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INTRODUCTION 

Nanostructured materials have been widely studied 
because of their unique optical and electrical properties 
[1]. In particular, zinc oxide (ZnO) has been explored as 
a possible scintillator material because of its high 
quantum efficiency in the short wavelength region with 
its 3.37-eV band gap energy and 60-meV exciton binding 
energy. Previous studies have shown that oscillator 
strength is enhanced for micro/nanostructures [2]. Thus, 
controlling the dimensions (length and diameter) of the 
ZnO nanorods would result to interesting scintillator 
applications. Vapor transport deposition, molecular beam 
epitaxy (MBE), chemical vapor deposition (CVD), and 
magnetron sputtering are some of the available 
techniques to grow ZnO nanostructures. These methods, 
however, require high-temperature and high-pressure 
operation [3]. A convenient way to synthesize ZnO 
nanorods is through hydrothermal growth method. 
Without the use of vacuum equipment, this economical 
and low-temperature technique offers versatility in 
modifying the morphology, size, and shape of the ZnO 
nanorods depending on various growth parameters such 
as temperature, time, pH, and reactant concentration [4]. 
In this regard, we investigate the structural and optical 
properties of vertically aligned ZnO nanorods fabricated 
by hydrothermal growth method. This endeavor intends 
not only to understand the fundamental optical processes 
governing nanostructured semiconductor materials but 
also to develop novel scintillator screens based on ZnO 
nanorods. 

EXPERIMENT 

ZnO nanorods were fabricated on seeded Si 
substrates by hydrothermal growth method. ZnO seed 
layers with ~ 100-nm thicknesses were initially deposited 
on the substrates by spray pyrolysis technique. For the 
nanorod fabrication, aqueous solutions of both 
hexamethylenetetramine or hexamine [(CH2)6N4, 

HMTA] and zinc acetate dihydrate [Zn(CH3COO)·2H2O, 
ZnAc] were mixed with 3:1, 2:1, 1:1, 1:2, and 1:3 molar 
concentration ratios where one part HMTA or ZnAc 
corresponds to a 25-mM solution. The substrates were 
then submerged into the mixed solutions and were 
oriented in a way that the seed layer was exposed to the 
solution. After hydrothermal growth at 85 °C for 180 min, 
the substrates were removed from the solutions and were 
rinsed with deionized water (DI H2O) to wash off 
residual salts and amino complexes.  

Different characterization techniques were 
implemented to investigate the structural and optical 
properties of the hydrothermal-grown ZnO nanorods. 
Plan-view and cross-sectional sample images were taken 
using a scanning electron microscope, while the sample 
crystallinity was examined using a Bragg-Brentano type 
x-ray diffractometer. Raman spectroscopy was also 
performed using the 532-nm output of a solid-state laser 
which was focused on the sample through a custom-built 
optical system. The sample emission was fiber-fed 
through backscattering geometry to a spectrometer 
equipped with a charge-coupled device (CCD) camera. 
In addition, PL spectroscopy was performed using the 
frequency-tripled (3ω, 290 nm) output of a Ti:sapphire 
laser system which was focused on the sample at an 
angle of 45° from the normal. For time-integrated PL 
(TIPL) spectroscopy, the sample emission was collected 
normal to the sample and was fiber-fed to a handheld 
spectrometer. For time-resolved PL (TRPL) spectroscopy, 
the sample emission was focused on an imaging 
spectrograph which was coupled to a streak camera and a 
high-resolution digital CCD camera. All spectroscopy 
measurements were taken at room temperature. 

RESULTS AND DISCUSSIONS 

The SEM images of the ZnO nanorods fabricated 
using different HMTA and ZnAc concentration ratios are 
shown in Fig. 1. All samples exhibit rod-shaped 
structures with well-defined hexagonal facets or cross 
sections. The rods are also observed to be standing 



perpendicular to their substrates based on the samples’ 
cross-sectional images. From the different SEM images, 
the average nanorod dimensions and densities of the ZnO 
nanorods are investigated. Hydrothermal-grown ZnO 
nanorods exhibit shorter lengths, wider widths, and lower 
densities when fabricated with lower HMTA 
concentration.

  

Fig. 1. SEM images of ZnO nanorods fabricated using 
(a,b) 3:1, (c,d) 2:1, (e,f) 1:1, (g,h) 1:2, and (i,j) 1:3 
HMTA and ZnAc concentration ratios 

 
The XRD spectra of the ZnO nanorods fabricated 

using different HMTA and ZnAc concentration ratios are 
shown in Fig. 2. All samples exhibit peaks which can be 
indexed to the reflections of hexagonal wurtzite ZnO [5]. 
The intense and narrow (0002) reflection at 34.4° 
indicates that the nanorods have a preferential orientation 
along the c-axis which is perpendicular to the substrate 
surface. No characteristic peaks from the precursors, 
impurities, and other ZnO phases are also observed from 
the XRD spectra. By using Bragg’s law and multiple 
linear regression, the lattice parameters and unit cell 
volumes of the ZnO nanorods are calculated. All samples 
prepared using different HMTA and ZnAc concentration 
ratios have similar a-axis lattice parameters of ~ 3.258 Å, 
c-axis lattice parameters of ~ 5.219 Å, and unit cell 

volumes of ~ 47.99 Å3. These values only differ from the 
JCPDS reference [5] by less than 1.00 %. 
Hydrothermal-grown ZnO nanorods exhibit hexagonal 
wurtzite crystal structure regardless of the HMTA and 
ZnAc concentration ratio. 

Fig. 2. XRD spectra of ZnO nanorods fabricated using 
different HMTA and ZnAc concentration ratios. 

Fig. 3. Raman spectra of ZnO nanorods fabricated using 
different HMTA and ZnAc concentration ratios. 
 

The Raman spectra of the ZnO nanorods fabricated 
using different HMTA and ZnAc concentration ratios are 
shown in Fig. 3. Similar to the XRD spectra, all peaks of 
the Raman spectra can be matched to the phonon modes 
of hexagonal wurtzite ZnO [6]. No characteristic peaks 
can also be assigned to the phonon modes of the 
precursors, impurities, and other ZnO phases. These 
observations confirm the XRD results that for all HMTA 
and ZnAc concentration ratios used, hydrothermal-grown 
ZnO nanorods exhibit hexagonal wurtzite crystal 
structure. 

The TIPL spectra of the ZnO nanorods fabricated 
using different HMTA and ZnAc concentration ratios are 
shown in Fig. 4. All samples exhibit intense emission in 
the ultraviolet (UV) region which is attributed to the 
near-band-edge emission of ZnO [6]. Compared to other 
micro/nanostructures prepared using similar techniques, 
the nanorods do not have any defect-related visible 
emissions. The absence of a visible emission suggests 



that the ZnO nanorods have good optical quality. By 
considering the spectrometer’s 1-nm resolution, all 
samples exhibit similar linewidths of ~ 29 nm but with 
different peak positions. The samples prepared using 3:1, 
2:1, and 1:1 HMTA and ZnAc concentration ratios have 
peaks located at ~ 382 nm. On the other hand, the 
samples prepared using 1:2 and 1:3 HMTA and ZnAc 
concentration ratios have peaks located at 383 and 386 
nm, respectively. Hydrothermal-grown ZnO nanorods 
exhibit red-shifted UV emission when fabricated with 
lower HMTA concentration. 

Fig. 4 TIPL spectra of ZnO nanorods fabricated using 

different HMTA and ZnAc concentration ratios. 
Fig. 5. Spectrally-integrated decay profiles of the UV 
emissions of ZnO nanorods fabricated using different 
HMTA and ZnAc concentration ratios. 
 

The spectrally-integrated decay profiles of the UV 
emissions of the ZnO nanorods fabricated using different 
HMTA and ZnAc concentration ratios are shown in Fig. 
5. All samples exhibit fast characteristic UV emissions at 
room temperature. The emission lifetimes of the ZnO 
nanorods are determined by fitting the decaying parts of 
each profile with double exponential functions. With 
values ranging from 24 to 120 ps, the fast and slow 
lifetime components of the nanorods under UV 
excitation are faster than those of undoped bulk ZnO 
crystals (~ 1 and 3 ns) [8] and comparable to those of 
intentionally doped samples (15 to 130 ps) [9,10]. The 
picosecond emission lifetimes can be largely attributed to 

the effective non-radiative recombination with the 
activation of non-radiative centers at room temperature 
[56–58]. To best describe the sample decay, the average 
lifetimes are obtained from the fitting parameters. By 
considering the TRPL system’s 10-ps resolution, the 
samples prepared using 3:1, 2:1, and 1:1 HMTA and 
ZnAc concentration ratios have similar average lifetimes 
of ~ 57 ps as observed from their overlapping decay 
profiles. On the other hand, the samples prepared using 
1:2 and 1:3 HMTA and ZnAc concentration ratios have 
average lifetimes of 70 and 96 ps, respectively. 
Hydrothermal-grown ZnO nanorods exhibit longer UV 
emission lifetimes when fabricated with lower HMTA 
concentration. 

SUMMARY 

We have investigated the hydrothermal growth of 
zinc oxide (ZnO) nanorods to realize their potential 
scintillator applications. Vertically aligned ZnO nanorods 
are successfully fabricated on seeded silicon (Si) 
substrates using different HMTA and ZnAc concentration 
ratios. Varying the precursor concentration ratio affects 
the nanorod dimensions and the observed emissions. But 
regardless of the HMTA and ZnAc concentration ratio 
used, the fabricated nanorods exhibit well-defined 
morphology, hexagonal crystal structure, preferential 
c-axis orientation, and intense picosecond UV emission. 
With these excellent structural and optical properties, the 
hydrothermal-grown ZnO nanorods are suggested to be 
used as scintillator materials which may offer not only 
fast scintillation response but also high spatial resolution 
for future radiation detectors. 
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