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Abstract
The hydrothermally synthesised nanorods of Zn1 − xTbxO(x = 0.00, 0.02, 0.05, 0.1) were carried over here to analyse the 
changes in its optical, magnetic and electrical behavior on doping. Formation of hexagonal wurtzite structure with parti-
cle size in the range of 36 nm–22 nm was confirmed by X-Ray diffraction studies. The morphology of the samples was 
confirmed by SEM (Scanning electron microscope) images alongwith its TEM (transmission electron microscope) micro-
graphs. SAED (Selected area electron diffraction) and HRTEM (High resolution transmission electron microscope) shows 
the clear formation of nanorods. The quantitative analysis of elemental composition was done by energy dispersive X-ray 
spectroscopy (EDAX). The effect of increase in dopant concentration on band gap was analysed by UV-vis spectra; the band 
gap was found to be 3.35, 3.31, 3.30, 3.28 eV for undoped and 2%, 5% and 10% Tb-doped ZnO nanorods respectively. The 
presence of various types of defects was verified by PL study. The room temperature ferromagnetism behavior was tested 
by VSM and saturation magentization varies from 0.004 emu/g to 0.05 emu/g for undoped to 10% tb-doped ZnO nanorods. 
The dependence of resistivity on dopant concentration was carried out by four probe method which shows rise in resistivity 
with increasing dopant concentration.

1  Introduction

In the last few years metal oxides, such as Zinc oxide (ZnO), 
have sought interest of various researchers because of their 
less toxic nature and low cost. The usage of zinc oxide has 
been seen as a feasible way out for environmental protec-
tion [1]. ZnO in its hexagonal wurtzite form have a direct 
band gap value of 3.37 eV with a high exciton binding 
energy (~ 60 meV) at room temperature [2]. A wide range 
of applications of ZnO include field-effect transistor, opti-
cal device, dye-sensitized solar cell, solid-state gas sensor 
etc. [3–5]. ZnO semiconductors show n- type behavior as 
electrons act as charge carriers in conduction band. Vari-
ous applications of ZnO are based on its composition along 
with some important properties such as grain size, density 
and morphology [6]. In the previous reports the doping of 
transition metal ions introduces RTFM in ZnO lattice. This 

RTFM behavior in ZnO arises due to presence of partially 
filled 3d shells of TM metal ions. But TM doped ZnO offers 
smaller magnetic moment as compare to RE dopant ions [7]. 
The presence of partially filled 4f orbital results in ferro-
magnetic ordering which results in larger magnetic moment 
and enhanced RTFM behavior of RE metal doped ZnO sam-
ples [8–10]. Terbium (Tb) possesses high magnetic moment 
per atom (9µB), which makes it a good dopant material as 
compared to transition metals having low magnetic moment. 
Alongwith this extraordinary optical property of Tb makes 
Tb-doped ZnO DMS material significant for not only mag-
netic study but also for magneto-optical and optoelectronic 
devices [11]. The work on influence of dopant on physical, 
optical, magnetic and electrical properties of ZnO is con-
cerned with its applications in various magnetic devices and 
electronic component.

In present work, our aim is to synthesis Tb-doped ZnO 
nanorods in order to increase its magnetization at room tem-
perature and its optical and electrical behavior is also ana-
lyzed. It is evident from the results that variation of dopant 
concentration helps in modifying behavior of ZnO nanoma-
terials to make it more suitable for DMS based applications.
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2 � Experimental

Various concentration of Zn1 − xTbxO (x = 0.00, 0.02, 0.05 
and 0.1) nanorods were prepared by conventional hydro-
thermal method. The synthesis procedure of nanorods is 
same as given in the literature [12, 13]. Zinc acetate dihy-
drate: (Zn(CH3COO).2H2O) and Terbium (III) nitrate pen-
tahydrate: (Tb(NO3)3.5H2O) procured from sigma Aldrich 
(~ 99% purity) were used as a precursors of Zinc and Ter-
bium respectively. Firstly, stoichiometric measure of CTAB 
and NaOH were mixed in 50 mL of refined water and then 
freeze it for 15 min. 5.95 g of Zinc nitrate hexahydrate 
[Zn(NO3)2.6H2O] was made to dissolve in 50 mL of water 
accompanied by irresistible stirring at normal room tempera-
ture. The deep-freeze mixture of CTAB and NaOH is then 
combined with Zinc nitrate solution and mixed for 60 min 
on stirrer. This arrangement is then moved in 100 ml Teflon 
coated stainless steel autoclave and maintained at 200 °C for 
20 h. To finish all the precipitates, which were obtained by 
the centrifugal method are usually dried approximately at 
80 °C to acquire ZnO nanorods. Similar method was opted 
for various concentrations of Tb-doped ZnO nanorods.

The structural analysis of prepared samples was done by 
using (PANalytical X’Pert PRO MRD) X-ray Diffractometer 
with Cu-Kα (λ = 1.5406 Å) operated at 45 kV and 40 mA in 
the range of 20° ≤ θ ≤ 80°. The formation of rod-like struc-
ture was confirmed with the help of (Hitachi-H7650) high 
resolution transmission electron microscope (HRTEM). The 
quantitative elemental composition analysis was carried out 
by energy dispersive X-ray spectroscopy (EDAX) system of 
OXFORD analytical. Perkin Elmer Lambda 45 spectropho-
tometer in the wavelength range of 200–800 nm was used 
to obtain UV-Vis absorption spectrum and Perkin Elmer 

fluorescence spectrometer was used to find PL spectrum 
with excitation wavelength of 310 nm to analyze the optical 
behavior of ZnO nanorods. The M–H plot of synthesized 
nanorods was recorded by Lake Shore’s fully integrated 
vibrating sample magnetometer (Lake Shore model-7404). 
The resistivity measurement was done with four probe 
arrangement.

2.1 � Structural study

The crystallinity and crystal orientation of the undoped and 
Tb-doped ZnO nanorods are indicated in their respective 
XRD pattern (Fig. 1). In diffraction pattern the peak posi-
tion of the synthesized samples are in accordance with the 
hexagonal wurtzite structure of ZnO indicated in standard 
JCPDS card no 36-1451 [8]. Absence of any additional peak 
indicates the purity of samples and successful substitution of 
Tb ions inside the host material. Furthermore, the intensity 
of the peaks gets reduced with increasing dopant concen-
tration exhibiting decrease in crystallinity of nanorods on 
doping [14].It has been observed that diffraction patterns 
exhibit broad peaks showing that the synthesized nanorods 
are composed of smaller crystallites [15].

To find the effect of dopant on the crystallite size of ZnO 
nanorods, Scherrer’s formula was used as given here:

where, D is the size of crystal; λ, the wavelength; β, is the 
line broadening at half of the value of maximum intensity 
(FWHM) and, θ, the diffraction angle [16, 17]. The calcu-
lated values of crystallite size and lattice parameters were 
reported in Table 1. Figure 1 confirms no impurity phase 

D =
0.9�

�cos�

Fig. 1   XRD pattern of undoped 
and Tb (0.02, 0.05 and 0.10) 
doped ZnO nanorods
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evident in Tb-doped ZnO samples, specifies that the pre-
pared samples are of single phase which clearly indicates 
that Terbium has been incorporated into the lattice properly.

2.2 � Morphological and compositional study

Figure 2 (a-d) represent the images of SEM, SAED, TEM 
and HRTEM respectively of the Tb-doped ZnO nanorods, 
which confirm the rod like morphology of the samples. 
SEM image as well as TEM micrograph confirms the 

formation of rod-like morphology of the synthesized sam-
ple. The presence of clear fringes has been observed in 
HRTEM analysis and the observed value of d-spacing is 
0.357 nm. The diameter of the nanorods lies in between 40 
and 50 nm. The chemical composition of 10% Tb-doped 
ZnO nanorods was analyzed by using EDAX spectra. Fig-
ure 3 confirms that synthesized nanorods were composed 
of Zn, Tb and O and are in accordance of their stoichiom-
etry. Also it ensures the absence of any kind of impurity 
ions.

Table 1   Values of lattice 
parameters, d-spacing, 
crystallite size, band gap, and 
saturation magnetization for 
undoped and Tb-doped ZnO 
nanorods

Doping concen-
tration (% age)

Lattice parameters d-spacing (nm) Crystallite 
size (nm)

Band gap (eV) Saturation 
magnetiza-
tion (emu/g)a = b (Å) c (Å)

0.00 3.246 5.175 2.472 36.71 3.35 0.0042
0.02 3.244 5.185 2.471 30.02 3.31 0.0276
0.05 3.231 5.187 2.463 23.90 3.30 0.0359
0.10 3.229 5.201 2.462 22.59 3.28 0.0519

Fig. 2   a SEM and b SAED pattern c TEM and d HRTEM images of 10% Tb-doped ZnO nanorods
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3 � Optical study

3.1 � UV‑vis study

UV-vis absorption spectrum of undoped and Tb-doped ZnO 
nanorods is shown in Fig. 4. To find the value of band gap 
Eg, λ1/2 method has been used;

where h, is Planck’s constant; c, is velocity of light. In this 
method, the value of absorption band edge wavelength 
referred as λ1/2 has been calculated. This band edge wave-
length corresponds to 50% wavelength corresponding to 
excitonic peak [18]. The observed values of band gap are 
reported in Table 1. It is perceived from Fig. 5 that absorp-
tion edge is shifted towards higher wavelength (i.e. band gap 
decreases) with a rise in dopant concentration. This drop in 

Eg =
hc

�1∕2

band gap value with the corresponding increase in crystal-
lite size indicated the red shift. This observed red shift is 
attributed to the origin of new levels in the energy band of 
host ZnO lattice due to introduction of Tb ions. Also the 
increased sp–f exchange interactions between host ions and 
dopant ions can lead to decrease in band gap value [19, 20].

3.2 � Photoluminescence study

Figure 6 shows room temperature PL spectrum of undoped 
and Tb-doped ZnO nanorods, recorded at excitation wave-
length of 310 nm. PL spectra consist of two main parts: a 
sharp and intense UV emission (centered at 390 nm) and 
a weak visible emission [21]. For undoped ZnO nanorods 
the intensity of peak in UV region is very high but with 
the incorporation of Tb ions, the intensity of peak has been 
found to diminish. This decrease in intensity corresponds 
to decrease in crystalline nature of doped sample, which is 

Fig. 3   EDAX pattern of 10% 
Tb-doped ZnO nanorods

Fig. 4   UV-vis absorption spectra of undoped and Tb (0.02, 0.05, 
0.10) doped ZnO nanorods Fig. 5   Band Gap variation of ZnO nanorods as a function of doping 

concentration
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in accordance with XRD results. This sharp UV emission 
corresponds to near band edge transition whereas visible 
emissions are due to defect related transitions [22]. The rare 
earth ions exhibit electron–electron and spin orbit interac-
tions within 4f shell. These d–f transitions are strictly forbid-
den, as electric dipole transitions in case the rare earth ions 
occupy the inversion symmetry site in crystal lattice [23].

3.3 � Magnetic study

The M-H plots of undoped and Tb-doped ZnO nanorods are 
given in Fig. 7 and, the observed values of magnetic satura-
tion was reported in Table 1. The undoped ZnO nanorods 
exhibit ferromagnetic behavior in contrast to diamagnetic 
behavior of bulk ZnO. The high magnetic moment of Tb 

(~ 9µB) induces ferromagnetism in ZnO at nanoscale [11]. 
The random distribution of dopant ion in host ZnO lattice 
results in weak interaction among ions which lead to the 
observed ferromagnetism. These interactions depend on 
the spacing among ions which affects the strength of cou-
pling between Tb3+ ions and Zn2+ ions [24]. Also, the sp-f 
exchange interactions can be responsible for the observed 
ferromagnetism [25]. This observed room temperature fer-
romagnetism can also be credited to presence of intrinsic 
defect or oxygen vacancies in the synthesized nanorods [26].

3.4 � Electrical study

The effect of various concentrations of Tb as dopant on 
electrical resistivity of ZnO has been shown in Fig. 8. It is 
clear from the figure that electrical resistivity of Tb-doped 
ZnO nanorods is greater than undoped ZnO. This rise in 
resistivity of doped nanorods is due to decrease in mobil-
ity of charge carriers because of the segregation of dopant 
ions near the grain boundary [27]. Also increase in strain 
and smaller crystallite size were reported as the probable 
reason for such increase in resistivity [28]. The increase in 
dopant concentration gives rise to the generation of defect 
ions which enables the formation of defect barriers at grain 
boundary, leading to obstruction to the flow of charge carri-
ers [29]. Thus it can be analyzed form the results that doping 
concentration plays an important role in tuning the conduc-
tivity of the samples.

4 � Conclusions

The structural and morphological analyses of Tb-doped 
ZnO nanorods reveal the formation of well aligned wurtz-
ite structured nanorods without any impurity. Optical study 

Fig. 6   PL spectra of undoped and Tb (0.02, 0.05, and 0.10)-doped 
ZnO nanorods

Fig. 7   Magnetization curves of undoped and Tb (0.02, 0.05 and 
0.10)-doped ZnO nanorods Fig. 8   Variation of resistivity with doping concentration
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shows that the red shift arises because of some exchange 
interaction between Tb ions and Zn ions. Sharp UV emission 
has also been found in photoluminescence study due to near 
band edge transitions. The magnetic saturation of samples 
increases with dopant concentration, which confirms Tb-
doped ZnO as a suitable candidate for spintronic applica-
tions. The increase in value of resistivity with Tb ions sug-
gests the way to control the conductivity of ZnO nanorods.
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