures can be developed in solution or gaseous form. Gas phase synthesis methods are complex and costly. Water
is most often used in solution phase synthesis. Because of its straightforwardness and liveable growth conditions, the hydrothermal
technique for producing ZnO nanostructures has garnered overwhelming support. Because the synthesis takes place in an aqueous
solution, the growth temperatures are lower than the boiling point of water (Baruah & Dutta, 2009). Faisal et al. (2020) research
the synthesis of ZnO nanorods on a silicon substrate. The existence of submicron and nanosized rods of varying lengths was
confirmed by magnified SEM images. Nanorods are distributed across the substrate with a mean diameter of 75 nm and a length
of 400 nm. Chalangar (et al., 2021) successfully grew vertically aligned ZnO nanorods with controllable diameter and density Using
Sol-gel Seeding and Colloidal Lithography Patterning. Findings show that two-step dip-coating enhances the smoothness and
crystal grain size of the seed layer, leading to a superior NR alignment. Kumar et al. (2021) studied the effects of reaction time on
surface morphology, crystallinity, and bandgap energy in the synthesis of ZnO NRs. The maximum photovoltaic efficiency was 1.62
percent; however, by introducing a TiO; layer on the surface of the ZnO NRs in the photoanodes, the output of the DSSCs doubled.
Boukhoubza et al. (2021) used the hydrothermal method to create ZnO nanorods with altered compositions of reduced graphene
oxide. The existence of rod-like nanostructures characterizes the morphology of as-prepared samples. The typical particle
dimension of samples determined by microstructural and morphological evaluations is closely related.

Kouhestanian et al. (2021) investigated the effect of width on the performance of the ZnO photo-anode of ZnO/N719-based
DSSC. The finding shows that a photo-anode of thickness 19 pm produces 3.22%. Bourfaa et al. (2020) investigate the effect of
seed layer surface position on the morphology of ZnO nanorods. The Micrographs revealed dense nanostructured structures on a
glass substrate. ZnO nanorods are hexagonal in shape and well-aligned. The diameters of some hexagonal ZnO nanorods were
measured to be between 133.8 and 146.9 nm. The influence of bath temperature on hydrothermal development of ZnO; nanorods
was investigated. According to the FESEM results, the average nanorod length and diameter increase linearly, indicating highly
anisotropic growth. The nanorods manufactured at 80°C had the highest PCE (3.62%) (Kannan et al., 2020). Straight up aligned
zinc oxide (ZnO) nanorods were electrochemically deposited on FTO substrate seeded with ZnO. The solutions were
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synthesized with varying percentages of hexamethylenetetramine (HMTA). The efficiency of DSSCs based on ZnO photoanodes
deposited from 0.0mM and 9.0mM HMTA solutions was 1.79 and 3.75%, respectively; this indicates an influence of HMTA on
efficiency (Marimuthu et al., 2018). The FE-SEM analysis of synthesized samples by microwave-assisted and hydrothermal methods
reveals the agglomerated environment of spherical particles and ZnO NRs. This rod-like structure could be attributed to
preferential growth along the (0001) direction. The finding reveals the least, average, and greatest lengths of the ZnO NRs, which
are 241.49, 646.73, and 941.16nm, respectively (Senthilkumar et al., 2018)

7. Review of Experimental Results and Discussion
ZnO nanorods have become more focused in nanoscience research, especially vertically aligned ZnO nanorods. It has been learned
that the ability to control the size and morphology of nanorods is dependent on how the seed layer is manipulated.

7.1 Effect of temperature on seed layer morphology

Figure 2 depicts a SEM image of a 10 nm thick ZnO seed layer. The particles are spherical and uniform in size, density, and
compactness. The particles were uniformly distributed, indicating that nucleation occurred in a homogeneous manner during seed
layer deposition all over the substrate.

Figure 2. Top-view SEM image of ZnO seed layer deposited by ultrasonic spray pyrolysis Reproduced from (Mosalagae et
al., 2020) with permission, copyright@2020, Elsevier

Figure 3 represents the morphology dependence of nanorods with temperature. Evidence from SEM results reveals that the
length of nanorods increased from 400 nm to 700 nm as the temperature increased, and the average diameter of the grown
nanorods increased from 129 nm to 143 nm. However, increasing the temperature reduces the compactness of the rods, which
may be due to a rapid reaction growth rate at 90°C.

Oiamaeter (nm)
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Figure 3. Top-view and cross-sectional view (insert) SEM images of ZnO nanorods grown at (a) 60°C; (b) 70°C; (c) 80°C; (d)
90°C. Histogram inserts in each SEM image represent nanorods diameter distribution. Reproduced from (Mosalagae et al., 2020)
with permission, copyright@2020, Elsevier

Figure 4 shows FESEM images of ZnO seed layers heat treated at various temperatures. The images of fig 4 (a) and (b) reveal that
raising the annealing temperature from 200°C to 300°C has no effect on the average size of particles of the ZnO seed layer (from
25.5mm to 26mm). The grain size of ZnO seed annealed at 400°C is reduced from 26 nm to 14.4 nm in Fig. 4(c). At this annealing
temperature, a recrystallization step takes place. As a result, this is one of the most favorable seeds for the emergence of ZnO
nanorods via hydrothermal reaction. Figure 4 (d) shows that increasing the temperature to 500°C causes the grain size to rise
to 31.3nm. At this point, the atoms consolidate into the modified ones, resulting in grain coarseness.

FIGURE 4. Surface morphologies of ZnO seeds annealed at different temperatures; (a) 200°C, (b) 300°C, (c) 400°C, and (d)
500°C, Reproduced from (Azzez et al., 2016) with permission, copyright@2015, AIP Publishing

Fig 5 presents the relation between the concentration of the solution and the size of the nanorods. When the concentrations of
Zn(NO03), and methenamine was increased from 0.05 to 0.1M; the average diameter of the good facet hexagonal ZnO nanorods
increased from 55nm to 170nm, and the length increased from1m to 1.3m. The length and diameter are proportional to the
concentration of the solution, the size of the seed, and the time frame of growth.

Figure 5. FESEM image of ZnO nanorods grown at 0.1M precursor concentration (a) Plan view (b) Cross section of view Reproduced
from (Azzez et al., 2016) with permission, copyright@2015, AIP Publishing
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7.2 Effect of seed layer thickness on the morphology of ZnO NRs

Figure 6: FE-SEM images of ZnO NRs grown on various thicknesses of the ZnO seed layer. As shown, enhancing the thickness of
the ZnO seed layer from 10 nm to 40 nm had a significant effect on the length, diameter, and orientation of ZnO NRs. At 10, 20,
30, and 40nm, the grain size of the ZnO seed layer is 9.76, 11.57, 14.69, and 14.86nm, respectively. Thus, the thickness of 40 nm is
the greatest in this test set. According to the images, increasing the thickness of the ZnO seed layer increased the average diameter
of the ZnO NRs from 50.77nm to 85.67 nm. The study established the relationship between ZnO NRs and the particle size of the
ZnO seed.

Fig. 6. FE-SEM images of ZnO NRs grown on different ZnO seed layer thicknesses which (a, e) 10 nm; (b, f) 20 nm; (c, g) 30 nm; (d,
h) 40 nm. Reproduced from (Pokai et al., 2017) with permission, copyright@2017, Elsevier

7.3 Effect of precursor solution on seed layer morphology

A clear zinc acetate solution, a ZnO colloidal solution, and powdered ZnO spread in ethanol were used to make preparations
for three different seed layers for the synthesis of ZnO nanorods. The scanning electron microscopy image indicates that the
colloidal coating solution covers the deposited seed layer better than the solution or powder coating solutions. The cross-sectional
SEM images show that the colloidal coating solution almost completely covers the FTO surface with the ZnO seed layer, whereas
the powder coating solution only partially covers the FTO surface. Regardless of coating solutions, the deposited seed layers have
been viewed to be composed of ZnO nanoparticles

Fig. 7 SEM (surface and cross-sectional) images of the seed layers for growth of ZnO nanorods formed by (a) a clear
solution, (b) a colloidal solution, and (c) dispersed powder solution. Reproduced from (Son et al, 2015) with permission,
Copyright@American Chemical Society.

Page | 23



ZnO Nanorods Growth and the Parametric Survey of Factors Influencing the Morphologies for DSSC Application-Review

Cross-sectional SEM images of ZnO NRs grown on formed seed layers are shown in Figure 8. On the seed layers formed by the
zinc acetate and colloidal coating solutions, ZnO NRs with a diameter of about 60 nm and a length of about 600 nm is observed;
meanwhile, the seed layer deposited by the powder coating solution has a bigger diameter of about 120 nm. The clustered ZnO
nanoparticles in the seed layer are responsible for the larger diameter.

Fig. 8 SEM (Cross-sectional) images of ZnO nanorods grown on the seed layers prepared by (a) solution, (b) colloidal, and
(c) powder precursor solutions. Reproduced from (Son et al., 2015) with permission, Copyright@American Chemical Society

7.4 Effect of higher sputtering power and working pressure on seed layer morphology

Fig 1 shows a FESEM image of a thin film formed by varying the sputtering working pressure (argon) and sputter power from
1.5X1073 to 1.0X10~2mbar and from 50 to 200 W, respectively. Sample codes TF1, TF2, TF3, and TF4 were used to represent
the seed layer image under the stated conditions, and all samples had a good size distribution. For TF1, TF2, TF3, and TF4,
the grain sizes are 16.2, 18.9, 16.8, and 16.5 nm, respectively. This is due to variation of the peak intensity ratio of the highest
plane (002) to the second highest plane (100)

= ———— .}
300 nm

300 nm

Figure 9. SEM images of ZnO seed layers. Reproduced from (Thongma et al., 2018) with permission, copyright@2018, Elsevier

Figure 2 shows SEM (Cross-sectional) pictures of ZnO nanorods developed on those seed layers. For TF1, TF2, TF3, and TF4, the
peak intensity ratios (200) / (100) are 178, 563, 1076, and 2287, respectively. The results revealed that the (002) / (100) ratio has a
significant impact on ZnO nanorod alignment. The greater the ratio, the greater the fraction of the nanorods aligned.
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Fig. 10. a) SEM (Cross-sectional) images of ZnO nanorods grown on seed layers. Reproduced from (Thongma et al., 2018) with
permission, copyright@2018, Elsevier

8. Conclusion

A photoanode's components of DSSC include a metal oxide semiconductor. Zinc oxide is an example of a metal oxide having a
wide bandgap that functions as both electron carriers and dye adsorption surfaces. A lot of work is being done to achieve controlled
morphology of ZnO NRs base photoanodes so that they can be used more effectively in DSSC applications because of their unique
properties. Although there are many ways for synthesizing ZnO NRs, the work studied the factors that influence morphology.
According to the available literature, controlling the seed layer thickness, solution concentration, and annealing thin film can
improve NRs formation.
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