
Vol.:(0123456789)1 3

Journal of Electronic Materials (2022) 51:1505–1511 
https://doi.org/10.1007/s11664-021-09418-1

ORIGINAL RESEARCH ARTICLE

Investigation of the Effect of (Nd, Al) Co‑doping on the Microstructure 
and Electrical Conductivity of ZnO

Quan‑Guo Liu1 · Yu Shi1 · Yong Chen2 · Mao‑Hua Wang1

Received: 6 July 2021 / Accepted: 23 December 2021 / Published online: 13 January 2022 
© The Minerals, Metals & Materials Society 2022

Abstract
(Nd, Al) co-doped ZnO was prepared via a simple sol-gel method with 1% Al and different mole fractions of Nd (0, 0.5, 1, 
1.5, 2%). The microstructure, optical properties and electrical conductivity of (Nd, Al) co-doped ZnO were studied by x-Ray 
diffraction (XRD), field emission scanning electron microscopy (FESEM), ultraviolet-visible spectroscopy (UV-vis), photo-
luminescence (PL) and DC resistivity measurement. According to the XRD spectrum, the sample has a hexagonal wurtzite 
structure and no Nd phase. The addition of Nd inhibits the crystal growth along the c-axis and reduces the crystallite size 
from 24 nm to 16 nm. From the analysis of the UV-vis spectrum, it can be seen that the doping of Nd enhances the visible 
light absorption of the sample and reduces the band gap from 3.09 eV to 2.99 eV. The prepared samples have a negative 
resistance temperature coefficient (NTC). The addition of Nd hinders the electron conduction and increase the DC resistivity 
of samples at a certain temperature. According to the Arrhenius equation, the activation energy of (Nd, Al) co-doped ZnO 
increases from 0.21 eV to 0.27 eV with the addition of Nd.
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Introduction

ZnO is an important n-type semiconductor material1. It has 
been widely studied and applied because of its wide band 
gap, large exciton binding energy, and high electron Hall 
mobility.2,3 Doping can change the physical and chemi-
cal properties of semiconductor materials to produce new 
materials with excellent properties.4 Some literature stud-
ies have confirmed that doping an adequate amount of Cu, 
Al, Ni and Nd into ZnO nanocrystals can change the opti-
cal, magnetic and electrical properties.5 (Nd, Al) co-doped 
ZnO has been studied by many scholars because of its low 
cost, good thermal stability, high optical transparency and 
low electrical resistivity.6 Huang et al.7 prepared rod-like 
Al-doped ZnO by hydrothermal synthesis and obtained a 
minimum resistivity of 3.959×104 Ω cm when the doping 
ratio of Al was 2%. Hartner et al.8 found that the resistivity 

of ZnO doped with Al calcined in hydrogen atmosphere 
(1.9×102 Ω cm) is several orders of magnitude smaller than 
that calcined in air atmosphere (7.8×105 Ω cm). Common 
doping methods include vapor deposition,9 molecular beam 
epitaxy,10 sol-gel synthesis,11 and solvothermal processing. 
The sol-gel synthesis method was selected in this experiment 
because of its low cost, simple process and large number 
of nanoparticles.12 Rare earth elements possess a 4f layer 
electronic structure and other properties, so they are widely 
used in doping ZnO.13 Among rare earth elements, Nd is 
one of the best elements for doping because of its unique 
optical and magnetic properties. The ionic radius of Nd3+ 
(98 pm) is bigger than that of Zn2+ (74 pm). As long as the 
crystal structure changes slightly, Nd ions can replace Zn 
ions easily. Therefore, Nd and Al were chosen as co-doping 
elements in this paper. The known reports on (Nd, Al) co-
doped ZnO mainly focus on its catalytic, optical, and mag-
netic effects. However, the effect of (Nd, Al) co-doping on 
the electrical properties of ZnO also has important research 
value. In particular, its magnetic properties may cause spe-
cial changes in the electrical properties of ZnO. Therefore, 
the (Nd, Al) co-doped ZnO samples were prepared by sol-
gel method, and the structure and electrical properties were 
investigated. In terms of electrical properties, we measured 
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the DC resistivity and calculated the activation energy. In 
the research of ZnO composites, the ZnO-based ceramic 
is a very important application. In the ZnO-based varistor 
ceramics and ZnO linear ceramics, the trend of changing 
activation energy can roughly reflect the change of nonlinear 
system, in which the nonlinear coefficient can directly indi-
cate the performance of ceramics. Therefore, the calculation 
of activation energy is very meaningful for the subsequent 
application of ZnO-based ceramics.

Experimental Procedure

Synthesis of (Nd, Al) Co‑Doped ZnO

All the chemical agents used in the experiment were analyti-
cally pure and used as received. Sol-gel synthesis was the 
preferred preparation method for (Nd, Al) co-doped ZnO 
using Al(NO3)3·9H2O, Zn(NO3)2·6H2O, Nd(NO3)3·6H2O, 
and triethanolamine (TEA). A 10.395-g amount of 
Zn(NO3)2·6H2O and 0.1313 g of Al(NO3)3·9H2O were dis-
solved in 100 ml deionized water (Zn:Al=100:1), and the 
mixed solution was stirred intensely for 30 min at room 
temperature. Nd(NO3)3·6H2O (with different mole fractions) 
was put into the mixed solution and stirred intensely for 30 
min. TEA of an equal mole to total metals was dropped into 
the mixed solution and stirred for 1 h in a water bath at 70°C. 
After that, the sample was died at 170°C until a dry gel was 
obtained. The sample was calcined at 700°C for 3 h with 
a heating rate  of 5°C min-1 to get (Nd, Al) co-doped ZnO 
(Nd/Zn = 0, 0.5%, 1%, 1.5%, 2%) nanoparticle powder. In 
addition, the xerogel powder was milled with 2 wt% poly-
vinyl alcohol (PVA) as a binder for 1 h. After milling, the 
slurry was dried at 110°C for 2 h. The as-dried powder was 
then uniaxially pressed into discs of 10-mm diameter and 
3-mm thickness using a universal hydraulic presser. It was 
calcined for 3 h under the same conditions for subsequent 
electrical property tests. Different samples are represented 
by NAZ-x (x = 0, 0.5, 1, 1.5, 2%) according to the Nd dop-
ing concentration.

Characterization

The morphology of the powder sample was analyzed by 
using SEM (JEOL JSM-7500F microscope). The crystal-
line phases of (Nd, Al) co-doped ZnO were analyzed by 
x-ray powder diffraction (XRD) using a Rigaku D/max-2550 
diffractometer (operated at 40 kV per 200 mA) with Cu Kα 
radiation (λ = 1.5406 Å). The optical properties of the sam-
ple were studied by emission spectroscopy (Perkin Elmer 
LS-55 fluorescence spectrometer) and UV-vis spectroscopy 
(Hitachi U-3900 UV-vis spectrophotometer). The change of 

DC resistivity with temperature was measured on an LCR 
meter (Applent AT821).

Results and Discussion

Morphology and Structure

The SEM pictures of NAZ-x (x = 0-2%) are shown in 
Fig. 1a-e. With the increase of Nd doping concentration, 
the morphology of ZnO grains has no obvious change. It 
can be observed from the figure that the (Nd, Al) co-doped 
ZnO sample is composed of irregular small particles with 
an average diameter around 40 nm. Figure 1f shows the EDS 
analysis spectrum of the NAZ-2% sample at point 01. EDS 
analysis indicates the co-existence of Zn, Al, Nd, and O, 
which further confirms the formation of NAZ-x powders.

Figure 2 shows the XRD result of (Nd, Al) co-doped ZnO 
powder. All samples conform to a hexagonal wurtzite struc-
ture of ZnO (JCPDS. No: 36-1451, space group: p63mc). 
The XRD patterns of (Nd, Al) co-doped ZnO show nine 
diffraction peaks corresponding to (100), (110), (101), (200), 
(102), (103), (112), (002) and (201) crystal planes of ZnO 
hexagonal structure, respectively. There is no second phase 
in the results, which indicates that the doped Nd3+ success-
fully enters the ZnO lattice, and the Nd3+ is substituted at 
the Zn site. It can be observed from the picture that with the 
increase of Nd molar ratio, the diffraction peak intensity 
decreases obviously and the crystallinity becomes worse. 
This may be caused by the lattice distortion of ZnO doped 
with an Nd ion.14

The average crystallite size of the (Nd, Al) co-doped ZnO 
sample was calculated by using Scherrer’s formula:

where β is full-width at half maximum of a distinctive peak 
(rad), θ is the Bragg angle of diffraction and λ is the x-ray 
wavelength (1.5406 Å for Cu Kα).

The lattice parameters (a, c) of the (Nd, Al) co-doped 
ZnO samples were calculated using Bragg's equation:

where n is the diffraction order, λ is the x-ray wavelength, d 
is the spacing between crystal planes, θ is the angle between 
the incident x-ray and the corresponding crystal plane.

The lattice parameters of (Nd, Al) co-doped ZnO 
are listed in Table I. The value of c decreases with the 
increase of Nd mole fraction because the growth of ZnO 
lattice along the c-axis is inhibited by Nd ions. In addi-
tion, the peak width of the (101) crystal plane increases 
gradually, which indicates that the crystallite size of ZnO 

(1)D =
0.89�

� cos �

(2)n� = 2d sin �
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decreases.15 The average crystallite size decreases with 
the increase of Nd mole fraction. When the Nd doping 
ratio is 1.5%, the average crystallite size reaches the mini-
mum value of 14.97 nm. When the mole fraction of Nd 
ions is 2%, the c-axis and unit cell volume increase, which 
may be caused by the excessive doping of Nd ions. The 
reason for the decrease of crystallite size may be due to 
the larger radius of the Nd ion, which also proves that Nd 
was successfully doped into ZnO.

Optical Characterization

The UV-vis spectrum of samples is shown in Fig. 3a. First, 
it can be observed from the figure that all five samples have 
an intense absorption initiation at ~380 nm, which matches 
the 1Sh→1Se exciton transition of ZnO and is similar to 
the absorption initiation of Eu3+ -doped ZnO.16 With the 
addition of Nd, a weak absorption peak appears at 585 nm 
and 746 nm, respectively, which is related to the unique 

Fig. 1   (a-e) SEM images of (Nd, Al) co-doped ZnO powder with different Nd mole fractions, (f) EDS spectrum for the NAZ-2% sample at point 
01.
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near-infrared optical performance of Nd. Then the absorp-
tion band edge of the (Nd, Al) co-doped ZnO is about 400 
nm. With the increase of Nd mole fraction, the absorption 
band edge shows a redshift which means the absorption 

range of visible light increases. The band gap width of (Nd, 
Al) co-doped ZnO is found by this formula:

where α is optical absorption coefficient, A is a constant, hν 
is the photon energy and Eg is the optical band gap. We drew 
the relation curve between (α hν)1/2 and hν and then extrapo-
latd the linear portion of the absorption edge. The band gap 
of (Nd, Al) co-doped ZnO can be obtained by counting the 
intercept with the energy axis.

It is observed from Fig. 3b that the band gap width of (Nd, 
Al) co-doped ZnO is 3.09 eV, which gradually decreases to 
2.99 eV with the increase of Nd mole fraction. The decrease 
of band gap width corresponds to the change of visible light 
absorption range. These results can be attributed to the sur-
face plasma resonance of Nd,17 which further confirms that 
Nd has been successfully doped into (Nd, Al) co-doped 
ZnO. However, when the mole fraction of Nd exceeds 1.5%, 
the band gap width increases again which could be related to 
the intense interaction between ZnO and Nd surface oxide.18

The PL spectra of (Nd, Al) co-doped ZnO are shown in 
Fig. 4. There are ultraviolet excitation peaks, ultraviolet 
emission peaks and red emission peaks at 335 nm, 375 nm 
and 672 nm, respectively. The UV excitation and emission 
peaks of ZnO with a band gap of 3.37 eV are located at 
325 nm and 369 nm. The position of the two peaks in the 
spectrum show a redshift, which is caused by the decrease 
of the band gap of ZnO after (Nd, Al) co-doping. When the 
Nd mole fraction is 1.5%, the UV excitation intensity of 
(Nd, Al) co-doped ZnO is obviously enhanced. Since the 
UV excitation is caused by exciton recombination, the inten-
sity of UV excitation is bound up with the concentration of 
excitons in (Nd, Al) co-doped ZnO.19 Nd doping improves 
the crystal quality and free exciton concentration of the (Nd, 

(3)(�h�)1∕2 = A
(

h� − Eg

)

Fig. 2   XRD patterns of NAZ-x (x = 0-2%).

Table I   Lattice parameters (a, c), lattice parameters ratio (c/a), aver-
age crystallite size (D) and unit cell volume (V) of (Nd, Al) co-doped 
ZnO

Samples D (nm) a (Å) c (Å) c/a V (Å3)

NAZ-0 23.96 3.25068 5.2096 1.6026 47.6748
NAZ-1% 17.29 3.25256 5.1994 1.5986 47.6371
NAZ-2% 17.29 3.25256 5.1994 1.5986 47.6371
NAZ-3% 14.97 3.25261 5.1985 1.5983 47.6004
NAZ-4% 15.93 3.25068 5.2032 1.6006 47.6162

Fig. 3   (a) Absorbance spectra of (Nd, Al) co-doped ZnO with various Nd doping concentrations, (b) Relation curve (α hv)1/2 and hv.
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Al) co-doped ZnO, resulting in the increase of electron-hole 
recombination rate. In addition, it was found that when the 
Nd doping concentration is 1.5%, the ratio of the UV excita-
tion intensity of the (Nd, Al) co-doped ZnO to the visible 
light emission intensity is the largest, which means 1.5% Nd 
doping reduced the defects in the (Nd, Al) co-doped ZnO.18 
However, the intensity of UV emission weakens when the 
Nd mole fraction is greater than 1.5%. The reason may be 
that excessive Nd doping reduces the crystal quality of (Nd, 
Al) co-doped ZnO, resulting in the decrease of free exciton 
concentration and electron-hole recombination rate.

DC Resistivity

The relationship between DC resistivity and temperature of 
(Nd, Al) co-doped ZnO has been analysed and is shown in 
Fig. 5. The DC resistivity decreases with the increase of 
temperature and shows a typical NTC effect. The increase in 

temperature of the semiconductor material provides enough 
energy for the electrons trapped in the atom to pull out the 
VB. This triggers the change of effective density of electrons 
and holes, which improves the conductivity.20

The DC resistivity of (Nd, Al) co-doped ZnO increases 
with the increase of Nd mole fraction at a certain tempera-
ture. which can be explained by the larger concentration 
of Nd ion intensifying the defects in the crystal materials. 
These defects cause electron scattering and hinder the elec-
tron conduction process, thus reducing the conductivity.21 
In addition, the decrease of crystallite size results in the 
increase of crystallite boundary in the (Nd, Al) co-doped 
ZnO. The electron trapping near the grain boundary hinders 
the motion of electron and reduces the conductivity of the 
sample.22

The relationship between the change of DC resistivity and 
temperature is found by the Arrhenius formula:

where ρ is the DC resistivity, ρ0 is a constant with the dimen-
sions of resistivity, Ea is activation energy for the material 
and KB is Boltzmann's constant.

Figure  6 shows the relationship between ln (ρ) and 
1000/T for (Nd, Al) co-doped ZnO. The activation energy 
of the (Nd, Al) co-doped ZnO was found according to the 
slope of the fitting line and the Arrhenius formula. Ea of 
samples showed an overall increasing trend with the increase 
of Nd mole fraction, which was 0.21 eV, 0.25 eV, 0.26 eV, 
0.27 eV and 0.22 eV, respectively. When the mole fraction 
of Nd increases from 0 to 1.5%, Ea of the sample increases 
from 0.21 eV to 0.27 eV. The main reason may be that the 
defects produced by dopants hinder ion transport because 
the Ea is closely related to ion mobility.20 When the Nd dop-
ing concentration increases from 1.5% to 2%, the activation 
energy of the sample decreases from 0.27 eV to 0.22 eV. The 
decrease of Ea of the NAZ-2% may be related to the increase 
of gap width and the improvement of electron mobility.

Conclusion

The structure, optical and electrical conductivity of (Nd, Al) 
co-doped ZnO powders synthesized by sol-gel method were 
systematically studied. The doping of Nd ions into the ZnO 
lattice induces lattice distortion and suppresses the growth 
along the c-axis direction so that the average crystallite size 
is reduced from 30 nm to about 20 nm. The increase of the 
Nd mole fraction widens the visible light absorption range 
of the (Nd, Al) co-doped ZnO and the band gap width also 
reduces from 3.085 eV to 2.994 eV. The DC resistivity of 
the sample decreases with increasing temperature and shows 

(4)� = �
0
e(Ea∕KBT)

Fig. 4   PL spectra obtained for (Nd, Al) co-doped ZnO nanoparticle 
samples under the atmospheric conditions.

Fig. 5   Relationship between DC resistivity and temperature.



1510	 Q.-G. Liu et al.

1 3

the NTC effect. With the increase of the concentration of Nd 
ions, the resistivity of the samples at a certain temperature 
increases. The doping of Nd produces defects, reduces the 
ion migration ability and increases the activation energy.
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