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Abstract 
In this manuscript, we are reporting structural, bonding, optical, dielectric, 
and electrical properties of Gd-doped ZnO composite samples (Zn1−xGdxO, 
x = 0, 0.05, 0.10) prepared by solid-state reaction method. XRD spectra con-
firm the wurtzite hexagonal phase with a grain size distribution of 42 - 47 nm. 
The FT-IR spectra confirm bonding behavior like Zn-O, O=C=O, and O-H 
stretching modes. FESEM micrographs show that the grains of crystallites pos-
sess nearly spherical morphology. Optical absorption spectra confirm that the 
optical band gap decreases systematically from 3.19 eV to 3.15 eV for x = 0.0 
to x = 0.10 samples. For all samples, PL spectra exhibited near-band emission, 
blue emission, and green emission peaks. The dielectric constant decreases as 
the applied frequency increases. Hall effect results show that with increasing 
doping concentration of Gd, mobility and resistivity increase while bulk con-
centration decreases. Current-Voltage study shows that current increases when 
temperature is increased. Rare earth-doped ZnO is potential material used 
for optoelectronics and spintronics device applications. Properties of Gd-doped 
ZnO are studied by various research groups, but dielectric studies are limi-
tedly reported. Therefore, the present research work aims to study the change 
of electrical, optical, and dielectric properties of Gd-doped ZnO for device ap-
plications. 
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1. Introduction 

In the past decades, the scientific and research interest in bulk and nanostruc-
tured wide-band semiconductors has grown. These materials have extraordinary 
properties like chemical, optical, dielectric, electrical and magnetic [1]. Among 
these semiconductors, pure zinc oxide has remarkable properties like wide bandgap 
(3.3 eV), and good optical transparency and furthermore, ZnO has an exciton 
binding energy of 60 meV, which is significantly greater than the thermal energy 
(25 meV) at ambient temperature. Additionally, inexpensive cost of manufacture, 
highly thermal stable, non-toxic, chemical and mechanical stable properties en-
courages the usage of ZnO in a variety of forms. Zinc oxide (ZnO) is one of the 
most essential metal oxides for the use in various forms like photocatalysts [2] [3], 
dye-sensitized solar cells [4], chemical sensors [5], spintronics [6], etc. Doping ZnO 
with suitable elements appears to increase its characteristics for device manufac-
turing. Transition metals like Co, Mn and Ni-doped ZnO have been widely inves-
tigated by various research groups [7] [8] [9] [10].  

Doping ZnO with rare earth metals results in ferromagnetic characteristics 
[11]. Er-doped ZnO composites show room-temperature ferromagnetic charac-
teristics [12]. The luminescence characteristics of Ce-doped ZnO nanocrystals 
demonstrate that the emission intensity is reduced, which is expected to be re-
lated to creating more surface defects [13]. ZnO:Nd3+ nanopowders were pre-
pared by a controlled solid-state reaction method at high temperatures [14]. The 
presence of sharp visible emission in Nd-doped ZnO has enormous promise in 
light-emitting applications. Gd has been identified as a useful dopant among 
rare earth metals and has become the subject of numerous studies due to its in-
triguing applications in optoelectronic and magnetic devices. The addition of Gd 
(gadolinium) has drawn the interest of researchers due to the half-filled f-orbital 
influence, which is thought to have a significant impact on the photocatalytic ac-
tivity of ZnO [2]. Gd doping in ZnO can be useful for energy harvesting devices 
[15]. Gd-doped ZnO thin films synthesized by sol-gel spin coating [16] and (Gd, 
Co) co-doped ZnO-based nanotubes synthesized by the co-precipitation method 
[17] can be used for spintronics applications. Solid state reaction method was used 
to synthesize ZnO phosphors co-doped with Gd3+/Yb3+ [18]. Synthesized phosphors 
could be potentially used in light-emitting diodes. r-GO-supported Gd-doped ZnO 
composite prepared by the hydrothermal route is helpful in preparing an effi-
cient photocatalyst [19]. Gd-doped ZnO thin films synthesized through the 
co-sputtering method show that the magnetic properties of ZnO increase after 
Gd doping, and the behavior of thin films changes from diamagnetic to paramag-
netic after Gd doping [20]. 

Different synthesis techniques, like spray pyrolysis [21], sol-gel method [22], 
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magnetron sputtering [23], sonochemical methods [24], etc. are available for the 
synthesis of ZnO nanostructures with various morphology and size. Ma and 
Wang used a thermal evaporation vapor phase deposition process to synthes-
ize Gd-doped ZnO nanocrystals [25]. Obeid et al. used the thermal decomposi-
tion method to prepare Gd-doped ZnO nanorods [26]. On the basis of applica-
tion, several methods have been adopted for sample synthesis. The sample syn-
thesized by solid-state reaction shows decreasing band gap of ZnO with increas-
ing Gd concentration [27]. Yayapao et al. demonstrated that Gd-ZnO samples 
synthesized via the sonochemical method show better photocatalytic activity 
than undoped ZnO [28]. Gd-doped ZnO nanoparticles prepared by wet chemi-
cal method show that the band gap of ZnO decreases as the Gd doping concen-
tration increases [29]. Gd-doped ZnO films were deposited by the RF magnetron 
sputtering technique, showing a hexagonal wurtzite structure. When Gd is doped, 
defect concentration increases, which results in enhanced deep-level emission 
[30]. Undoped and Gd-doped ZnO nanostructures synthesized by hydrothermal 
method show very high visible light luminescent properties, which make them 
potential materials for various device applications like sensors, LEDs, etc. [31]. 
Roy et al. studied structural, magnetic, and optical responses of Gd-doped ZnO 
nanoparticles synthesized by the co-precipitation technique and demonstrated 
that the synthesized samples show a lower band gap as compared to undoped 
ZnO [32]. 

The SSR method provides non-uniform atomic mixtures without using any 
chemical agents, acids, or any time-consuming chemical reactions. SSR method 
is the cheapest method of mixing as compared to all other available methods. No 
harmful chemicals are used in SSR method, so mixing with this method does not 
have any adverse effect on the environment. Here, we synthesized Gd-doped 
ZnO powder samples with varying dopant concentrations (x= 0, 0.05, 0.10) by 
solid-state reaction method. Structural, bonding, optical, dielectric, and elec-
trical properties are investigated by X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy, UV-Vis spectroscopy, Photoluminescence 
(PL) spectroscopy, Impedance analyzer, Hall measurement, and Current-voltage 
characteristics. Properties of ZnO could be tailored with the doping of rare earth 
metals. Among these rare earth metals, Gd doping shows effective results on the 
electrical, optical, dielectric, and magnetic properties of ZnO. To the authors’ 
knowledge, the dielectric properties of the ZnO-Gd composite have not been ex-
tensively investigated. Therefore, in the present study, we present a systematic 
investigation of the electrical, optical, and dielectric properties of the ZnO-Gd 
composites. 

2. Experimental Method 

Solid state reaction was used to synthesize undoped ZnO and Gd-doped ZnO 
(Zn1−XGdXO, x = 0.05, 0.10) composite samples. The starting materials, ZnO and 
Gd2O3, were weighed using an electronic balance to ensure proper stoichiometry. 
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These components were homogeneously mixed for sufficient time in a ball mill to 
produce fine powders and the resulting powders were calcined for 8 hours at 
1000˚C in ambient circumstances. The mixture was ground for 1 hour after drying 
and further carried out for characterization. The structural properties of pre-
pared powder samples were studied using XRD analysis. X-ray diffractometer 
model Panalytical X Pert Pro was used for measurement using Cu-Kα radia-
tion (λ = 0.154 nm) in the 20˚ - 90˚ range. Step size of 0.03˚ and scan step time 
0.60 s, were fixed for XRD analysis of undoped and Gd-doped (Zn1−XGdxO, x = 
0.05 and 0.10) samples. FTIR spectra were used to determine the chemical func-
tional groups in synthesized samples using Bruker ALPHA spectrometer. The 
surface morphology of the synthesized samples was examined using a field emis-
sion scanning electron microscope (JEOL JSM-7610F Plus). Additionally, ener-
gy-dispersive X-ray analysis was performed to identify the chemical composi-
tion of the samples. Optical study of all the synthesized samples was done in 
the wavelength range of 350 - 550 nm through absorption spectra received 
from a UV-visible spectrophotometer (model-SHIMADZU UV-2600). To cal-
culate the optical band gap of all prepared samples, Tauc’s plot was used. Pho-
toluminescence Spectroscopy was performed using a Horiba fluoroMax-4 spec-
trometer. Powder samples were pressed into pellets using a hydraulic press for 
dielectric constant measurements, and characterization was done using WAYNE 
KERR 6500B impedance analyzer instrument. Mobility, resistivity, and bulk con-
centration were calculated using the HMS-5000 series hall effect measurement 
system. The electrical properties of the synthesized samples were measured by 
MicroXact’s SPS-2200 system IS premier manual probe station. 

3. Result and Discussion 
3.1. X-Ray Diffraction 

X-ray diffraction was used to explore the formation of crystalline phases. Figure 
1 shows X-ray diffraction spectra of undoped ZnO and Gd-doped ZnO compo-
site samples (Zn1−XGdXO, x = 0.05 and 0.10) synthesized by solid-state reaction 
method. XRD data was collected within 2θ range of 20 - 90 degrees. The XRD 
pattern shows sharp, intense peaks compatible with the ZnO hexagonal wurtzite 
structure. In Gd-doped samples, additional peaks appeared at around 28.80 and 
33.35 degrees, which are due to the occurrence of secondary phases of Gd2O3. 
With increasing Gd content, the intensity of diffraction peaks drops. This drop 
can be attributed to decreased crystallinity caused by crystallite size reduction 
and/or a difference in the ionic radius of dopant Gd3+ (0.93 Å) and host Zn2+ 
(0.74 Å) [33]. Compared to pure ZnO, the Gd-doped samples exhibit a shift to-
wards a lower angle. Decreased intensities of peaks and shifting towards lower an-
gles confirm that Gd is properly incorporated into the ZnO host lattice. The crys-
tallite size of the synthesized samples was calculated using the Scherrer-equation 
given by [3]: 
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Figure 1. (a) XRD spectra of ZnO and Zn1−XGdxO (x = 0.05 and 0.10) 
samples; (b) Enlarged view of XRD pattern of (101) plane. 

 
D = 0.89λ/βcosθ                     (1) 

In this equation, λ corresponds to the X-ray wavelength (1.5406 Å for Cu-Kα), 
β is the value of FWHM (full width at half maximum) in radian and θ is the 
Bragg diffraction angle. To calculate the average crystallite size (D) of as-prepared 
powder samples, the strongest peak (101) was selected. Results reveal that the 
average crystallite size (D) is in the 42 - 47 nm range and doped ZnO samples 
have smaller crystallite sizes than undoped ZnO samples, which are also in good 
agreement with earlier results [1] [3] [34] [35]. Gd doping in the ZnO host lat-
tice played a crucial role in the crystallinity of synthesized samples. It was con-
cluded that Gd doping affects the nucleation process and grain growth and by 
increasing Gd doping concentration, the increased cationic vacancies hinder the 
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nucleation process and grain growth which resulted in a reduction of crystallite 
size and shifting of the peaks towards lower 2θ angles and these results were also 
supported by earlier studies [35] [36] [37]. 

3.2. Morphological and Compositional Analysis 

Figures 2(a)-(c) show the FESEM (field emission scanning electron microsco-
py) and EDX (energy dispersive X-ray analysis) images of pure, Gd-doped ZnO 
powder samples. These FESEM micrographs show that the grains of crystal-
lites have a roughly spherical shape [1]. The grains stay together, resulting in 
a well-agglomeration of the crystallites. The development of bonds between near-
by particles is the primary cause of agglomeration. The elemental compositions 
of the powder samples are confirmed by EDX. These spectra displayed the pres-
ence of Zn, O, and Gd in Gd-doped ZnO composite samples, whereas the spec-
trum of undoped ZnO shows the presence of only zinc and oxygen ions. The ob-
served EDX result indicates the presence of Gd3+, which has successfully substi-
tuted as a dopant in the ZnO matrix [35]. Particle size histogram derived from 
FESEM images revealed the average particle size and distribution. The obtained 
values of average particle size range from 156 nm to 202 nm, which could be the 
result of the aggregation of several tiny domains to create a particle [26] (Figure 
3). 

3.3. FTIR Analysis 

Figure 4 shows the FT-IR spectra of undoped ZnO and Gd-doped ZnO (Zn1−XGdxO, 
x = 0.05 and 0.10) composite samples. 
 

 

Figure 2. FESEM micrographs with EDX spectrum of (a) ZnO and ((b) (c)) Zn1−xGdxO (x = 0.05 and 0.10) samples. 
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Figure 3. Particle size distribution histogram of (a) ZnO and (b, c) Zn1−xGdxO (x = 0.05 and 0.10) samples. 
 

 

Figure 4. FTIR spectrum of ZnO and Zn1−xGdxO (x = 0.05 and 
0.10) samples. 

 
In order to find out functional groups in undoped ZnO and Gd-doped ZnO 

powder samples, FTIR study was done in the range of 500 - 4000 cm–1. The cha-
racteristic absorption band of ZnO appears at low wavenumbers [38] [39]. In 
our findings, it appeared near 529 cm–1 which corresponds to the stretching vi-
bration mode of the ZnO bond. The intensity of the Zn-O stretching peaks in 
Gd-doped ZnO samples has decreased because Zn2+ ions are substituted by the 
Gd3+ dopants in the lattice of Gd-doped ZnO [40]. The peak appearing near 2353 
cm−1 is assigned to the O=C=O, which is adsorbed on the surface during the 
FTIR process [2] [3] [41]. Since the composite samples were processed in the 
ambient atmosphere, it is possible that some water molecules came from the air 
as well. The absorption bands around 3673 - 3845 cm–1 correspond to O-H stret-
ching vibration, which is nearly good agreement with earlier reports [3] [42] [43]. 
The absorption band around 1523 - 1696 cm–1 appears due to water molecules 
that are adsorbed on the surface of ZnO [42]. 

3.4. Optical Analysis 

Figure 5(a) shows the absorption spectra of pure ZnO and Gd-doped ZnO 
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(Zn1−XGdxO, x = 0.05 and 0.10) composite samples in the wavelength range from 
350 - 550 nm. The absorbance of these samples depends upon many factors like 
the size of particles, Oxygen deficiency, the roughness of surface, etc. Figure 
5(a) shows that the position of the absorption edge shifts towards a higher wa-
velength side when Gd is doped in ZnO powder samples. The optical bandgap 
values of all the synthesized samples were calculated using Tauc’s plot, and these 
were found to be 3.19 eV, 3.16 eV, and 3.15 eV for undoped ZnO and Gd-doped 
ZnO samples respectively. Doped samples have lower band gap as comparison 
to undoped samples and these results were also earlier reported [1] [22] [44]. 
Gd doping creates new electronic levels or subbands within the ZnO band gap. 
These new electronic levels or subbands combine with the conduction band, 
which results in the continuous band and further reduction in the band gap [22] 
[45].  
 

 
 

 

Figure 5. (a) Absorption spectra for ZnO and Zn1−XGdxO (x = 
0.05 and 0.10) samples; (b) Optical band gap for ZnO and 
Zn1−XGdxO (x = 0.05 and 0.10) samples. 
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3.5. Photoluminescence Study 

The photoluminescence (PL) spectra of pure ZnO and Gd-doped ZnO powder 
samples at room temperature are presented in Figure 6. The Photoluminescence 
analysis of pure ZnO and Gd-doped ZnO powder samples were performed at a 
wavelength of 350 nm. Figure 6 shows that the prepared samples have three 
emission bands: 1) violet emission is represented by a peak centered near 420 
nm, 2) peaks centered near 457 nm correspond to blue emission and 3) peaks 
centered near 497 nm represent the green emission. Violet emission near 420 
nm is caused by a transition between conduction band and zinc vacancy related 
acceptor levels [36] [46]. In all samples, the electronic transition between zinc 
interstitial (Zni) and zinc vacancy (VZn) levels induces blue emission near 457 
nm [36] [37] [47] [48]. Green emission, which occurs near 497 nm, is attributed 
to an electron transition caused by the defect level in the band gap in all samples. 
Oxygen vacancies or zinc interstitials could be the possible defects [37] [39] [49]. 
The PL results indicate that the samples contain many microstructural defects, 
which will undoubtedly help the doped ZnO samples to regulate their electrical 
properties. 

3.6. Dielectric Studies 

Figure 7 depicts the dielectric constant’s changes with frequency measured at room 
temperature. 

In nanostructure materials, various processes like electronic, ionic, dipolar, 
and space charge polarization, etc. play important roles in the dielectric behavior 
of the materials. The value of the dielectric constant of the synthesized samples 
was calculated using the formula: 

ε' = Cd/ε0A 
 

 

Figure 6. Photoluminescence spectra of ZnO and Zn1−XGdxO (x = 
0.05 and 0.10) samples. 
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Figure 7. Dielectric constant of (a) ZnO and ((b) (c)) 
Zn1−XGdxO (x = 0.05 and 0.10) samples. 

 
where ε0, C are the free space permittivity and capacitance of the sample respec-
tively. d and A are the thickness and area of the pellet. The dielectric constant 
(ε') of the undoped ZnO and Gd-doped samples decreases as the frequency of 
the applied electric field increases. This result can be explained using the Max-
well-Wagner model, which suggests that well-conducted grains are separated by 
poorly conducted grain borders in a dielectric structure. It is explained in earlier 
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reports also [35] [36] [37]. By hopping, due to high resistance electrons can 
accumulate at grain boundaries and produce polarization. Furthermore, Per-
manent dipoles can align in the direction of an externally applied electric field 
at low frequencies, contributing to dielectric characteristics. As the frequency 
of the external electric field increases, the hopping frequency of electrons cannot 
follow it. Due to this, electrons cannot reach the grain boundary, and as a result, 
polarization decreases. The findings of this study and the explanation mentioned 
above are consistent with the Koops phenomenological theory [50]. It is observed 
in many studies that the dielectric constant decreases when Gd is doped in the 
ZnO crystal lattice. Franco Jr. et al. reported the same outcome [45], but in our 
study, dielectric constants increased after Gd doping in ZnO. Possible explana-
tion for this result is the presence of several interfacial polarizations within the 
material [36].  

3.7. Hall Measurement 

The variation in Bulk concentration, Hall mobility, resistivity, and conductivity 
as a function of different Gd concentrations is shown in Figure 8 and Figure 9. 
The bulk concentration decreases while the mobility and resistivity increase with 
Gd doping. An increase in grain boundary defects that act as free carrier traps 
could explain the drop in bulk concentration. The Hall mobility and resistivity 
depend mainly on charge carrier scattering. The most common scattering cen-
ters include ionized impurities, crystal defects, phonons, and grain boundaries. 
Therefore, the influence of ionized impurities on the scattering process may re-
sult in greater Hall mobility and resistivity. Similar results were reported with 
other rare earth metals like Er and Yb-doped ZnO [51].  

3.8. Current-Voltage (I-V) Characteristics 

Figure 10 shows the current-voltage characteristics of undoped ZnO and Gd-doped  
 

 

Figure 8. Variation in bulk concentration and hall mobility as a function of 
different Gd concentrations. 
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Figure 9. Variation in conductivity and resistivity as a function of different 
Gd concentrations. 
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Figure 10. Current-voltage characteristics of (a) ZnO and ((b) (c)) 
Zn1−XGdxO (x = 0.05 and 0.10) samples. 

 
ZnO powder samples from room temperature to 200˚C. Results show that when 
Gd doping is increased, current decreases. It could be predicted that the scatter-
ing process becomes more effective when the doping percentage of Gd is increased, 
due to which resistance is increased. It is also observed that with increasing tem-
perature, current increases in undoped ZnO and 5% Gd-doped ZnO samples. In 
the 10% Gd-doped ZnO sample, initially, the current decreases with increasing 
temperature, and later, it starts to increase with temperature.  

4. Conclusion 

In summary, Gd-doped ZnO (Zn1−xGdxO, where x = 0, 0.05, 0.10) composite 
samples were prepared using the solid-state reaction method. The structural 
analysis confirms a wurtzite hexagonal-type structure with a grain size distribu-
tion of 42 - 47 nm. Ball milling reduces the grain size and provides atomic-level 
mixing, thereby increasing the active surface area of ZnO-Gd composites. The 
larger active surface area is most responsible for the improvement in electrical, 
optical, and dielectric properties of the ZnO-Gd composites. FTIR analysis shows 
the existence of various chemical functional groups like Zn-O, O=C=O and O-H 
in the synthesized samples. FESEM micrographs show that the grains of crystal-
lites possess nearly spherical morphology and they stay together, resulting in a 
well-agglomeration. Optical absorption spectra show the variation in the opti-
cal band gap between 3.19 eV to 3.15 eV. PL studies show that undoped and 
Gd-doped ZnO samples exhibit near-band, blue, and deep-level emission peaks. 
Dielectric studies show a higher value of the dielectric constant of Gd-doped ZnO 
powder samples. Due to these high dielectric values, it could be a promising choice 
for charge storage applications. Hall effect results show that with increasing dop-
ing concentration of Gd, mobility and resistivity increase while bulk concentra-
tion decreases. Current-Voltage characteristics show current decreases when dop-
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ing is increased from 0% to 10%. ZnO-Gd composites have a high dielectric 
constant, which can be used in charge storing devices, in transformer, it can be 
used as an insulator and as a cooling agent. The mixture has a high active surface 
area, which can be used in high-performance solar cells, gas sensors, etc. 
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