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ABSTRACT 

Hydrothermal growth of zinc oxide nanorods doped with manganese 

Rajni Bagga 

ZnO nanostructures can be grown using a variety of techniques. Using a hydrothermal method, 

ZnO nanostructures can be produced easily on a large scale due to the low temperature involved. 

ZnO is a well-studied wide-band gap (3.37 eV) n-type semiconductor material with significant 

properties such as a large exciton binding energy (60 meV). In this project we have chosen the 

hydrothermal method to synthesize undoped and manganese doped zinc oxide nanorods at 

different growth temperatures of 600C, 700C, 800C, and 900C respectively for 20h. We made a 

seed layer of ZnO on the Si substrate by annealing zinc acetate at 4000 C. The morphology of the 

nanorods was visualised by taking their side and top SEM images. Micro Raman Spectra shows 

the crystal orientation of the nanorods with respect to substrate and optical Raman-active modes 

of undoped and doped nanorods. Room-temperature micro-Photoluminescence spectra of 

nanorods shows the sharp near band emission at 383 nm and broadband defect emission in the 

visible range. From EPR spectroscopy we find out whether a significant amount of Mn was 

incorporated into nanorods. Our findings indicate that the presence of Mn in the growth medium 

results in improved morphology, even though at the lowest growth temperatures there is no clear 

incorporation of Mn into the nanorods. This implies that the presence of the Mn ions in the group 

medium is enough to increase the growth rates of ZnO, regardless of whether the ions are 

incorporated into the crystal or not.  
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Chapter 1 

 Introduction 

1.1 Introduction 

ZnO is an interesting material because of its significant and unique properties, such as a direct 

energy gap (3.37 eV) with large exciton binding energy (~ 60 meV) which means that its excitons 

are stable at room temperature as compared to other semiconductors [1]. In addition, it is 

inexpensive, non-toxic, and nature-abundant. It is also considered as biocompatible [38]. 

 Thanks to these properties, ZnO has gained considerable attention from researchers over the past 

few years. By synthesising ZnO rods in nanoscale form, the optical, electrical and magnetic 

properties of ZnO can be improved [2]. ZnO is widely used in the production of electronic devices. 

Since it is easy to produce nanorods/nanowires and electromechanical coupling in ZnO [62], it is 

used to produce gas sensors [3] and solar cells [4]. Due to their low cost, ease of synthesis, and 

high stability, ZnO nanorods are widely used in solar cells [4], light emitting diodes [5] and 

photodetectors [6]. 
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The applications of ZnO nanorods are not only limited to electronic devices or engineering fields, 

they are also useful in cosmetics, the pharmaceutical industry, and the food packaging industry 

[63]. 

 

1.2 Contributions 

In this thesis, we have prepared undoped and Mn-doped ZnO nanorods on silicon substrates by 

using a hydrothermal method. The hydrothermal method is inexpensive for the growth of 

nanorods. We made a seeding layer of ZnO nanoparticles on the cleaned Silicon substrate by 

annealing zinc acetate at 4000C for 30 minutes. To grow the nanorods, the substrate was placed 

in the growth vessel containing solution of zinc nitrate and HMTA dissolved in deionised water.  

What differentiates this work from previous ones is that we have done a systematic study of the 

growth temperature using the values of 600C, 700C, 800C and 900C, both for undoped and Mn-

doped ZnO nanorods [18]. 

For the characterisation of nanorods we used different techniques. For a morphology inspection 

SEM is used, and we see that diameter and length of the nanorods increase with higher growth 

temperature. PL, Raman spectroscopy, EPR support a trend where the number of defects in the 

material becomes larger from 600C and 700C, and then decreases when the growth temperature 

increases at 800C and 900C. From EPR spectroscopy we find out that significant amounts of Mn 

were incorporated into nanorods only at 800C and 900C. 
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1.3 Thesis Outline 

This thesis contains 6 chapters. Chapter 1 provides general information, contributions and the 

thesis outline. 

In chapter 2, we briefly review the theoretical background of ZnO nanorods and the techniques 

which are used for their characterisation.  

In chapter 3, we explain the systematic characterisation of undoped ZnO nanorods by using SEM, 

Raman Spectroscopy, Photoluminescence and ESR spectroscopy. 

In chapter 4, the characterisation of Mn-doped ZnO nanorods by using SEM, Raman Spectroscopy, 

Photoluminescence and ESR spectroscopy was discussed. 

In chapter 5, we compare the results of undoped and Mn-doped ZnO nanorods. In chapter 6 we 

present the main conclusions of the thesis work. 
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Chapter 2 

2.1 Introduction 

In this chapter, we discuss the general properties of ZnO, preparation methods, experimental 

techniques for characterisation, and some of its applications. We introduce several growth 

techniques and discuss hydrothermal growth of nanorods in detail. We introduce all the techniques 

that we used to do the characterisation of our samples. Finally, we discuss the theoretical 

background and review the literature on the properties and applications of ZnO. 

2.2 Properties of ZnO 

ZnO is a Ⅱ-Ⅵ group compound semiconductor. It has hexagonal wurtzite type structure [7]. Other 

favourable properties of ZnO are that is a non-toxic, cheap, relatively abundant material, and it is 

chemically stable. At low growth temperatures, it has many native defects such as oxygen 

vacancies (𝑉�), interstitial zinc atoms (𝑍�𝑖), Zinc vacancies (𝑉𝑍𝑛), interstitial oxygen atoms (𝑂𝑖) 

and background impurities such as hydrogen [64]. Some of defects are sources of deep level light 

emissions and some are shallow which lead to n-doping of as-grown materials [65]. 

 



5 
 

2.2.1 Crystal structure properties of ZnO 

At normal atmospheric pressure, ZnO is in the hexagonal wurtzite crystal structure as it is the most 

stable one [8]. Figure 1 shows a crystal structure model of hexagonal wurtzite ZnO. The wurtzite 

crystal structure of ZnO consists of alternating zinc (Zn) and oxygen (O) atoms. Each oxygen ion 

(𝑂2−) is surrounded tetrahedrally by four zinc ions (𝑍�2+). ZnO has two polar surfaces the Zn 

(0001) and O (0001) terminated faces, and two non-polar surfaces (1120) and (1010) which 

possess an equal number of Zn and O atoms. The polar surfaces have a normal dipole moment 

along c-axis due to oppositely charged ions for 𝑍�− and 𝑂− which leads to the production of 

positively charged (0001) and negatively charged (0001̅) surfaces. The structure of ZnO is stable 

because the ±(0001) surfaces of ZnO are automatically stable and flat [8].  

 

 

 

 

 

2.3 Growth methods of ZnO nanorods  

There are several growth methods that have been recently developed to grow ZnO nanorods 

including chemical vapour deposition (CVD) [24-26], hydrothermal growth, molecular beam 

 

Figure 1: Crystal structure model of hexagonal wurtzite ZnO 
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epitaxy (MBE) [27], pulsed laser deposition (PLD) [28], sputtering [29] electrospinning [66], and 

so on. We chose the most common hydrothermal method to grow the nanorods. The hydrothermal 

method has many advantages over the synthesis techniques which have been discussed many times 

in the literature [9]. 

2.3.1 Hydrothermal method 

For all samples we cleaned the substrate with three 10-minute steps in an ultrasonic bath with 

acetone, isopropanol alcohol and deionised water. We prepared a 5 mM precursor solution of Zinc 

acetate in pure ethanol as seed solution. The seed solution was drop casted on the substrate for 7 

times, and the substrate annealed at 4000 C for 30 minutes so that zinc acetate decomposed into 

ZnO nanoparticles. This process was completed two times for each sample to get the proper seed 

coverage. 

We have used a silicon substrate because it is less expensive, and it has high conductivity for SEM 

images. In the most common hydrothermal method, salt of zinc nitrate hexahydrate and 

Hexamethylene tetraamine (HMTA) were dissolved into the nutrient medium such as water with 

the same ratio. Both solutions had a 50 mM concentration. For the growth of nanorods, the 

substrate was placed into a growth solution in a hermetic bottle. To dope the nanorods with 

manganese, we added 1% manganese acetate tetrahydrate into the growth vessel as the molarity 

of zinc and HMTA dissolved into deionised water was kept constant at 50 mM [53].  

Once the growth time was over, we took the sample of the bottle, washed the sample with deionised 

water and dried it using dry nitrogen. 
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We have used four different temperatures for the growth of ZnO and Mn-doped ZnO nanorods 

which are 600 C, 700 C, 800 C, and 900 C.  

2.4 Experimental techniques for characterisation 

 

2.4.1 Scanning Electron Microscopy 

The scanning electron microscope (SEM) is a type of electron microscope capable of producing 

high resolution images of the sample surface [11]. The SEM technique can characterise the two-

 

 
 

Figure 2: Schematic view of growth process 
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dimensional appearance and is useful to get information about the surface structure of the sample. 

In a scanning electron microscope there is a gun inside, which generates a beam of electrons in the 

vacuum created inside the chamber where we put the samples for analysis. That beam is collimated 

by the electromagnetic condenser lenses, focused by an objective lens, and scanned across the 

surface of the sample by electromagnetic deflection coils. The primary imaging method is by 

collecting the secondary electrons which are released by the sample. By corelating the sample scan 

position with the resulting signal, a black and white image is formed which is like what would be 

seen through an optical microscope that have similar magnification [11]. The short wavelength of 

the electrons allows for imaging at much higher spatial resolution than is achievable with optical 

microscopes.   

By using SEM technique, we get the information about the nanorods like the orientation, length, 

diameter and shape. 

 

2.4.2 Raman spectroscopy 

Raman spectroscopy is a technique typically used to determine vibrational modes of molecules 

[67]. Raman spectroscopy is a non-invasive way of probing the crystal structure, phonon 

frequencies, composition and presence of free carriers and defects in a semi-conductor. When 

monochromatic radiation of definite frequency is passed through a substance, light is scattered. 

The transmitted light with same frequency as that of incident radiation is called Rayleigh 

scattering. A small amount of scattered light has a different frequency and is called Raman 

Scattering. In crystals, Raman scattering gives information about phonon modes, and the crystal 

structure of the sample. The laser power which is used in Raman spectroscopy is too low to damage 
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the sample under observation. On the straightforward Raman spectroscopy there are many 

variations. When the incident probing light has energy larger than the band gap then the resonance 

Raman occurs and increases the sensitivity of certain modes [12]. 

 

 

2.4.3 Photoluminescence Spectroscopy  

Photoluminescence spectroscopy is a non-destructive and contactless technique to probe the 

electronic structures of the materials. Light is shined on the samples and then samples absorbs that 

light. Then, upon deexcitation, light is emitted by the sample and this mechanism is called 

photoluminescence. In order to probe the band gap of the material, light having shorter wavelength 

is useful to excite the material. Photoexcitation causes the electrons within the material is valence 

band to move into permissible excited states. The excess energy is released when these electrons 

return to their equilibrium states. The excess energy may be released with emission of light 

(radiative process) or without it (non-radiative process). When the light is emitted, its energy light 

relates to the difference in energy levels between the two electron states involved in the transition 

Figure 3: Block diagram of Raman Spectroscopy(https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html) 

) 

 

https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html
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(the excited and equilibrium states). The intensity and spectral content of this photoluminescence 

is a measurement of many properties of material such as composition, structure, impurities, kinetic 

processes and energy transfer [30].   

PL spectroscopy was performed with an excitation wavelength of 369 nm in air for our sample. 

The excitation laser was incident on the sample at a glancing angle. The emission from the sample 

was collected with a NUV-optimized microscope objective and dispersed by a grating 

spectrometer and then imaged by a CCD detector [31].  

The experimental setup for photoluminescence is shown in figure 4. 

 

 

 

 

 

 

 

2.4.4 ESR Spectroscopy 

ESR spectroscopy is a technique which can directly identify unpaired electrons. The materials 

which contains the unpaired electrons are called paramagnetic materials. They exhibit a net 

 

Figure 4: Block diagram of Photoluminescence spectroscopy 
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magnetic moment in an external magnetic field. That’s why this technique is also called electron 

paramagnetic resonance (EPR) spectroscopy [32, 33]. 

ESR spectroscopy can detect all kinds of paramagnetic species like free radicals in solids, liquids 

and aqueous solutions, transition metal ions, systems having more than one unpaired electrons, 

point defects in crystals, and systems with conducting electrons (metals and semiconductors). 

 

 

 

 

 

 

 

 

 

 

 

In various fields of study such as chemistry, biology, and physics EPR has become a powerful 

analytical technique to detect and identify paramagnetic centers and free radicals [34, 35].  

 

 

 

Figure 5: Block diagram of ESR Spectrometer 

(https://www.globalspec.com/learnmore/labware_scientific_instruments/spectrometers_analytical_photo

meters/esrepr_spectrometers 

https://www.globalspec.com/learnmore/labware_scientific_instruments/spectrometers_analytical_photometers/esrepr_spectrometers
https://www.globalspec.com/learnmore/labware_scientific_instruments/spectrometers_analytical_photometers/esrepr_spectrometers
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Chapter 3 

Systematic study of ZnO nanorods grown at 

different temperatures  

3.1. Introduction 

In this chapter, we are going to discuss the results from our growth of undoped ZnO nanorods. We 

have samples grown at different temperatures 600C, 700C, 800C, 900C. We have used the 

different techniques, described in Chapter 2 to characterize the ZnO nanorods like SEM, Raman 

Spectroscopy, Photoluminescence spectroscopy, and EPR spectroscopy. 

3.2. Morphology 

SEM images of undoped ZnO nanorods grown at 600C are shown in figure 6. 
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The rod shape is hexagonal. The nanorods average length is 372 nm and their average diameter is 

68 nm.  We saw some flower-like structures of nanorods which are due to nucleation sites [36]. 

These likely are heterogeneous nucleation sites since the interfacial energy between nanorods and 

substrate is smaller than the interfacial energy between nanorods and solution. 

 

 

 

 

 

 

 

Figure 6: SEM images of undoped ZnO nanorods grown at 600C. Left is image of top view and 
right is image of side view. 

 

 

Figure 7: SEM images of undoped ZnO nanorods grown at 700C. Left is the image of a top view and 

right is the image of a side view 
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ZnO nanorods grown at 700C are shown in figure 7. We can see that the average length of 

nanorods is increased as compared to the average length at 600C, also the average diameter 

increases. The orientation of nanorods improves at 700C and they are more uniform. Most of the 

nanorods are oriented perpendicular to the substrate. The average length is 529 nm and their 

average diameter is 122 nm. 

 

 

 

 

 

 

 

 

We can see from figure 8 that nanorods grown at 800C are denser as compared to 600C and 700C. 

By comparing with the growth temperatures 600C and 700C, the average length and diameter at 

800C of nanorods increases. At a growth temperature of  800C, the length is 1577 nm and the 

diameter is 135 nm respectively. 

 

 

 

Figure 8: SEM images of undoped ZnO nanorods grown at 800C. Left is the image of a top view and 
right is the image of a side view. 
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At 900C, the average diameter and average length of the nanorods further increased. The 

orientation of the nanorods becomes significantly better at higher temperatures. The average length 

is 1620 nm and their average diameter is 158 nm. 

In Figure 10, we put all the SEM images together with the top view and side view of the nanorods 

to make it easier to compare the different morphologies. It can be seen how the density and 

orientation becomes improved with the variations of growth temperatures. 

 

 

 

 

 

Figure 9: SEM images of undoped ZnO nanorods grown at 900C. Left is the image of a top view 
and right is the image of a side view. 
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Figure 10 shows all the SEM images of the nanorods grown at each temperature. It shows that 

nearly all the ZnO nanorods are perpendicularly oriented to the substrate regardless to the growth 

temperatures but not so much for 600C. At 600C, we can see only few nanorods are perpendicular 

 

Figure 10: SEM images of all undoped ZnO nanorods samples grown at 600C, 700C, 800C, 900C 
with top view [(a), (c), (e ), (g)] and side view [(b), (d), (f), (h)] 
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to the substrate. From the top view of nanorods it can be seen that all nanorods have hexagonal 

shape. Which suggests that all the nanorods grow along the [001] direction at various temperatures.  

The growth temperature has a great impact on the diameter, length and aspect ratio of the nanorods. 

At higher temperatures we have better uniformity, higher density, better orientation, wider and 

longer nanorods. One reason for this is that the decomposition rate of HMTA becomes faster at 

higher temperatures, producing a larger amount of 𝑂𝐻− ions and increasing the nanorods growth 

role [54]. 

 

Table information of size of nanorods with SEM images 

Sample Average diameter (nm) Average length (nm) Aspect ratio 

ZnO 600C 68 372 5.47 

ZnO 700C 122 529 4.33 

ZnO 800C 136 1577 11.59 

ZnO 900C 158 1620 10.25 
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From table 1 we can see that diameter and length of nanorods increase as temperature is increases.  

The aspect ratio at 700C is smaller as compared to that found at higher temperatures. The average 

diameter increases from 68 nm to 158 nm and the length from 372nm to 1620 nm. This shows that 

the growth rate along [001] direction is very sensitive to temperature. 

 

3. 3. Raman Spectroscopy 

We have used micro-Raman spectroscopy, a technique of choice to examine the crystal structure 

of nanorods. Local Raman shifts were measured at room temperature using a Renishaw inVia 

micro-Raman system having a 532 nm excitation laser and no polarization detection in the 150- 

475 𝑐𝑚−1 wavenumber range. The ability to collect Raman data from a small area reduces 

undesirable background signals and provides detailed structure information. 

ZnO nanorods possess a wurtzite crystal structure with �6ⱱ
4  symmetry and two formula units in the 

primitive cell [12]. The optical phonon modes of ZnO nanorods are classified as 𝐴1+ 𝐸1+ 2𝐸2 +

�1, where 𝐴1 and 𝐸1 are polar and they are split into longitudinal and transverse optical phonons. 

Non-polar phonons with 𝐸2 symmetry show two different frequencies in the Raman spectrum, �1  

  



19 
 

 
 
 
modes are Raman silent. 𝐸2 phonon modes are described as 𝐸2(𝐻) and 𝐸2(L) and are related to 

oxygen and zinc sub-lattices in the ZnO crystals [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Possible vibrational modes in ZnO crystal (https://spectrum.library.concordia.ca/982460/) 

 

https://spectrum.library.concordia.ca/982460/
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Figure 12 shows the Raman spectra of ZnO nanorods grown at 600C. Our results correspond to 

well known features of wurtzite ZnO with peaks corresponding to Raman active modes 𝐴1, 𝐸1, 

and 𝐸2 [14]. Peak at 438 𝑐𝑚−1 is assigned to the 𝐸2(H) mode. This peak is evidence of wurtzite 

crystal orientation [15]. The S peak centered at 300 𝑐𝑚−1 is due to the Silicon substrate. Raman 

scattering is an effective technique to find information about impurities in the ZnO nanocrystals.  

The propagation of 𝐴1(TO) and 𝐸1(LO)is perpendicular to c-axis and 𝐴1(LO) and 𝐸1(TO) 

propagate parallel to the c-axis [16]. 𝐴1(TO) and 𝐸1(TO) reflect the polar lattice bond, and 𝐴1(LO) 

is attributed to oxygen vacancies and zinc interstitials [17]. The non-polar phonons with 𝐸2 

symmetry showed as two different frequencies in the Raman spectrum.  𝐸2(L) modes are attributed 

 

Figure 12:  Micro-Raman spectra of ZnO nanorods grown at 600C 
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to vibration of oxygen atoms and  𝐸2(H) are attribute to vibration of Zn sub-lattice [13]. Our results 

match with the well-known features of wurtzite ZnO, having  𝐸1 and 𝐸2 peaks. 

The peaks centered at approximately 300 𝑐𝑚−1, 621 𝑐𝑚−1,  817𝑐𝑚−1  are due to the silicon 

substrate. The peaks at 73𝑐𝑚−1 and 434 𝑐𝑚−1 are assigned to the  𝐸2(L) and 𝐸2(H) modes. As 

from figure 12 we can see that 𝐸2(H) is not very sharp which means that the crystal orientation is 

not good. The broad 𝐸2(H) peak reveals that less nanorods are perpendicular to the substrate. On 

the other hand, 𝐸2(L) is very sharp. The broadening of the 𝐸2(H) peak and sharp 𝐸2(L) peak could 

be due to wurtzite lattice distortion. The small peak at 669 𝑐𝑚−1 has been assigned to oxygen 

vacancies or zinc interstitials defect centers in the crystal lattice [22, 23]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Micro-Raman spectra of ZnO nanorods grown at 700C 
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Figure 13 shows that 𝐸2(H) in nanorods grown at 700C is much sharper as compared to those 

grown at 600C, which means the crystal orientation was improved. The dominant sharp 𝐸2(H) 

reveals that the nanorods are perpendicular to the substrate. 𝐸2(L) is low. The broadening of 𝐸2(L) 

peak and sharp 𝐸2(H) peak are due to strong wurtzite lattice. The small peak at 663 𝑐𝑚−1 has been 

assigned to oxygen vacancies or zinc interstitials defect centers in the crystal lattice. 

 

 

 

 

 

 

 

 

 

 

 

From figure 14, it can be seen that for nanorods grown at 800C that 𝐸2(H) is sharp and 𝐸2(L) is  

 

Figure 14: Micro-Raman spectra of ZnO nanorods grown at 800C 
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low, which means that the crystal orientation is almost the same at 700C and 800C. The sharp 

𝐸2(H) is evidence of strong wurtzite crystal orientation and demonstrates that the overall crystal 

structure of ZnO is much affected by the temperature increment from 700C to 800C. 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 shows that for nanorods grown at 900C 𝐸2(H) is sharp and 𝐸2(L) is low, which means 

that the crystal orientation is almost same as at 700C and 800C. The sharp 𝐸2(H) is evidence of 

strong wurtzite crystal orientation. 

 

 

Figure 15: Micro-Raman spectra of ZnO nanorods grown at 900C 
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We can see from the table that when growth temperature increases from 600C to 700C, the defect 

peak which is around 663(𝑐𝑚−1) increases in amplitude. When the temperature increases to 800C 

and 900C the amplitude of the defect peak start to decrease, which means higher temperature 

samples have less defects than those grown at low temperatures. The very small shifts of the 𝐸2(H) 

and 𝐸2(L) peaks (< 2%) gives us confidence about the wurtzite structure of the nanorods. 

Table 2: Experimental results of the active modes of undoped ZnO nanorods grown at different 

temperatures 

Sample 𝑬�(H) 

Peak(𝒄𝒎−𝟏) 

𝑬�(L) Peak 

(𝒄𝒎−𝟏) 

Defects (Peak)(𝒄𝒎−𝟏) Amplitude of 

defect peak 

ZnO 600C 431.52 72.29 651.06 0.32 

ZnO 700C 434.62 74.03 658.55 0.36 

ZnO 800C 434.91 73.77 663.46 0.29 

ZnO 900C 434.34 73.13 663.12 0.22 
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3.4. Photoluminescence 

PL spectroscopy is a technique used to investigate impurities, dopant or crystal defects in 

semiconductor crystals and more, such as their electronic structure. To study the influence of 

growth temperature on the optical properties of nanorod arrays PL measurements were conducted 

at room temperature.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Room temperature photoluminescence of the ZnO nanorods grown at 600C on silicon 
substrate 
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Room- temperature micro-PL spectroscopy was performed with an excitation wavelength of 369 

nm in air. To study our sample, we have used a home built micro-PL setup at room temperature. 

An excitation wavelength of 369 nm was used and is incident on the sample with glancing angle. 

You can see the micro-Pl spectra of the ZnO nanorods grown at 600C temperature in a figure 16. 

A narrow peak at 384 nm was observed, which is known as near band edge (NBE) emission. NBE 

emission is mainly attributed to free exciton recombination in the ZnO lattice [18]. There is broad 

peak around 570 nm to 700 nm that is known as defect peak. The defect emission peak corresponds 

to green, yellow and red emission in ZnO nanorods which originates from different types of defects 

centers [20]. Defects could be oxygen vacancies, ZnO interstitials etc., etc [19] [21]. We have used 

the normalised intensity of NBE emission peak in all the PL spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Room temperature photoluminescence of the ZnO nanorods grown at 700C on 
silicon substrate 
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Figure 17 shows the room temperature photoluminescence spectra of ZnO nanorods grown at 

700C. We can see that at 700C the amplitude of defect peak abruptly increases. That means we 

have many more defects. 

 

 

 

 

 

 

 

Figure 18: Room temperature photoluminescence of the ZnO nanorods grown at 800C on silicon 

substrate 
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The spectra of ZnO nanorods grown at 800C in figure 18 shows that the defect peak at this 

temperature starts decreases in amplitude compared to the defect emission peak at 700C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 shows the room temperature PL spectra of ZnO nanorods grown at 900C. The defect 

peak becomes smaller than that at 800C. 

 

 

 

Figure 19: Room temperature photoluminescence of the ZnO nanorods grown at 900C on 
silicon substrate 
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We can see from Table 3 that from 600C to 700C, defect emission area, defect emission FWHM, 

defect emission peak amplitude increases. After that at 800C and 900C, these factors start 

decreasing. We can say that at 700C, ZnO nanorods have more defects. 

3.5. ESR Spectroscopy 

ESR is a most powerful technique which reveals the presence of defect states of materials. The 

outcome of ESR characterisation is shown in figure 20. ZnO is expected to be diamagnetic.  

For ZnO nanorods grown at 600C, a signal was observed at g = 1.96 which is attributed to core 

defects. 

 

Table 3: Experimental results of the PL spectra of undoped ZnO nanorods grown at different temperatures 

Sample Defect emission area Defect emission 

FWHM 

Defect emission peak 

amplitude 

ZnO 600C 221.68 191.37 1.08 

ZnO 700C 1331.17 313.53 7.34 

ZnO 800C 827.23 259.82 4.97 

ZnO 900C 284.62 236.28 1.73 
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This signal can be assigned to unpaired electrons trapped on oxygen vacancies, which is reported 

to the result from shallow donor centers such as ionised impurity atoms in the crystal lattice of 

ZnO [39-41]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: ESR spectrum of ZnO nanorods grown at 600C 
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From figure 21, we can see that the ESR spectra of ZnO nanorods grown at 700C gives one 

additional line at low field with g-factor = 2.00. this reveals surface defects close to the free 

electron value (g = 2.0023) arising from singly ionized oxygen vacancies (𝑉𝑂
+), electron confined 

in doubly ionized oxygen vacancy states (𝑉𝑂
++)  and forming deep donor paramagnetic centers 

[37, 38, 42, 43]. The signal is very weak for surface and core defects as compared to other samples. 

The surface line with the oxygen vacancy came from the observation of hyperfine interaction 

with Zn neighbours of the vacancy [58, 59]. The core line is associated with electrons in the 

conduction or in a donor bond [60].  

 

Figure 21: ESR spectrum of ZnO nanorods grown at 700C 
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From figure 22 we see that the ESR spectra of ZnO nanorods grown at 800C has two clean ESR 

signals, one at low magnetic field (surface defect) with g factor = 2.00 and a second one at high 

magnetic field (core defect) with g = 1.96.  

 

 

 

 

Figure 22: ESR spectrum of ZnO nanorods grown at 800C 
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From figure 23 we see that ESR spectra of ZnO nanorods grown at 900C have two ESR signals, 

one at low magnetic field (surface defect)  with g factor = 2.00 and a second one at high magnetic 

field (core defect) with g = 1.96, same as ZnO nanorods grown at 800C. 

 

 

 

 

Figure 23: ESR spectrum of ZnO nanorods grown at 900C 
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As you can see from table 4 that when the temperature is increased from 600C to 700C, the line 

width of ESR signal for core defects and surface defects is increased. At 800C and 900C the line 

width for core and surface defects decreases. As the line width is larger, we have larger defect 

concentration. Smaller the line width, then there is less concentration of defects.  

 

 

Table 4: Experimental results of ESR spectra of ZnO nanorods at different temperatures (600C, 700C, 

800C, 900C) 

Sample Line width (core 

defects) 

g-factor Line width 

(surface defects) 

g-factor 

ZnO 600C 1.58 1.96 No line  

ZnO 700C 4.02 1.96 1.89 2.00 

ZnO 800C 1.40 1.96 1.7 2.00 

ZnO 900C 0.58 1.96 0.93 2.00 
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Chapter 4 

 

Systematic study of Mn-doped ZnO nanorods 

grown at different temperatures  

4.1. Introduction 

In this chapter, we will discuss about our Mn- doped ZnO nanorods. 1% of Mn is used to dope the 

ZnO nanorods. We have samples grown at different temperatures: 600C, 700C, 800C, and 900C. 

We have used different techniques to characterize the Mn-doped ZnO nanorods like SEM, Raman 

Spectroscopy, Photoluminescence spectroscopy, and EPR spectroscopy. 

According to Mandal et al. [44] 𝑀�2+ and ��2+ are the two most soluble cations in ZnO 

nanocrystals. When using a hydrothermal method, Mn is a good candidate to be doped into ZnO 

nanorods where these different temperatures are expected to incorporate the dopant ions into the 

host lattice. Doping of ZnO by 𝑀�2+ is one of the most significant approach towards the  
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development of ferromagnetic diluted magnetic semiconductors (DMS) with a Curie temperature 

above room temperature. [45]. Ahmed et al found that undoped ZnO oxygen gas sensitivity can be 

improved by adding 𝑀�2+[56]. By using common chemical-based methods such as chemical 

vapour deposition [46], chemical bath deposition [47] and solution growth method, the successful 

incorporation of Mn into ZnO has been reported before. If we compare the low temperature 

hydrothermal growth method with other growth methods, the hydrothermal method stands out due 

to its large scale and low-price device fabrication. It is a big challenge to achieve the incorporation 

of 𝑀�2+ into ZnO with a hydrothermal growth method at these growth temperatures because of 

the strong Mn-O bonding [55]. Therefore, the achievable doping percentage of 𝑀�2+ in ZnO 

crystals using solution growth methods is expected to be lower than the nonequilibrium high 

temperature methods like CVD. In the past, to handle this problem, high-temperature solution 

based 𝑀�2+ doping of ZnO nanorods has been done. The nanorods grown at these temperatures 

were randomly aligned to the substrate and they were not uniform in size. Singh et al [47] reported 

Mn-doped ZnO nanorods at low temperature (650C) on a seeded glass substrate. The alignment 

of nanorods was improved but their uniformity was hindered possibly because of clusters formed 

by a combination of coated MnO and ZnO nanoparticles. Panigrahy et al [48] reported that random 

alignment of nanorods could be due to the non-treated substrates. Similarly, in other reports with 

hydrothermal preparation methods Mn-doped ZnO nanorods have shown lack of uniformity due 

to size dispersion of seed nanoparticles [49, 50]. Therefore, the challenge of growth of Mn-doped 

ZnO nanorods under mild conditions without affecting morphology and uniformity is still 

unsolved.  

In this chapter, the structural, and optical properties of Mn-doped Zno nanorods synthesized by a 

hydrothermal method at different temperatures (600C, 700C, 800C, 900C) will be discussed. 
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4.2. Morphology 

SEM images of ZnO nanorods doped with Mn (1%) grown at 600C are shown in figure 29. 

 

 

 

 

 

 

 

 

The nanorods have hexagonal shape. Their average length is 69 nm and their average diameter is 

803 nm.  We saw the majority of ZnO (Mn 1%) nanorods are not vertically aligned to the substrate 

at 600C. 

 

 

 

 

 

Figure 24: SEM images of doped ZnO (Mn 1%) nanorods grown at 600C. Left is image of top view and right 
is image of side view. 
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ZnO (Mn 1%) nanorods grown at 700C are shown in figure 30. We can see that the average length 

of the nanorods is increased as compared to the average length at 600C. The average diameter also 

increased. The orientation of nanorods is really improved at 700C and the nanorods are more 

uniform. Most of the nanorods are oriented perpendicular to the substrate.  

 

 

 

 

 

 

 

 

 

Figure 25: SEM images of doped ZnO (Mn 1%) nanorods grown at 700C. Left is image of top 
view and right is image of side view. 

 

 

Figure 26: SEM images of doped ZnO (Mn 1%) nanorods grown at 800C. Left is image of top view 
and right is image of side view. 
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Figure 26 shows that nanorods grown at 800C are dense as compared to 600C and 700C. The 

average length and diameter of the nanorods increased to 119 nm and 1622 nm respectively. 

 

 

 

 

 

 

 

 

 

At 900C, the average diameter of nanorods is 150 nm and the average length is 2782 nm a further 

increase. The orientation of nanorods stays the same at temperatures higher than 700C. 

 

 

 

 

 

 

Figure 27: SEM images of doped ZnO (Mn 1%) nanorods grown at 900C. Left is image of top view 
and right is image of side view. 
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Figure 28: SEM images of all Mn-doped ZnO nanorods samples grown at 600C, 700C, 
800C, 900C with top view [(a), (c), (e ), (g)] and side view [(b), (d), (f), (h)] 
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Figure 28 show all the SEM images of nanorods grown at each temperature together. It shows that 

nearly all the ZnO nanorods are perpendicularly oriented to the substrate regardless to the growth 

temperatures except the Mn-doped ZnO sample grown at 600C. At 600C, we can see that only 

few nanorods are perpendicular to the substrate. From the top view of the nanorods it is revealed 

that all nanorods have hexagonal shape. This suggests that all the nanorods grow along [001] 

direction at various temperatures.  By increasing the growth temperatures, the diameter, length and 

aspect ratio of the nanorods increase. At higher temperatures we have better uniformity, higher 

density, better orientation, one reason for this is that the decomposition rate of HMTA becomes 

longer at higher temperatures, producing a larger amount of 𝑂𝐻− ions and increasing the nanorods 

growth role [54]. 

 

 

 

 

 

 

 

 

 

 

Table 5: Information of size of nanorods with the SEM images 

Sample Average Diameter (nm) Height (nm) Aspect ratio 

ZnO (Mn 1%) 600C 69 803 11.63 

ZnO (Mn 1%) 700C 115 861 7.48 

ZnO (Mn 1%) 800C 119 1622 13.63 

ZnO (Mn 1%) 900C 150 2782 18.54 
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From table 5 we can see that diameter and length of nanorods increase as the growth temperature 

is increased. The aspect ratio at 700C is smaller compared to other temperatures.  

 

4. 3. Raman Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29 shows the Raman spectra of Mn (1%) doped ZnO nanorods grown at 600C. There we 

can see that 𝐸2(H) is not very sharp, which means that the crystal orientation is not good. A broad 

 

Figure 29: Micro-Raman spectra of ZnO nanorods grown at 600C 
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𝐸2(H) reveals that less nanorods are perpendicular to the substrate. On the other hand, 𝐸2(L) is 

very sharp. The small peak at 669 𝑐𝑚−1 has been assigned to the oxygen vacancies or zinc 

interstitials defect centers in crystal lattice. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30 that 𝐸2(H) is increased compared to 600C, which means that the crystal orientation was 

significantly improved. The dominant sharp 𝐸2(H) reveals that the nanorods are perpendicular to 

the substrate. 𝐸2(L) is very low. The low 𝐸2(L) peak and sharp 𝐸2(H) peak is due to a clear wurtzite 

 

Figure 30: Micro-Raman spectra of ZnO nanorods grown at 700C 
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lattice. The small peak at 663 𝑐𝑚−1 has been assigned to the oxygen vacancies or zinc interstitials 

defect centers in crystal lattice. The M peak is due to the non-flat surface of the nanorods. 

The M peaks located at approximately 330 𝑐𝑚−1 are known as Frohlich-type vibrational modes 

due to the multi-phonon scattering processes. Multi-phonon scattering can be due to quantum 

confinement effects in the nanorods sharp tips. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: Micro-Raman spectra of ZnO nanorods grown at 800C 
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In figure 31 we see that 𝐸2(H) is sharp and strong while 𝐸2(L) is low. The magnitude of 𝐸2(H) is 

slightly less than the magnitude of 𝐸2(H) of 700C growth temperature samples. That means that 

the crystal orientation is almost the same as at 700C and 800C. The disappearance of the M peak 

is due to the flat surface of nanorods. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 shows the 𝐸2(H) peak is much sharper than that for samples growth at 700C and 800C 

as well as lower 𝐸2(L) which means that the crystal orientation improved further at 900C. The 

 

Figure 32: Micro-Raman spectra of ZnO nanorods grown at 900C 
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sharp 𝐸2(H) is evidence of strong wurtzite crystal orientation. Because of the non-flat surface of 

nanorods there is a M peak in the spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

We can see from the table that when the growth temperature increases from 600C to 700C the 

defect peak, which is around 663(𝑐𝑚−1), increases in amplitude. When the temperature increases 

Table 6: Experimental results of the active modes of Mn-doped ZnO nanorods grown at different 

temperatures 

Sample 𝑬�(H) 

Peak(𝒄𝒎−𝟏) 

𝑬�(L) Peak 

(𝒄𝒎−𝟏) 

Defects 

(Peak)(𝒄𝒎−𝟏) 

Amplitude of 

defect peak 

ZnO (Mn 1%) 

600C 

425.57 71.40 664.85 0.30 

ZnO (Mn 1%) 

700C 

434.62 74.03 664.68 0.36 

ZnO (Mn 1%) 

800C 

434.91 73.77 665.56 0.28 

ZnO (Mn 1%) 

900C 

434.34 73.13 662.19 0.25 
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to 800C and 900C the amplitude of defect peak decreases, which means higher temperature 

samples have less defects than those grown at lower temperatures.  

 

 

4.4. Photoluminescence Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Room temperature photoluminescence of the Mn-doped ZnO nanorods grown at 600C on 
silicon substrate 
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In figure 33 we can see the PL spectra of Mn-doped ZnO nanorods grown at 600C temperature. 

The near band edge (NBE) emission, a narrow peak at 384 nm, was observed. The NBE emission 

is mainly attributed to free exciton recombination in the ZnO lattice. There is a broad peak around 

570 nm to 700 nm that is known as the defect peak. The defect emission peak consists of green, 

yellow and red emission which originates from different types of defects centers. Defects could be 

oxygen vacancies, ZnO interstitials, this emission is not strong for samples grown at this low 

temperature 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Room temperature photoluminescence of the Mn-doped ZnO nanorods grown at 700C on 
silicon substrate 
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The room temperature photoluminescence spectra of Mn- doped ZnO nanorods grown at 700C 

can be seen in fig.34. We can see that amplitude of defect peak at 700C is increased as compare 

to 600C. That means that the samples have more defects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35: Room temperature photoluminescence of the Mn-doped ZnO nanorods grown at 800C 
on silicon substrate 
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The spectra of Mn- doped ZnO nanorods grown at 800C in figure 35 shows that the amplitude of 

the defect peak at this temperature is smaller than the amplitude of defect emission peak at 700C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36 shows room temperature Pl spectra of Mn-doped ZnO nanorods grown at 900C, 

decreased defect emission compared to the 700C temperature samples. 

 

 

Figure 36: Room temperature photoluminescence of the Mn-doped ZnO nanorods grown at 900C on 
silicon substrate 
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We can see from Table that from 600C to 700C, defect emission area, defect emission FWHM, 

and defect emission peak amplitude increases. After that at 800C and 900C, these factors start 

decreasing. We can say that at 700C Mn-doped ZnO nanorods have more defects than at other 

growth temperatures. 

4.5. ESR Spectroscopy 

To get the information about the presence of the transition metal ion in the host ZnO lattice ESR 

experiments were conducted on these samples. 

Table 7: Experimental results of the PL spectra of undoped ZnO nanorods grown at different 

temperatures 

Sample Defect emission area Defect emission 

FWHM 

Defect emission peak 

amplitude 

ZnO (Mn 1%) 600C 114.29 221.99 0.48 

ZnO (Mn 1%) 700C 631.58 315.78 3.86 

ZnO (Mn 1%) 800C 489.51 301.89 3.19 

ZnO (Mn 1%) 900C 302.97 279.02 1.82 
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Since the Mn2+ ions have a similar charge to Zn2+ ions, it is expected that they will be 

substitutionally located on Zn sites in wurtzite ZnO crystals [51]. 

The half-filled d shell (3�5) with spin S = 5/2 and angular momentum L = 0 lead to five fine 

transitions in the ESR spectrum as the H field is changed. The 100% abundant 55Mn isotope has a 

nuclear spin I = 5/2. The hyperfine interaction between the 𝑀�2+ ion electrons and this nuclear 

spin leads to 6 hyperfine transitions [52]. The ESR spectrum appearing on 800C and 900C growth 

temperature Mn-doped ZnO samples arise from the paramagnetic moments of isolated 𝑀�2+ ions 

substitutionally incorporated in the ZnO crystal lattice.  

 

 

 

 

 

 

 

 

 

 
 

Figure 37: EPR spectrum of Mn-doped ZnO nanorods grown at 600C 
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For Mn-doped ZnO nanorods grown at 600C, we see a single line signal at g = 1.96 which is 

attributed to ZnO ESR spectra. There is no signal from 𝑀�2+ ions. Which means there was no 

incorporation of 𝑀�2+ions into ZnO nanorods at 600C growth temperature. 

 

 

 

 

 

 

 

 

 

 

 

From figure 38, we can see that ESR spectra of Mn-doped ZnO nanorods grown at 700C give two-

line signals same as undoped ZnO nanorods grown at 700C. which means that at 600C and 700C 

Mn does not go inside ZnO crystal. 

 

Figure 38: EPR spectrum of Mn-doped ZnO nanorods grown at 700C 
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ESR spectra of Mn-doped ZnO nanorods grown at 800C give multiple line signals. It can be seen 

from figure 39 that Mn ions incorporate into ZnO. We have multiple ESR lines at this growth 

temperature. As written before you can see that we have six intense lines and six less intense lines 

which are related to Mn.  

 

 

Figure 39: EPR spectrum of Mn-doped ZnO nanorods grown at 800C 
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It can be seen from figure 40 the ESR spectra of Mn-doped ZnO nanorods grown at 900C, that 

Mn ions incorporate into ZnO. We have multiple ESR lines for Mn ions at 900C growth 

temperature. we have six intense lines and six less intense lines which are related to Mn. Also, we 

do see the spectra for Mn-doped ZnO nanorods samples at 800C and at 900C. 

 

 

Figure 40: EPR spectrum of Mn-doped ZnO nanorods grown at 900C 
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Chapter 5 

Comparison between undoped and Mn- 

doped ZnO nanorods 

5.1. Introduction 

In this chapter we will compare the results of our different characterisation techniques for undoped 

ZnO nanorods and Mn-doped nanorods. We will see the effect of Mn-dopants on the morphology, 

crystal structure and optical properties. 

5.2. Morphology 

Here we are comparing undoped ZnO nanorods with Mn-doped nanorods at the different growth 

temperatures.  
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Table 1:  Information of size of Undoped ZnO nanorods based on their SEM images 

Sample Average diameter (nm) Average length (nm) Aspect ratio 

ZnO 600C 68 372 5.47 

ZnO 700C 122 529 4.33 

ZnO 800C 136 1577 11.59 

ZnO 900C 158 1620 10.25 

Figure 41: SEM Images of the undoped ZnO nanorods grown at all different temperature 
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Table 5: Information of size of Mn-doped ZnO nanorods based on their SEM images 

Sample Average Diameter (nm) Height (nm) Aspect ratio 

ZnO (Mn 1%) 600C 69 803 11.63 

ZnO (Mn 1%) 700C 115 861 7.48 

ZnO (Mn 1%) 800C 119 1622 13.63 

ZnO (Mn 1%) 900C 150 2782 18.54 

 

 

Figure 42: SEM Images of the Mn-doped ZnO nanorods grown at all different temperature 



59 
 

At 600C, the average diameter is comparable between the Mn-doped and undoped nanorods. At 

700C, 800C, 900C, the average diameter of the Mn-doped nanorods is slightly smaller. The 

average length of nanorods is larger for the Mn-doped grown at all temperatures. This generally 

leads to a better-quality material. In all cases, the aspect ratio of the nanorods is higher for the Mn-

doped ones. From this we can deduce that the presence of Mn during the growth results in an 

enhancement of the vertical growth rate as compared to the lateral one. 

5.3. Raman Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 43: Room temperature Raman Spectra of the undoped ZnO nanorods grown at different temperatures 
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Table 2: Experimental results of the active modes of undoped ZnO nanorods grown at different temperatures 

Sample 𝑬�(H) 

Peak(𝒄𝒎−𝟏) 

𝑬�(L) Peak 

(𝒄𝒎−𝟏) 

Defects (Peak)(𝒄𝒎−𝟏) Amplitude of 

defect peak 

ZnO 600C 431.52 72.29 651.06 0.32 

ZnO 700C 434.62 74.03 658.55 0.36 

ZnO 800C 434.91 73.77 663.46 0.29 

ZnO 900C 434.34 73.13 663.12 0.22 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 44: Room temperature Raman Spectra of the Mn-doped ZnO nanorods grown at different temperatures 
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If we compare the amplitude of defect peak of ZnO nanorods with Mn doped Zno nanorods, it can 

be clearly seen from the tables that at 600C, it decrease with Mn-dopant and at 700C there is no 

change in the amplitudes. At 800C, the amplitude of defect peak decreased and 900C it increases. 

We can say that at 900C Mn-doped ZnO nanorods has more defects. 
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change in the amplitudes. At 800C, the amplitude of defect peak decreases and 900C it increases. 

We can say that at 900C Mn-doped ZnO nanorods has more defects.  

 

 

 

 

 

Table 6: Experimental results of the active modes of undoped ZnO nanorods grown at different 

temperatures 

Sample 𝑬�(H) 

Peak(𝒄𝒎−𝟏) 

𝑬�(L) Peak 

(𝒄𝒎−𝟏) 

Defects 

(Peak)(𝒄𝒎−𝟏) 

Amplitude of 

defect peak 

ZnO (Mn 1%) 600C 425.57 71.40 664.85 0.30 

ZnO (Mn 1%) 700C 434.62 74.03 664.68 0.36 

ZnO (Mn 1%) 800C 434.91 73.77 665.56 0.28 

ZnO (Mn 1%) 900C 434.34 73.13 662.19 0.25 
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5.4. Photoluminescence Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: Experimental results of the PL spectra of undoped ZnO nanorods grown at different 

temperatures 

Sample Defect emission area Defect emission 

FWHM 

Defect emission peak 

amplitude 

ZnO 600C 221.68 191.37 1.08 

ZnO 700C 1331.17 313.53 7.34 

ZnO 800C 827.23 259.82 4.97 

ZnO 900C 284.62 236.28 1.73 

 

 

 Figure 45: Room temperature PL Spectra of the undoped ZnO nanorods grown at different temperatures 
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Table 7: Experimental results of the PL spectra of Mn-doped ZnO nanorods grown at different 

temperatures 

Sample Defect emission area Defect emission 

FWHM 

Defect emission 

peak amplitude 

ZnO (Mn 1%) 600C 114.29 221.99 0.48 

ZnO (Mn 1%) 700C 631.58 315.78 3.86 

ZnO (Mn 1%) 800C 489.51 301.89 3.19 

ZnO (Mn 1%) 900C 302.97 279.02 1.82 

 

 

 
Figure 46: Room temperature PL Spectra of the Mn-doped ZnO nanorods grown at different temperatures 
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If we compare the amplitude of defect peak of ZnO nanorods with Mn doped ZnO nanorods, it can 

be clearly seen from the tables that at 600C, 700C, 800C the amplitude of defect peak decreases 

with Mn-dopant. At 900C it increases. We can say that at 900C Mn-doped the ZnO nanorods have 

more defects. We can get less defects in the nanorods at 600C, 700C, 800C. which is consistent 

with Raman spectroscopy results. Even though the nanorods grown at different temperatures have 

different lengths, there should be no differences in the PL due to sample cross-section difference. 

The excitation volume is the same for all samples, given by the excitation microscope objective, 

and it is at the surface of the nanorod film, so the thickness of the nanorods is not expected not 

have a major effect. In addition, the normalization procedure using the near band edge emission 

should eliminate any remaining differences (such as fluctuations in the excitation power). 

5.5. ESR Spectroscopy 

 

 

 

 

 

 

 

 

 

Table 4: Experimental results of ESR spectra of ZnO nanorods at different temperatures (600C, 

700C, 800C, 900C) 

Sample Line width (core 

defects) 

g-factor Line width 

(surface defects) 

g-factor 

ZnO 600C 1.58 1.96 No line  

ZnO 700C 4.02 1.96 1.89 2.00 

ZnO 800C 1.40 1.96 1.7 2.00 

ZnO 900C 0.58 1.96 0.93 2.00 
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By comparing undoped ZnO nanorods with Mn-doped ZnO nanorods we can see from the ESR 

spectra that for undoped samples we have core defects at 600C and both core and surface defects 

at 700C, 800C and 900C.  

For Mn-doped ZnO nanorods at 800C and 900C, Mn incorporates into the ZnO crystal. We saw 

multiple lines signal for samples grown at 800C and 900C. The room temperature ESR spectra at 

600C and 700C does not show spectra for Mn-dopant. It just shows the spectra for undoped ZnO 

nanorods. The most likely reason is that Mn was not incorporated into the ZnO crystal at those 

growth temperatures. 
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Chapter 6 

Conclusions and future approach 

We have grown undoped and Mn-doped ZnO nanorods at different temperatures (600C, 700C, 

800C and 900C) on a silicon substrate, using a thin textured film of ZnO nanoparticles known as 

a seed layer, to compensate for crystal mismatch. These nanorods were synthesised by a 

hydrothermal method. Overall, our work is one of few works including ESR systematic 

investigation of growth temperature, and a direct comparison between undoped and 𝑀�2+ doped 

nanorods. 

In order to achieve the best crystal orientation, the seed layer must be annealed at temperature of 

4000C. Raman scattering spectra confirm that as grown nanorods have the wurtzite crystal 

structure and vertical orientation. Micro PL of undoped and Mn-doped ZnO nanorods shows near 

band edge emission and a defect emission peak.  

The effect of doping and variable growth temperatures on the morphology of the ZnO nanorods 

was measured by taking the cross-section and top SEM images. Geometry information of the 
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samples confirms that the variable temperatures and Mn-doping can change the height and 

diameter of ZnO nanorods. 

The optical Raman active modes of undoped and Mn-doped nanorods were measured with a micro-

Raman set up at room temperature. A strong 𝐸2(H) peak confirms the crystallinity of nanorods. 

The defect peak which is around 663(𝑐𝑚−1) gives information about the defects of the nanorods. 

Defect emission of undoped and Mn-doped nanorods has been measured by the PL setup at room 

temperature. A narrow peak at 384 nm was observed, known as near band edge (NBE) emission. 

NBE emission is mainly attributed to free exciton recombination in the ZnO lattice. There is a 

broad peak around 570 nm to 700 nm that is known as defect peak. The defect emission peak 

consists of green, yellow and red emission from the ZnO nanorods which originates from different 

types of defects centers. Defects could be oxygen vacancies, or ZnO interstitials. We have used 

the normalised intensity of NBE emission peak in all the PL spectrum. We can see from Table 3 

that from 600C to 700C, defect emission area, defect emission FWHM, defect emission peak 

amplitude increases. After that at 800C and 900C, these factors start decreasing. We can say that 

at 700C, undoped and Mn-doped ZnO nanorods have more defects. 

To see the incorporation of Mn into the ZnO nanorods we have used ESR spectroscopy at room 

temperature. From ESR spectra we see that for undoped samples we have core defects at 600C 

and both core and surface defects at 700C, 800C and 900C.  

For Mn-doped ZnO nanorods at 800C and 900C, Mn incorporates into the ZnO crystal. We saw 

multiple lines signal for samples grown at 800C and 900C. The room temperature ESR spectra at 

600C and 700C does not show spectra for Mn-dopant. It just shows the spectra for undoped ZnO 

nanorods which shows that at these temperatures Mn does not incorporate into the ZnO crystal. 
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From the differences in growth results at different temperatures and with/without dopant, we can 

infer some insights on the growth mechanism. For instance, when growing nanorods with the  Mn 

precursor in the growth medium leads to wider and taller nanorods at all the tested growth 

temperatures, even if no presence of Mn can be detected in the ESR characterization. This strongly 

suggests that the presence of Mn in the growth medium increases the growth rate, both vertical 

and lateral. This would be the main effect of Mn in the morphology of the nanorods, irrespective 

of its incorporation in the crystal material, and the most novel finding in this thesis. 

From the different characterization of the amount of defects in the material we can also see that 

their appearance in the crystal structure of the nanorods depends on a complicated way between 

the temperature and presence of Mn. While the presence of a “bitter spot” at 70 C where the amount 

of defects found in the crystal is maximal is notorious, more work is needed to determine how this 

is related to the growth mechanism. 
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