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ABSTRACT

Pristine ZnO and selenium doped ZnO (Se-ZnO) nanorods were successfully synthesized using seed-mediated 
hydrothermal method. The growth solution of both pure and Se-doped ZnO nanorods employed zinc nitrate hexahydrate 
(ZNH) and hexamethylenetetramine (HMT) as a precursor and surfactant, respectively. As a dopant source, selenium 
salt solution was obtained by reacting selenium powder with sodium borohydride at low temperature. The as-prepared 
pure ZnO and Se-doped ZnO nanorods were characterized using field effect scanning electron microscopy (FESEM), 
X-ray diffraction (XRD), UV-Visible spectroscopy (UV-Vis), and Photoluminescence (PL) spectroscopy. FESEM images 
show that the geometric shape of Se-ZnO nanoparticles is nanorods with a hexagonal cross-section. The XRD pattern 
shows the diffraction peak of the sample at the angles of 2θ: 34.44°, 36.25° and 47.54° which represents the hkl plane of 
(002), (101) and (102), respectively. The crystalline size calculated from XRD data is found to be in the range of 35-42 
nm. The UV-Vis spectrum shows that Se-ZnO nanorods strong absorption peaks appeared in the range of 300-380 nm 
for all samples. Se doping has slightly altered the band gap energy of pure ZnO nanorods around 0.01 eV. The peak of 
the photoluminescence spectra of the sample at 470 nm indicates the blue emission band.
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ABSTRAK

ZnO asli dan selenium terdop nanorod ZnO (Se-ZnO) berjaya disintesis menggunakan kaedah hidroterma biji benih. 
Larutan pertumbuhan bagi kedua-dua ZnO asli dan Se-ZnO adalah menggunakan zink nitrat heksahidrat (ZNH) dan 
hexametilenetetramina (HMT) masing-masing sebagai pelopor dan surfaktan. Sebagai sumber pengedopan, larutan 
garam selenium diperoleh daripada tindak balas serbuk selenium dengan natrium borohidrida pada suhu rendah. 
ZnO asli dan Se-ZnO dicirikan menggunakan mikroskopi elektron imbasan pancaran medan (FESEM), pembelauan 
sinar-X (XRD), spektroskopi UV (UV-Vis) dan spektroskopi fotoluminesen (PL). Imej FESEM menunjukkan bentuk 
geometri nanozarah Se-ZnO adalah nanorod dengan keratan rentas heksagon. Corak XRD pula menunjukkan puncak 
belauan sampel pada sudut 2θ: 34.44°, 36.25° dan 47.54° yang mewakili satah hkl masing-masing pada (002), (101) 
dan (102). Saiz kristal yang dihitung daripada data XRD berada dalam julat 35-42 nm. Spektrum UV-Vis menunjukkan 
bahawa puncak penyerapan nanorod Se-ZnO muncul pada julat 300-380 nm untuk semua sampel. Pengedopan Se 
mengubah sedikit tenaga jurang jalur nanorod ZnO tulen sekitar 0.01 eV. Puncak spektra fotoluminesen pula muncul 
pada 470 nm menunjukkan jalur pancaran biru.

Kata kunci: FESEM; pengedopan selenium; spektra PL; UV-Vis; XRD; zink oksida

INTRODUCTION

ZnO (Zinc Oxide) is a II-VI group semiconductor that 
possesses wide band gap (3.37 eV) and large exciton 
binding energy (60 MeV) with high photosensitivity, 
piezoelectric, and pyroelectric properties (Janotti & Van 
De Walle 2009). ZnO, with the exciton binding energy of 
60 MeV, might efficiently produce electron emission in  
ultraviolet range (< 400 nm) at room temperature. These 
properties have made ZnO applicable in several devices 

such as solar cells (Luo et al. 2018),  LEDs (Light-Emitting 
Devices), gas sensors (Zhu & Zeng 2017), biosensors 
(Karim et al. 2019), piezoelectric transducers (Zakaria et 
al. 2017), and pyroelectric devices (Tan et al. 2009). ZnO 
is a versatile material that can substitute TiO2 in several 
application because ZnO has good transparency and higher 
electron mobility (Rong et al. 2019). In addition, ZnO has 
low defects (Thangavel & Chang 2012), and can be easily 
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fabricated in various nanostructures at low temperature 
(Singh 2013). In order to enhance the properties of 
ZnO, ZnO is normally doped with different impurities to 
develop fascinating characteristics. This is accomplished 
by creating the desired properties and functions, including 
altering the band structure, establishing defect sites and 
promoting the mobility of charge  carriers (Taha et al. 
2019). In many application such as solar cells, catalyst and 
sensors, it is essential to adjust the electrical, optical and 
magnetic properties of ZnO (Chen et al. 2017; Nenavathu 
et al. 2018). 

ZnO is commonly doped by various impurity such 
as metal In (Abrar et al. 2012), B (Rahman et al. 2016), 
Mg (Corral-Aguado et al. 2016), Mn (Achouri et al. 2016), 
Ni (Yilmaz et al. 2012), Al (Thu & Maenosono 2010), Ga 
(Alexandrov et al. 2020), Li (Alexandrov et al. 2020) or 
nonmetal N (Bangbai et al. 2013), C (Alshammari et al. 
2015), S (Wang et al. 2013), and Se (Taha et al. 2019). 
Doping of ZnO with nonmetals might affect the band 
gap and the photoelectronic properties of undoped ZnO 
nanoparticles (Chen et al. 2008). Selenium (Se) was 
selected because of its excellent chemical properties 
(Chen et al. 2017). In addition, the high reduction potential 
of Se is a desirable condition for the extraction of photo-
excited electrons from the conduction band (CB) and 
can therefore promote the production of reactive oxygen 
species (Nenavathu et al. 2018). 

Z n O  d o p i n g  w i t h  S e  h a s  e n h a n c e d 
photoelectrochemical and photocatalytic properties of 
ZnO (Chen et al. 2017). Se-doped ZnO (Se-ZnO) NPs has 
previously been synthesized using thermomechanical 
methods (Nenavathu et al. 2018), photoelectrochemistry 
(Chen et al. 2017), chemical vapor transportation 
methods (Kumar et al. 2002), and sol-gel methods 
(Mustafa et al. 2018). However, these methods need 
complicated devices and are conducted at high temperature. 
In this work, the undoped and Se-doped ZnO nanorods 
were synthesized using a seed-mediated hydrothermal 
method at low temperatures. Doping of ZnO with low 
addition of Se was rarely studied. In this report, Se-doped 
ZnO nanorods was prepared by adding 0.025, 0.05, 0.1, 
and 0.2 mL of Se salt solution into the growth solution. 
Characterizations involved in this study were field effect 
scanning electron microscope (FESEM), X-ray diffraction 
(XRD), ultraviolet-visible absorption spectroscopy (UV-
Vis), and photoluminescence (PL).

MATERIAL AND METHODS

MATERIAL

Zinc acetate dihydrate Zn(CH3COO)2.2H2O (> 99.0% 
ACS Reagent) hexamethylenetetramine (HMT) (CH2)6N4 
(> 99.0% ACS Reagent) and Fluorine-doped Tin Oxide 
(FTO) glasses were purchased from Sigma Aldrich. Zinc 
nitrate hexahydrate, Zn(NO3)2.6H2O (Analytical Reagent) 

and Se powder were obtained from R&M Chemicals. 
Absolute ethanol C2H5OH (99%) and acetone (~97%) 
were provided by HmbG® Chemicals. Deionized water 
was obtained from Millipore water system.

SYNTHESIS OF ZNO AND SE-ZNO NANORODS

The pristine ZnO and Se-ZnO nanorods were grown 
on an FTO substrate using seed-mediated hydrothermal 
methods. Previously, the FTO substrate was subsequently 
cleaned by distilled water, acetone, and ethanol for 15 min 
using an ultrasonic bath. ZnO seeds solution was made by 
dissolving 22 mg of zinc acetate dihydrate into 10 mL of 
absolute ethanol. The solution was dropped on the FTO 
substrate and then spin-coated with a rotation speed of 3000 
rpm for the 30 s. The sample was heated using a hotplate 
at 100 ℃ for 15 min. The coating process was repeated 3 
times to get uniform ZnO seed. 

ZnO growth solution was prepared by dissolving 
equimolar 10 mM zinc nitrate hexahydrate and 10 mM 
hexamethylenetetramine. As a dopant source, selenium 
salt solution was previously prepared by reacting 
selenium powder with 100 mM sodium borohydride at 
low temperature. Doping concentration was controlled 
by varying the selenium salt solution volumes in the 
growth solution (0.025, 0.05, 0.1, and 0.2 mL). Those 
samples were named according to their selenium solution 
volume (ZnO+Se 0.025 mL, ZnO+Se 0.05 mL, ZnO+ 
Se0.1 mL, and ZnO+Se 0.2 mL). ZnO seeds films were 
then vertically immersed in the growth solution and heated 
at 90 °C for 5 h. After the growth process is completed, 
the sample is taken out from the solution and then cleaned 
with a copious amount of deionized water.

MATERIAL CHARACTERIZATION

The morphology of the samples was obtained using 
field emission scanning electron microscope (FESEM, 
ZEISS MERLIN type, Compact Co. Ltd.). The crystal 
structure was determined by X-ray diffraction (XRD, 
using a BRUKER EIXS type diffractometer). The UV-
Vis spectrophotometer HITACHI U-3900H was used to 
characterize the UV-Vis diffuse reflectance spectra of the 
samples. The fluorescence measurements of the obtained 
films were performed in and FLS920 photoluminescence 
spectrometers (Edinburgh instruments).

RESULTS AND DISCUSSION

SURFACE MORPHOLOGY

The FESEM of ZnO-pure and Se-ZnO nanorod 
synthesized using the seed. The FESEM image of undoped 
and Se-doped ZnO samples indicated the morphology of 
nanorod with hexagonal cross-section.  Figure 1(B), 1(D), 
1(F), 1(H), 1(J) shows the particle size distribution of ZnO 
nanorods grown on the substrate. It is clearly seen that ZnO 
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nanorod grows more evenly and more densely after the 
addition of Se elements into the ZnO compounds. Based 
on the histogram graph in Figure 1, the mean rods diameter 
of the samples tends to increase. The rods diameter of 
pristine ZnO sample are 46.89 ± 15.9 nm, while the rod 
diameter of Se-doped ZnO sample are increased up to 64.68 
± 18.0 nm. An increase in nanorod size might be due to the 

ionic radius of Se2- (190 pm) larger than that of O2- (140 
pm) which influence the molecule size of Se-ZnO mediated 
hydrothermal method are shown in Figure 1. The FESEM 
image was captured with  30,000 times of magnification. 
Particle size distribution (nanorod diameter) of the  ZnO 
pure and Se-doped ZnO samples are presented in Table 1.

FIGURE 1. FESEM Images and particle size distribution of ZnO 
Pure (A,B), ZnO + Se 0.025 mL (C,D), ZnO + Se 0.05 mL (E,F), 

ZnO + Se 0.1 mL (G,H), and ZnO + Se 0.2 mL (I,J)
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TABLE 1. Particle size distribution data of the sample ZnO pure and Se-ZnO

Sample Nanorod diameter (nm)

ZnO Pure 46.89 ± 15.9

ZnO + Se 0.025 mL 38.78 ± 10.7

ZnO + Se 0.050 mL 48.68 ± 11.1

ZnO + Se 0.100 mL 60.72 ± 16.7

ZnO + Se 0.200 mL 64.68 ± 18.0

	

Based on Table 1, the addition of Se to ZnO affects 
the size of the nanorod diameter of the grown sample. 
ZnO+Se 0.025 mL and ZnO+Se 0.05 mL samples 
nanorods diameter are 38.78 ± 10.7 nm and 48.68 ± 11.1 
nm, respectively. Table 1 and the histogram in Figure 1(d), 
1(f) indicates ZnO+Se 0.025 mL and ZnO + Se 0.05 mL 
samples have the lowest standard deviation with more 
than 40% nanorod diameter in the range of 31-45 nm and 
46-60 nm, respectively. It is clearly seen that Se doping 
decrease nanorods size as well as improve size distibution. 
Fortunately, doping that creates uniform nanorods 
mostly can enhance the optical and electrical properties 
of the ZnO nanostructure (Kim et al. 2014). 

FIGURE 2. XRD patterns of ZnO pure and Se doped O. Inset is 
magnification of (002) peaks

CRYSTAL STRUCTURE

The XRD pattern of pristine ZnO and Se-doped ZnO 
(Se-ZnO) nanorods are shown in Figure 2. There are five 
diffraction peaks detected at 2θ of 34.44°, 36.25°, 37.78°, 
47.54°, and 51.63°.  The 2θ of 34.44°, 36.25°, and 47.54° 
correspond to reflection plane of ZnO hkl plane of (002), 
(101), and (102). The other two peaks with asterisk (*) 
refer to FTO plane of (220) and (211). The diffraction peaks 
of both undoped and Se doped ZnO samples indicates the 
hexagonal wurtzite ZnO (JCPDS No. 01-070-8070) (Chen 
et al. 2017). The highest diffraction peak at (002) suggests 
the growth direction of the Se-ZnO nanorod along the 
c-axis which is perpendicular to the FTO surface. The 
similar results are also reported previously (Taha et al. 
2019) for ZnO doped with 2% mol of Se. 
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The inset of Figure 2 displays the magnification 
of the (002) peaks of the undoped and Se doped ZnO 
nanorods. The peak posisiton of doped ZnO slightly 
shifted towards lower angles relative to that of undoped 
ZnO. It is indicating that the Se had succesfully penetrated 
into the ZnO lattice (Chen et al. 2017) and  increased the 
lattice parameters (Wang et al. 2015). The crystal size (D) 
of the sample can be calculated by the Debye-Scherrer 
equation (Patterson 1939).
 						      (1) 

where k, λ, β, and θ represent a constant equal to 0.90, the 
wavelength of the incident X-ray (1.5406 Å), full width 
at half maximum (FWHM) and peak position (in degree), 
respectively. Peak widening of FWHM is associated with 
reduced crystal size. Crystallite size were estimated from 
the strogest peak (002) data, and the lattice parameter 
were calculated from (101) and (002) peak, as shown in 
Table 2.

TABLE 2. Crystallite size and  lattice constant values for the undoped and Se doped ZnO samples

Sample 2θ (°) βFWHM (°) D (nm) a=b (Å) c (Å) c/a

ZnO Pure 36.436 0.226 38.2 3.257 5.206 1.598

ZnO + Se 0.025 mL 36.434 0.245 35.3 3.257 5.214 1.601

ZnO + Se 0.05 mL 34.434 0.237 36.5 3.256 5.214 1.601

ZnO + Se 0.1 mL 34.435 0.208 41.6 3.257 5.206 1.598

ZnO + Se 0.2 mL 34.435 0.218 39.6 3.256 5.206 1.600

At lower Se doping concentration (ZnO+Se 0.025 
mL and ZnO+Se 0.05 mL), the diffraction peak intensity 
is reduced along with FWHM broadening. Broadening 
of FWHM is associated with the reduction of crystallite 
size of ZnO due to the incorporation of Se into ZnO 
(Nenavathu et al. 2018). Decreasing of the Se-doped 
ZnO crystalline size might be due to te Se+4 (0.050 nm) 
displacement of Zn+2 (0.074) in the ZnO matrix (Taha 
et al. 2019). This reduction in crystallite size is similar 
to  the previous report on the synthesis of Se-doped ZnO 
NPs (Taha et al. 2019). However, at the higher Se doping 
concentration (ZnO+Se 0.1 mL and ZnO+Se0.2 mL), the 
intensity of diffraction peaks are increased. This results is 
also consistent with Wang et al. (2019), which states that 
the peak intensity will increase with increasing doping 
volume up to 0.1%. ZnO + Se 0.1 mL sample has the 
largest crystal size or the highest crystallinity. The lattice 

parameter slightly changes compared to the pure ZnO 
sample. Changes in lattice parameters were also observed 
in Se-doped ZnO films made using the thermomechanical 
method. The lattice parameter enlargment indicates that  
Se is integrated at both the interstitial and the O sites (Bae 
et al. 2004). The lattice parameters of ZnO+Se 0.05 mL 
and ZnO+Se 0.2 mL samples are slightly reduced ± 0.001 
Å. The lattice c parameters of the ZnO+Se 0.025 mL and 
ZnO+Se 0.05 mL samples increased by 0.008 Å. Aspect 
ratio (c/a) of the pure ZnO and Se-ZnO samples are around 
1.6. The aspect ratio values ​​obtained are by the values ​​
obtained in the research conducted by Mustafa et al. (2018).

OPTICAL PROPERTIES

To analyze undoped and Se doped ZnO samples, with 
reflectance and absorbance measurements was performed 

FIGURE 3. (a) Reflectance and (b) Absorbance spectra of ZnO and 
Se-doped ZnO samples with different dopant volume

 

    
(a)                                                                              (b) 
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using a UV-Vis spectrophotometer in the wavelength 
range of 300 - 800 nm. The UV-Vis reflectance and 
absorbance spectra of ZnO and Se-doped ZnO with 
different dopant volume are displayed in Figure 3(a) and 
3(b).

The UV-Vis reflectance and absorbance spectra of 
ZnO and Se-doped ZnO with different dopant volume 
are displayed in Figure 3(a) and 3(b). For all samples, 
weak reflectance occurs in the range of 300-380 nm of 
wavelength, while the strong reflectance occurs in the 
range of 380-800 nm of wavelength. The highest strong 
reflectance spectrum belongs to the ZnO+Se 0.2 mL 
sample and the lowest strong reflectance belongs to 
ZnO+Se 0.05 mL sample. The strong reflectance peak shift 
toward the wavelength of visible light (red shift). 

The absorption spectrum of the sample is shown in 
Figure 3(b). In the figure, it can be seen that the absorption 
intensity is inversly related to the reflectance intensity. 
The peak absorption of the ZnO nanorods occurs in the 
range of ultraviolet (UV) wavelength (Wang et al. 2019). 
The weak absorption occurs in the visible range which 

indicates the characteristics of the ZnO semiconductor 
(Sutanto et al. 2016). The increase in absorption intensity 
in the 300-380 wavelength range suggests more electrons 
from the sample being excited from a lower energy level 
to a higher energy level.

The band gap energy of each sample can also be 
determined from the reflectance and absorbance spectra. 
The band gap energy of the sample can be estimated using 
the Tauc plot equation,
		
                             αhvn = A(hv - Eg)                            (2)
         
where α, h, v, A, and Eg represent the absorbance 
coefficient, Plank constant, frequency, proportionality 
constant, and band gap energy, respectively. Value n 
used for ZnO is 2, because ZnO is a direct band gap 
semiconductor. Band gap energy was determined by 
plotting the Tauc plot (αhυ)2 vs vs (hυ). The band gap 
energy is obtained by extrapolating the linear curve to the 
x-axis (hυ). The Tauc plot of the undoped and Se doped 
ZnO sample were shown in Figure 4.

 

 

 
 

(a) (b) 

(c) (d) 

(e) 

FIGURE 4. Tauc’s plot of the undoped (a) and Se doped ZnO 
samples with different dopant volume (b) Se 0.025mL, (c) Se 0.05 

mL, (d) Se 0.1 mL, and (e) Se 0.2 mL
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According to Figure 4(a), band gap energy of pure 
ZnO nanorods is 3.38 eV. Low addition of dopant volume 
less than 0.2 mL has slightly changed the band gap energy  
± 0.01eV.  The lowest band gap energy is found in the 
sample with the addition of Se 0.2 mL (~3.36 eV). The 
doping effect in semiconductor nanoparticles normally 
change both valence band (VB) or conduction band (CB) 
energy level, causing the widening or narrowing of the 
band gap (Walsh et al. 2008). According to the Burstein-
Moss theory, electrons donor in Se-doped ZnO occupy the 
bottom of the ZnO conduction band (Chen et al. 2017). A 
small decrease in the band gap energy in the ZnO+Se 0.2 
mL sample indicates an additional energy bands from the 
doping element into the ZnO nanorods conduction band 

(Ashari et al. 2016). The band gap energy reduction of 
the Se-doped ZnO nanorods sample was also obtained 
in the study of Taha et al. (2019). The reduction of band 
gap energy  indicates that more valence band electron  
experience transition to the conduction band (Duan et al. 
2006). However, increase of band gap energy caused by 
ZnO doping with Se might be occured after Se/ZnO 
molar ratio of 1:1, as previously reported (Chen et al. 
2017).

Figure 5 shows the photoluminescene spectra of 
doped and undoped ZnO nanorods. The peak emissions 
that occur in the sample are blue emission bands. This 
emission band is related to near band edge (NBE) caused 
by an oxygen vacancy (Kannappan & Dhanasekaran 2014).

FIGURE 5. Photoluminescence spectra of ZnO pure and Se-ZnO

The peak of pure ZnO nanorods emission occurs at 
the wavelength of 470 nm. On the other hand, with the 
addition of the Se element into ZnO, the emission peak 
increases and shifts towards the greater energy. The raise 
in the intensity of the blue emission band attribute to an 
increase in the concentrations of Se atoms. This result was 
also obtained by Nenavathu et al. (2018) who doped 5% of 
Se to ZnO. The PL intensity of Se-doped ZnO nanoros is 
higher than pure ZnO, indicating that the recombination 
of electrons and photo-induced holes still occurs (Chen et 
al. 2017). The shift in peak NBE emissions that occured 
can be ascribed to the incorporation of dopants, which 
causes a change in the band gap energy value. 

CONCLUSION

In summary, undoped and Se-doped ZnO nanoparticles 
have been synthesized by the seed-mediated hydrothermal 

method. FESEM images show the samples are nanorod 
shaped. XRD analysis showed that the average crystallite 
size of obtained ZnO in the ranges of 35 to 42 nm with 
average aspect ratio of 1.6. The optical properties of 
ZnO pure and Se-doped ZnO was evaluated by UV-
Vis reflectance and absorbance spectra. The band gap 
energy shows no significant changes that occurred with 
value 3.38 eV. Besides, the PL spectrum shows that the 
recombination of electrons and photogeneration of holes 
still occurs.
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