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HfxZn1−xO thin films (x=0, 2.5,3, 7.5, 10 and 15mol %) were deposited on glass 
substrates using Sol-gel process. The influence of the Hf concentration on the structural, 
electrical, and optical properties of the films was studied. It is found that Hf ions can be 
effectively doped into ZnO and all films crystallize in the hexagonal wurtzite structure 
with a preferred c-axis orientation. The lattice constants of HfxZn1−xO films increase with 
the Hf contents. The HfxZn1−xO thin films structures of high-Hf-content films remain 
after annealing at 600 °C for 20 min. The optical band gap increases with the Hf content, 
but it decreases with the annealing temperature. The reduction of bandgap partly results 
from grain growth, which is due to the quantum confinement effect of the small grains. Hf 
doping increases the resistivity of ZnO owing to the disorder of the material structure and 
the higher bandgap, which results in more carrier traps and less thermally excited carriers 
in the conduction bands. Two FTIR peaks centered at about 1432 and 1056 cm-1 coexist in 
the fluorescent spectra. With increasing the Hf contents, the intensity of fluorescent peaks 
enhances remarkably. The Minimum resistivity reached 6.1 * 10-2 Ὠ cm after annealing 
with 3% Hf content.  
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1. Introduction 
 
ZnO is a very popular material that has been used in the science community for decades. It 

has got many favourable features, such as being non-toxic and cheap, and having high chemical 
stability, carrier concentration, and thermal conductivity[1,2] ZnO has a direct wide band gap 
(3.37 ev),[3,4] so it could be used in many applications that electrical and optical devices such as 
capacitors, solar cells, transistors, etc.5–7 HfO2 is a very important material these days because of 
its high energy barrier, thermodynamic stability, and dielectric constant[8,9] On the other hand, 
HfO2 has thought of using SiO2 thanks to these advanced properties in many applications like 
flash disks, MIM capacitor, and Random Access Memory (RAM)[10–13] In recent years, doped 
ZnO with IV group elements have been thought to increase electrical stability[14] due to which  
HfO2 is considered to be the best examples. The contribution of ZnO with HfO2 is relatively new 
and promising. It enhances the electrical and optical properties of ZnO due to its high tenability 
[15] Hf-doped ZnO structures have been fabricated by different techniques. Examples of these 
techniques are chemical vapour deposition (CVD), physical vapour deposition (PVD), metal-
organic chemical vapour deposition (MOCVD), plasma-enhanced chemical vapour deposition 
(PECVD), atomic layer depositions (ALD), pulsed laser deposition (PLD), atomic layer chemical 
vapour deposition (ALCVD), radio-frequency (RF)-magnetron sputtering, chemical bath 
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deposition (CBD), successive ionic layer adsorption and reaction (SILAR) and sol-gel[16–21] for 
thin film and solid state, hydrothermal, co-precipitation, sonication, wet-chemical and sol-gel[22–
28] for bulk materials. The Sol- gel method is one of the most common methods used in the 
production of nano-sized ceramic samples as well as in the production of high-quality thin films.  

In this method, especially at low temperatures, cost-effective, nanoscale, high-purity 
materials can be produced, and it is easy to control components for hybrid structures. Some studies 
have been reported on Hf-doped ZnO thin film structures with unique electrical properties, 
especially 0%–3%Hf doped. For example, it was observed that minimum resistivity value of 1.2 × 
10−3Ω cm and transmission of higher than 80% for 0.5 at% Hf doped ZnO from (0, 1, 3, 5, 7, 10 
at%) Hf-doped ZnO samples by pulsed laser deposition,29 it was revealed 3.3 at% Hf doped ZnO 
has lowest resistivity 6.7 × 10−4 Ω.cm and transmittance value of %77 from 0< × ⩽6.7 at% (0, 1, 
3, 5, 7 at%) Hf-doped ZnO samples using atomic layer deposition,30 it was revealed that 3 at% Hf 
doped ZnO has minimum resistivity value of 6.3 × 10−2 Ω.cm and crystallize value of 65 nm from 
(0, 1, 3, 5, 7 at%)Hf-doped ZnO samples while the resistivity was 38 × 10−3 Ω.cm, transmission 
of higher than 60%–70% and crystallize value of 81 nm for un-doped ZnO by solgel technique,31 
it was shown that 3 at% Hf doped ZnO has minimum resistivity value of 5.6 × 10−3 Ω.cm from (0, 
1, 3, 5, 7 at%) Hf doped ZnO samples while the resistivity of un-doped ZnO was 38 × 10−3 Ω.cm 
by sol-gel technique, 32 it was obtained that 1 at%Hf-doped ZnO has ultra-low resistivity value of 
4.2 × 10−3 Ω.cm and they observed that strong green emission peak at room temperature using the 
sol-gel method.33 Apart from these studies of Hf-doped ZnO thin films, to our knowledge, few 
studies have been reported on the characterization of Hf-doped ZnO nanopowders or bulk ceramic 
samples. In these studies, it was investigated radiation detection for scintillation properties 34 and 
photo catalytic activity under sunlight illumination properties.27 However, there is no published 
article on the AC electrical properties and detailed impedance spectroscopy of the Hf-doped ZnO 
ceramic sample. Considering all previous Hf-doped ZnO studies, the minimum concentration of 
Hf for the minimum resistivity value was 0.5.29 In this paper, X= 0, 2.5,3, 7.5, 10, and 15mol %)  
at% Hf-doped ZnO (HZO) ceramic sample was chosen to investigate the effect of doping on 
impedance properties at different temperatures and frequencies. For this purpose, Al/ZnO/Al and 
Al/HZO/Al devices were fabricated [29-32]. 

 
 
2. Experiment 
 
ZnO and X= 0, 2.5,3, 7.5, 10, and 15mol %) at% Hf doping concentration (x = 0–15%) 

were successfully synthesized on flexible polyimide (PI) substrates by the sol-gel spin 
coating method. Firstly, ZnO sol was obtained by dissolving zinc acetate dehydrate 
[Zn(CH3COO)2·2H2O] (Sigma Aldrich) in propanol [C2H5OH] (99.5% Merck), and the solution 
was mixed on the magnetic stirrer at 343 K for 30 min. Afterward, monoethanolamine (MEA, 
C2H7NO) as a stabilizer was added into the solution keeping the molar ratio of MEA to zinc 
acetate at 1.0. Secondly, for preparing HZO sol, the ZnO was prepared as Aldrich) was added to 
the prepared sol. The molar ratio of MEA to zinc acetate and hafnium III chloride [HfCl4] (Sigma 
Aldrich) was kept at 1.0 in the solution. Until obtaining transparent and homogenous sols, each 
solution was separately mixed in a 363 K magnetic stirrer for one hour. Finally, the transparent 
sols were deposited PI Substrates using 3000 rpm by using the spin coating Method sintered for an 
hour at 793 K in a muffle furnace and at an hour, and then the flexible fine HfZnO films were 
formed. Top and bottom aluminum electrodes on the obtained HfZnO films were thermally 
evaporated under a 10−5 mbar vacuum with a thermal evaporation system for electrical 
measurements. The diameter of the evaporated Al dots of ZnO and HZO samples was 1.6 × 10−3 
m and 1.5 × 10−3 m. The thicknesses of the samples were 1.45 × 10−3 m and 1.5 × 10−3 m, 
respectively. The phase structures of the samples were identified by XRD (Rigaku-Miniflex II) 
with Cu-Kα radiation, and the nanostructures were characterized by FESEM (Hitachi-SU500). AC 
electrical characteristics were collected on the Key sight E4990A By using Probe Station Summit 
11000B-M Finds the Hall Mobility [43-48]. 
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3. Result and discussion 
 
Lattice parameters a and c are calculated by using Eq. 1 for wurtzite hexagonal structure, 

where h, k, l are Miller indices, and d is the spacing of the crystal layers. Nano films 
Characterization:—X-ray diffraction is a nondestructive analysis method that enables the 
determination of the crystallographic properties of materials. XRD measurement was performed 
with a step size of 0.02 in the 2θ range from 20° to 80° with a diffractometer equipped with Cu 
Kα1 radiation (λ = 1.5406 Å). X-ray diffraction patterns of ZnO and HZO films are shown in Fig. 
1. X-ray patterns of both samples had a ZnO wurtzite structure (JCPDS No. 36–1451). No 
difference or extra peaks were found in the XRD pattern of the HZO sample. It was observed that 
the intensity of the peaks decreased with the addition of Hf atoms to the ZnO structure. This case 
is due to the decrease in the crystallinity of the structure. A slight shift was observed in the XRD 
pattern towards lower values of 2θ for HZO. The values 2θ for a peak of (101) were 36.24° and 
36.22° for ZnO and HZO, respectively. The ionic radius of Hf4+ (0.71 Å–0.83 Å) is similar to 
Zn2+ (0.74 Å). Therefore, Hf4+ can substitute Zn2+ effectively without leading to crystal 
distortion and changing the crystal structure of ZnO.33 Also, Hf could be separated into a non-
crystalline region at the grain boundary. Thus, the doping of Hf atoms might cause crystal defects 
and/or the widening of large grain boundaries. It is known the source of microstrain is crystal 
imperfections, such as excess volume of grain boundaries, vacancies and vacancy clusters, and 
dislocations.35 Also, an increase in microstrain and dislocation density means a decrease in crystal 
quality.36 Moreover, the doping of Hf atoms donors may provide more free electrons, causing an 
increase in carrier concentration, while a significant amount of these free electrons may be 
scattered by the grain boundary effect, resulting in low electron mobility in the crystal 
structure.32,37 Structural parameters of ZnO and HZO nanofilms were obtained by X-ray 
diffraction method. 
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The average crystal size of the samples was derived from the width of the sharpest 

diffractometric peak using the theoretical models. The obtained peak intensity, position angle, and 
full width at half maximum (FWHM) XRD pattern data were used in the Scherrer (SH) method 
Eq. 2, the Williamson Hall (W-H) method Eq. 3, and Halder Wagner (H-W) method Eq. 5. The 
larger crystallite size and smaller FWHM values indicate better crystallization of the particles.36 

 

Dsh= θβ
λ

hkl

k
cos

                                                                     (2) 

 
where DSH is the crystal size according to the Scherrer method, k is the particle shape factor 
(0.90) which depends on the crystal shape and size distribution, βhkl is the full width at half 
maximum (FWHM) of the most intensive and sharpest diffractometric peak, and θ is the 
diffraction angle of the peak. 
 

sh
D2
1

=δ                                                                       (3) 

 
The dislocation density (δ), which is the number of defects in the sample, was estimated 

with the Scherrer method's Eq. 3 
 

θβ tan4÷=
hklsh

E                                                                (4) 
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In Eq. 4, micro stress (εSH) was estimated with the Scherrer method, and in Eq. 5; DWH 

is the average crystallite size according to the W-H method. 
 

θλθβ sin4cos
whwhhkl
EDk +÷=                                                  (5) 

 
According to the W-H method, a graph of β θ hkl cos versus 4sinθ was plotted from Eq. 5 

for ZnO and HZO nanofilms and shown in Fig. 2. Using Eq. 5, DWH, and εWH for ZnO and HZO 
nanofilms were estimated from the y-intercept and slope of the corresponding linear fit, 
respectively. 

The fact that no remarkable difference in a and c lattice parameters was observed indicates 
that Hf ions may prefer to accumulate at the grain boundaries instead of replacing them with Zn 
atoms (Fig. 1).27 The wurtzite structure has a hexagonal unit cell with two lattice parameters a and 
c in the ratio of c/= / = a 8 3 1.633 (in an ideal wurtzite structure).38 It is seen that the c/a value 
found in our study (1.603 and 1.600) is quite close to this value. Estimated crystallite sizes are 31 
nm and 24 nm according to Scherrer's method, and estimated average crystallite sizes are 42 nm 
and 34 nm according to the W–H method and 40 nm and 21 nm according to the H-W method for 
ZnO and HZO, respectively. The average crystallite sizes obtained using the W–H and H-W 
methods are bigger than Scherrer's equation. The difference is mainly because Scherrer's equation 
may not account for the lattice strain effect on the peak broadening.39 calculated dislocation 
densities are 10 × 10−4 nm−2 and 17 × 10−4 nm−2 for ZnO, respectively. Estimated micro-strains 
are 3.63 × 10−3 and 4.50 × 10−3 according to Scherrer’s method, 0.86 × 10−3 and 1.14 × 10−3 
according to the W–H method, and 3.57 × 10−3 and 45.2 × 10−3 according to H-W method for 
ZnO and HZO, respectively. While the crystallite sizes in all models decrease under the doping 
effect, the dislocation density and micro-strain increase. While no significant difference was 
observed in the XRD patterns with Hf doping, the calculated crystallization parameters show a 
slight decrease in crystal quality. 

The surface morphology and nanostructure of ZnO and HZO nanofilms samples were 
investigated with FESEM images obtained from the scanned area of both samples (Fig. 4). It was 
observed that with the Hf doping, the sample surface became smoother, and the crystal grains were 
smaller than ZnO. The particle sizes were determined to vary from about 30 nm to 150 nm for 
ZnO and from about 10 nm to 70 nm for HZO. As mentioned in the XRD results, the radii of Zn+ 
(0.71 Å–0.83 Å) and Hf+ (0.74 Å) atoms are similar. After doping Hf to the ZnO structure, some 
of the Hf atoms may replace the Zn ions. However, the Hf ionic radius can be larger than ZnO. In 
this case, Hf impurities occupy interstitial sites rather than substitution sites, and some Hf atoms 
are located at grain boundaries. When some of the Hf atoms may occupy the interstitial spaces 
instead of the displacement sites, Hf atoms at grain boundaries may be compressed ZnO grains, 
causing ZnO grains to shrink.29, 30 Therefore, Hf doping suppresses ZnO crystal growth, 
resulting in increased surface smoothness.30 and 31 The FESEM results are consistent with the 
crystal size change in the XRD results.  
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Fig. 1. XRD Patterns of  ZnO and HZO films. 
 

 

 
  

Fig. 2. According to W-H Method θβ Cos
hkl

 VS 4Sinθ. 

 
Table 1. Lattice parameters of ZnO HZnO films. 
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Fig. 3. FESEM Images of HFZn1-xO films. 
 
 

The FESEM Images of the films deposited on glass substrates were measured to further 
Characterize The effect of Hf doping concentration on the Surface morphology of HfZno films. 
The band gap increased with the Hf content but decreased after thermal annealing 

 
3.1. Electrical properties 
3.1.1. Capacitance and conductance characterization 
As a function of frequency, information about interface states can be given from both 

capacitance and conductivity measurements. The capacitance-–frequency(C–f) plots of HfZn1-xo 
samples were obtained in the 25Hz–1.5MHz frequency and temperature range Fig 4  represents C 
− log f curves in different temperatures for ZnO and HZO devices.  

 
 

              
 

      
 

Fig. 4. Plots of C-logf & T-G (a) ZnO films (b) HfZn1-xO films. 
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Fig. 5a for ZnO, there is a slight decrease in the low-frequency region of the capacitance 
and a significant reduction up to the high frequency. C values of ZnO for 1 kHz at 300 K and 500 
K are 4.29 and 6.28 nF, respectively. C values of ZnO for 1 MHz at 300 K and 500 K are 0.02 and 
0.32 nF, respectively. In Fig. 5b. HZO, there is a maximum value in the low-frequency region of 
the capacitance, a decrease in the mid-frequency region, and saturation in the high-frequency 
region at all temperature values. C values HZO for 1 kHz at 300 K and 500 K are 0.72 and 26 pF, 
respectively. C values of HZO for 1 MHz at 300 K and 500 K are 0.4 and 0.8 pF, respectively. 
Charge carriers, which can follow the AC signal at the sample interface at low frequencies, caused 
high capacitance values at low frequencies. In addition, the increase in capacitance with increasing 
temperature at low-frequency regions in Fig. 5a is generally attributed to surface states or deep 
levels, 40, 41 while the decrease of capacitance with increasing temperature is attributed to the 
formation of interfacial space charge formation and temperature-dependent series resistance 
effect.42, 43 

 

                        
 

      
 

Fig. 5. Plots of C-T& logf-R (a) ZnO ilms (b) HfZn1-xO films Hall measurement. 
 
 

 
 

Fig. 6. The samples for (a) sheet resistance measurement, and (b) Hall measurement. 
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Fig.7.HallmeasurementresultsoftheHf0.05Zn0.95O/ZnO. 
 
 
 Figure 7 shows the Hall measurement results of the HfxZn1xO/ZnO heterostructures 
increases of carrier concentration and carrier mobility are observed after depositing HfxZn1xO onto 
ZnO. For example, the sheet carrier concentration increased from 2.26×1012cm-2(bare ZnO) to 
1.91×1013cm-2afterdepositingan18-nm thick Hf0.05Zn0.95O. In a polycrystalline material system, the 
grain boundary potential strongly influences carrier transport. The induced carriers were confined 
at the interface to provide a stronger screening effect on the grain boundary [33-42], which there 
by reduced the grain boundary potential to improve the carrier mobility of the hetero structures. 
The carrier mobility increased from0.45cm2V-1s-1(bare ZnO) to1 4.2cm2V-1s-1 after the deposition 
of a18-nm- thick Hf0.05Zn0.95O. 

 
 
4. Conclusions 
 
In summary, HZO and ZnO bulk nanostructure were synthesized by sol-gel method. 

Surface morphologies and electrical properties of HZO and ZnO were compared. In both samples, 
the XRD pattern exhibited sharp and intense peaks, the hexagonal wurtzite structure of ZnO. 
Estimated crystallite sizes are determined as 31nm and 24nm according to Scherrer’s method and 
estimated average crystallite sizes are founded 42 nm and 34 nm according to the W–H method, 
and 40nm and 21nm according to the H-W method for ZnO and HZO, respectively. Calculated 
dislocation densities are10 × 10−4 nm−2 and 17×10−4nm−2 for ZnO and HZO while micro-strains are 
0.89×10−3 and 1.13×10−3, respectively. Hf doping on the ZnO structure. FESEM images also 
showed that the particle size was reduced by Hf doping to the ZnO structure.  

Capacitance, conductance, and impedance properties of ZnO and HZO nano structures 
brought into bulk form were investigated in 50 K steps in the frequency range of 25Hz–1.5MHz, 
the temperature range of 300K–500K. C and G values decrease when doping Hf to ZnO. 
Therefore, the Rs values increase with Hf doping. Hf doping can enhance the crystallinity of ZnO 
significantly. The ultraviolet emission band of HZO exhibits a blue shift. The intensity of the 
ultraviolet emission band rises with Hf-doping density. The resistivity of HZO film is 
6.2 × 10−3 Ω cm, which is lower than AlZnO film. 
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