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Abstract Zinc oxide (ZnO) nanorods were grown on the

glass substrates using hydrothermal method. Influence of

hexamethylenetetramine (HMTA) concentration on the

morphological, structural, optical and electrical properties

of ZnO was investigated. Increasing HMTA concentration

produces dense growth of nanorods and decreases the

diameter from *450 to *150 nm and also modified the

hexagonal shape of ZnO nanorods to circular shape. X-ray

diffraction spectra revealed that the synthesized ZnO

nanorod exhibits wurtzite structure. Shifting of absorbance

edge from 3.30 to 3.36 eV with increasing concentration of

HMTA was observed in the UV–Vis spectra. Photolumi-

nescence studies showed the presence of defect related

peaks such as zinc interstitial and oxygen vacancies. The

observed blue shift in UV emission peak from 387 to

361 nm in photoluminescence spectrum also confirmed the

decrease in the size of nanorods. Electrical studies showed

the increase in the resistance with the increase in the

HMTA concentration from 1.17 to 16.9 kX due to dense

and reduced size of nanorod networks.

1 Introduction

Zinc Oxide (ZnO), one of the II–VI metal oxide semicon-

ductors, has been widely investigated as it possesses wide

direct band gap of 3.37 eV and large exciton binding energy

of 60 meV at room temperature [1] and its potential

applications in light emitting diodes [2], field emission

devices [3], solar cells [4, 5], super capacitors [6, 7], pho-

tocatalysis [8, 9] and gas sensors [10, 11]. Preparation of

ZnO nanostructures were reported by pulsed laser deposition

[12], rf sputtering [13], spray pyrolysis [14], chemical vapor

deposition techniques [15] and also through chemical routes

[16]. ZnO nanostructures such as nanowires (NW) [17],

nanorods (NR) [18], nanofibers [19], nanotubes (NT) [20],

nanoplates (NP) [21], and nanoparticles [22] have been

successfully developed employing these techniques. Among

these techniques, hydrothermal approach is a promising one

for growing ZnO nanorods due to controlled growth rate,

simplicity [23] and its ability to produce various nanos-

tructures [24, 25]. High reaction rate in the hydrothermal

synthesis process leads to yield structures of different sizes

and irregular morphology. Hence, it is necessary to control

the reaction process using suitable additives such as organic

ligands and surfactants [26] for various applications. A

variety of amine molecules such as hexylamine, ethylene-

diamine, trimethylamine and butylamine were used to syn-

thesize ZnO nanostructures [27, 28].

In this report, ZnO nanorods were synthesized using

ZnO seed layer prepared on the micro slide glass substrates

using isopropyl alcohol (IPA) based precursor solution and

studied the role of various hexamethylenetetramine

(HMTA) concentrations on the structural, optical, mor-

phological and electrical properties of ZnO nanorods.

2 Experimental

2.1 Materials

Zinc acetate dihydrate (Zn(CH3COOH)2�2H2O, Merck,

purity 99.9 %), zinc nitrate hexahydrate (ZNH)
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(Zn(NO3)2�6H2O, Sigma-Aldrich, purity 99.9 %), IPA,

monoethanolamine (MEA) (HOCH2CH2NH2, Merck, pur-

ity 99.9 %) and HMTA (C6H12N4, Sigma-Aldrich, purity

99.9 %) were procured and double distilled water was

used. All the reagents procured were of analytical grade

and hence used without further purification.

2.2 Synthesis of ZnO nanorods

ZnO nanorods were formed by immersing the ZnO seed

layers coated on the well cleaned glass substrates by spin

coating technique. The seed layer solution was prepared by

a simple sol gel technique as given elsewhere [29]. The

ZnO seed layer coated on glass substrate was immersed

vertically in aqueous growth solution (containing ZNH

(1.4 g) and various concentrations of HMTA (0.1 to 0.5 M)

in 50 ml double distilled water) taken in the Teflon—lined

autoclave maintained at 90 �C for 3 h. The obtained ZnO

nanorods samples were thoroughly washed with distilled

water and then annealed at 550 �C for 1 h in air. Annealed

ZnO nanorods samples prepared from 0.1, 0.2, 0.3, 0.4 and

0.5 M HMTA concentrations are named as S1, S2, S3, S4

and S5 respectively.

2.3 Characterization techniques

The morphology of ZnO nanorod was examined with field

emission scanning electron microscope (FESEM) attached

with energy-dispersive X-ray spectroscopic (EDS) analysis

using FEI quanta FEG 200. Transmission electron micro-

scopic (TEM) images were recorded using a JEOL JEM

2100F at an accelerating voltage of 200 kV by suspending

the sample in ethanol. Structure of the film was analyzed

by PAN analytical X’Pert Pro diffractometer employing

CuKa radiation (k = 1.5406 Å) in the 2h range of 20�–
80�. A He–Cd laser of wavelength 325 nm was used as

excitation source to study photoluminescence (PL) prop-

erty of the samples using JASCO spectroflurometer FP-

8600. Optical absorption measurements were carried out

using SHIMADZU UV–Vis-spectrophotometer. I–V mea-

surements were performed using Electrochemical Impe-

dance Spectrometer SP-3000.

3 Results and discussion

3.1 Structural analysis

X-ray diffraction (XRD) pattern of ZnO seed layer and ZnO

nanorods prepared from different HMTA concentrations are

presented in Fig. 1. The observed peak at (2h) 31.53�,
34.17�, 36.08�, 47.08�, 56.17�, 62.47� and 72.29� corre-

sponds to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (0

0 4) planes respectively (JCPDS Card No. 36-1451) which

confirm the formation of hexagonal wurtzite ZnO film on the

ZnO seed. The crystalline size of ZnO seed layer was esti-

mated by Debye–Scherrer formula [30]D ¼ 0:9k
b cos h , whereD

is the crystallite size, k is the wavelength of X-rays

(k = 1.5406 Å), h is the Bragg diffraction angle in degree,

and b is the full width half maximum (FWHM) of the XRD

peak in radians. The value of D obtained is about 23.7 nm.

The sharp diffraction peak at (0 0 2) plane at (2h) 34.42�
(JCPDS: 36-1451) indicates that the ZnO nanorods show

preferential growth along c-axis for samples S1–S3

Fig. 1 XRD pattern of a ZnO seed layer and b synthesized ZnO nanorods thin films
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(Fig. 1b). As the concentration of HMTA increases, the

intensity of (0 0 2) plane decreases whereas the intensity of

(1 0 1) plane slightly increases, thus indicating the vertical as

well as misaligned growth (S4 and S5). Also, the (0 0 2)

plane exhibits a small shift towards the lower angle,

implying the tensile strain on the samples [31, 32]. The cell

parameters for S1 were calculated using the relations [33]

a ¼ 1
ffiffi

3
p k

sinh 100ð Þ and c ¼ k
sinh 002ð Þ

, where k (1.5406 Å) is the

wavelength of X-rays and h(1 0 0) and h(0 0 2) are the angle of

diffraction peak of (1 0 0) and (0 0 2) respectively. The

values obtained are a = 3.273 Å and c = 5.243 Å. The c/a

ratio calculated is 1.6034 Å which compares well with the

value reported by Qiu et al. [34].

Fig. 2 Surface morphology of ZnO seed layer and ZnO nanorods (S1–S5) with different HMTA concentrations and EDS analysis of the sample

S1
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3.2 Morphological analysis

The surface morphology of the ZnO seed layer and the

ZnO nanorods grown on the ZnO seed layer (S1–S5) is

presented in Fig. 2. The diameter of the nanorods is

decreased from *450 to *150 nm with increase in the

concentration of HMTA added in the growth process

which has effectively modified the shape of the nanorods

from hexagonal to circular. Thus, it is evident that the

structure of ZnO nanorods can be modified by tuning the

concentration of HMTA. EDS spectrum of sample S1

shows the presence of Zn, O and Na elements. The

source for the observed Na is due to the migrated Na

from the glass substrate during process of annealing at

550 �C [29].

According to Baruah and Dutta [35], HMTA can attach

to nonpolar ZnO crystals surface by a dative covalent bond

or hydrogen bond. So, at low concentration of HMTA, the

dynamic equilibrium between the attached molecules and

those in the solution exists in such a way that the amounts

of HMTA molecules adsorbing onto the ZnO nanorods are

lesser. This reduces the steric hinderence between HMTA

molecules adhering onto the nearby ZnO nanorods result-

ing in lateral growth of the ZnO nanorods (as shown in

Fig. 2a). When the concentration of HMTA increases, the

coverage of HMTA over ZnO nanorods is greater resulting

in existence of increased steric hindrances between adja-

cent nanorods, causing the ZnO nanorods to grow in ver-

tically [36].

The mechanism involved in the formation of ZnO

nanorods is as follows: (CH2)6N4 breaks up into ammonia

(4NH3) and formaldehyde (HCHO). Ammonia reacts with

water to produce OH- ions. Under the appropriate tem-

perature and pH (5–6), Zn2? is considered to exist in Zn

(NH3)4
2? and Zn (OH4)

2-. The dehydration of these inter-

mediates results in the formation of ZnO [37, 38]. The

schematic illustration of proposed growth mechanism of

ZnO nanorods is shown in Fig. 3.

Fig. 3 Schematic illustration of proposed growth mechanism of ZnO nanorods
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3.3 Microstructure analysis

TEM images recorded for sample S1 using a JEOL JEM

2100F at an accelerating voltage of 200 kV by suspending

the sample in ethanol is presented in Fig. 4. These fig-

ures evidently show the formation of nanorods of ZnO.

3.4 Optical properties

The room temperature PL spectrum of ZnO nanorods

(Fig. 5a) prepared at various concentrations of HMTA

shows three peaks. It is generally characterized by near-

band-edge (NBE) UV emission and at least one broad band

due to deep level emission (DLE) at visible region ranging

from 400 to 750 nm. The UV emission is due to the

recombination of free-exciton [39]. The blue- shift

observed from 387 nm (S1) to 361 nm (S5) is due to

decrease in the diameter of ZnO nanorods. A similar blue-

shift in UV emission peak was reported by Yousefi and

Kamaluddin [40] and Wang et al. [41] attributed to reduced

size. Emission in the visible region (violet peak around

418 nm and red peak around 648 nm) may be due to

defects such as oxygen vacancy (VO), Zinc vacancy (VZn),

oxygen interstitial (Oi), zinc interstitial (Zni), oxygen anti-

site (OZn) and zinc anti-site (ZnO) [39]. The maximum

intensity around 418 nm obtained for the sample S4 (pre-

pared by 0.4 M HMTA) as shown in Fig. 5a may be due to

increase in defects caused by the misaligned growth of

ZnO nanorods leading to poor crystallinity as revealed by

the XRD spectra.

Fig. 4 TEM images for sample S1 at different magnifications

Fig. 5 a PL spectra of ZnO nanorods and b UV–visible absorbance spectra of ZnO nanorods. The inset shows the Tauc plot for the samples
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Optical bandgap (Eg) of the films was calculated using

the relation (ahm) = A (hm - Eg)
n, where n = � for direct

bandgap semiconductor, A is a constant, h is the Planck’s

constant and a is the absorption coefficient [42]. The band

gap calculated is 3.30, 3.32, 3.33, 3.34 and 3.36 eV for the

samples S1, S2, S3, S4 and S5 respectively (Fig. 5b). Thus

it is evident that bandgap increases systematically as the

diameter of ZnO nanorods decreases due to the size effect

of ZnO nanorods [43].

3.4.1 Electrical properties

I–V characteristics were measured by electrochemical

impedance spectrometer SP-3000 instrument using inter-

digited gold electrode structure deposited over ZnO

nanorods through shadow mask by thermal evaporation

technique. Figure 6a shows the schematic representation of

the electrodes and the measured I–V characteristics are

shown in Fig. 6b. From the resistance calculated at 1 V, it

was found that for lower HMTA concentration, the sample

(S1) produced resistance of 1.17 kX and for higher con-

centrations of the HMTA, the samples (S2, S3, S4 and S5)

showed increased resistance values of 1.44, 3.30, 7.13 and

16.99 kX respectively. This confirms that the misaligned

growth, reduced diameter and increased density of ZnO

nanorods causing increased resistance. As, the contacts

across the nanorod networks are dissimilar, the current–

voltage curves show non-linear behavior.

4 Conclusion

ZnO nanorods were grown using the hydrothermal method

on ZnO seed layer coated glass substrate. Lower concen-

tration of HMTA in the growth solution produces hexag-

onal shaped nanorods with diameter around 450 nm

showing preferential growth along (0 0 2) plane. Increased

HMTA concentration yields circular nanorods with diam-

eter around 150 nm and increased density as revealed by

SEM images. At lower HMTA concentration, lateral

growth of ZnO nanorods was observed due to less steric

hindrance effect between HMTA molecules adhering onto

the nearby ZnO nanorods. When the concentration of

HMTA increased, the coverage of HMTA over ZnO

Nanorods is greater resulting vertical and highly dense

growth of nanorods with reduced diameter. PL investiga-

tion revealed blue shift in UV emission spectrum and also

showed the presence of defect related peaks such as zinc

interstitial and oxygen vacancies. UV–Vis spectra showed

the systematic change of optical bandgap indicating the

size reduction with increased HMTA concentration. I–V

Characteristics of these samples showed increase in resis-

tance value from 1.17 to 16.99 kX with increased HMTA

concentration (from 01 to 0.5 M) confirms the change in

structural and contact nature of nanorod networks.
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