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ABSTRACT 
 

On Quartz substrates, high purity transparent conductive the Di-Oxide of the (HfO2) Nano 
and micro-structure films were successfully coated. The method of (PLD) Deposition using 
Pulsed Laser, and the influence of laser energy was investigated. The XRD results revealed 
two distinct phases, cubic and monoclinic crystal shapes. Peaks in the Fourier-transform 
infrared (FTIR) spectra showed that HfO2 nanofilm was forming.The findings of the optical 
characteristics reveal an excellent transparency of nearly 80% (89 percent). As the laser 
wavelength decreases, the optical energy band gap values for Nanostructure of HfO2 were 
prepared, with values ranging from 5.24 to 5.53 eV. Also, the EDX results showed the 
appearance of hafnium peaks and oxygen peaks in varying proportions, which confirms 
that hafnium oxide is definitely obtained The results of the AFM reveal that when the 
pulsed laser intensity increases, the average grain diameter values increase from 52.96 to 
74.54 nm. With regard to optimum pulsed laser energy, the based on I-V characterization, 
the generated factor ideality for created diodes was discovered to be decreasing, and the 
corresponding values of the barrier height grew. The ideality factor of the diode made the 
optimum pulsed laser energy (1800 mJ) was greater (n=3.1). 
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1. INTRODUCTION  
 
The (HfO2) Nano Hafnium oxide nanostructures is one of the most popular significant optical 
and photonic materials will be coated, because of the good ranges of the optical constants like 
the  refractive index and broad transparency values ranging from UV wavelengths around 250 
nanometers to MIR wavelengths around 1200 nanometers [1–5].  
Nano HfO2 monoclinic structure has an optical energy bandgap of roughly 5.6 eV, whereas the 
infrared phonons those are active has a frequency of less than 8000 mm-1 [6–9]. Due to 
electrical properties such as high refractive index, optical bandgap, and dielectric constant 
values, as well as the finest stability of the chemical, i.e. excellent process's compatibility with 
ongoing IC technology, hafnium dioxide has been reported as a compete with a many other high 
(k dielectrics), such as titanate of zirconium, titanate of the barium-strontium, and others. 
Several optical applications for a nano and micro structures of the hafnium dioxide have 
previously been discovered, including various kinds of coatings that reduce glare (anti-
reflection of the coatings), (coatings of visible, coating NIR, and coating mid IR) [3, 10-14], as 
well as various types of mirrors (filters band-pass, and mirrors chirped) [4], mirrors (UV) at a 
high threshold for harm [6], and finally a windows with energy-saving, thermal mirrors [15].  
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Because of the best region of the constant (real-dielectric) (εr≈23) and strong chemical stability, 
there have been significant and concentrated investigations and the studies on the feasibility of 
employing (HfO2) the hafnium oxide as a silicon oxide alternative in the production of 
optoelectronics, optical gated and the electrical devices [16–20].  
Furthermore, because to a high point for the melting of the Nano hafnium oxide films and the 
high values of the thermal stabilities [21], Various Nanomaterials based on hafnium show 
potential as thermal barriers for turbine blades working in high-temperature and severe 
environments. [22, 23]. Deposition aided by plasma ions [1, 6, 7, 24], Deposition of chemical 
vapors [9, 25], deposition using the solution chemical [26, 27], evaporation with an ion beam 
[10], plating with reactive ions [10, 28], laser deposition using pulses [13, 29], Deposition using 
an electron beam [30-31], and RF sputtering [32-34] have all been used to deposit 
Nanostructures of the hafnium oxide under various preparation conditions [35, 36]. 
 
 
2. Experimental process 
 

Figure 1 depicts the part of the experimental for laser deposition using pulses (PLD) process 
(1). The Q-switching (Nd: YAG) laser was utilized in the PLD system, and the major parameters 
were shown in the table (1). The Joule-meter of Genetic type QE12 was used to calibrate the 
energy of the employed laser. 
 

 

Figure 1.  System for the Deposition of the Pulsed Laser 
 

Table 1 The parameter that used for deposition 
 

Values Pulsed Laser Parameters  

0.532 μm Laser Wavelengths  

1600, 1700, and 1800 mj Energy of the Pulses 

10ns Pulse duration 

3 Hz Frequency of Pulses per second 

350 Co Temperatures of the Substrate 

 

Using a Q-switching Nd: YAG laser with a wavelength of 532 nm and a laser energy range of 
1600-1800 mj, 200 pulses were produced. The deposition using pulsed laser experiment was 
carried out in a chamber of vacuum under the setting of a value for vacuum of 1 atm (10-2Torr). 
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The employed laser beams were focused at a 45-degree angle on the target. The Nano films 
were formed on quartz substrates at 350°C and varied laser energies of 1600-1800 mj, using 
wavelength of pulsed laser of 532 nm.  
The employed target is made using a very high quality pellet of the Nano-powder of HfO2 are 
(99.99%) from Gamma company and is formed like a thick disk with a diameter of around 1.5 
cm and a width (thickness) of 0.5 cm before the deposition procedure.  
 
The morphological, structural, and optical characteristics of the measured thickness of 
manufactured and prepared Nano-film has been studied utilizing a variety of measuring 
methods, including X-Ray diffraction, Scanning Electron Microscopy, and Atomic Force 
Microscopy studies. Following the deposition of hafnium dioxide nanofilms, the generated 
samples were examined and evaluated, with structural parameters assessed using an XRD (X-
Ray diffraction) system (X'Pert Pro MRD PW3040) utilizing Cu-K radiation at 0.15418 nm 
wavelength. Fourier-Transform infrared (FTIR) spectroscopy from (BRUKER-7613) was utilized 
to examine the bonds of HfO2. 
 
The optical results were tested using (UV-Vis Shimadzu, model No: 1800 from Japan). The 
surface topography for the produced Nanofilms was evaluated using two types of tests: the 
Scanning Prop Microscope (SEM Shimadzu, SPM-9600, “Japan”), and also its used to test the 
EDX, finally an AFM test using (JOEL-JSM’6460LV’ AFM-9600, “Analytical Oxford” instruments 
Ltd. From Japan). 
 
The current-voltage properties were measured using a Keithley Electrometer (Model No. 6517-
B). On a silicon wafer (n-type, Si100) with a resistance of 0-30.cm and a thickness of 250 m, type 
Al/HfO2/n-Si hetero-junction diodes were constructed. To form a contact, pure aluminium was 
sputtered on the deposited HfO2/n-Si utilizing (dc sputtering) with a square mask 1X1 cm and a 
thickness of 200 nm. 
 
 
3. Result and discussions 
 

Figure 2 shows the results for XRD pattern of the Nanostructures of the Nano hafnium oxide 
films at various pulsed laser energies; the findings of the X-Ray show that a Nanostructure of the 
Nano hafnium oxide films be more crystallized as the energy of pulsed laser was increased as a 
result of increased the rate of the growing and deposition with the increasing the laser energy. 
In addition, two phases of hafnium dioxide were discovered in these results: hafnium oxide 
(cubic) and hafnium dioxide (monoclinic) [37-39]. Using the higher laser energy (1800 mj), a 
distinct rise in the values intensity of the (phase cubic) could be seen, which might be connected 
to an increase in laser beam energy, resulting in a powerful ablation process at this phase [40, 
41]. 
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Figure 2. XRD patterns of HFO2 Nanostructures deposited using various Laser energies. 
 

The created Nano-hafnium oxide has been chemically analysed using Fourier Transform 
Infrared (FTIR) spectroscopy to determine the existence of different bonds and if each bond 
vibrates at a particular frequency. The 430 to 3930 cm-1 wavelength ranges were used to 
capture the FT-IR spectra. In Figure 3, the distinctive peaks at 761, 672, and 513 cm-1 were 
attributed to the Hf-O vibrational mode of HfO2; Additionally, the vibrational mode of crystalline 
HfO2 is in the IR (800-400 cm-1) active phonon mode range [19]. These peaks precisely coincide 
with previously published theoretical estimates of monoclinic HfO2 [24]. The absorption 
frequency measured at 1613 cm-1 , 1633 cm-1, and 1339 cm-1 (Figure 3) is attributed to the 
bending vibration of the H-O-H bond and the bidentate carbonate symmetric stretching, 
respectively. These findings were mostly consistent with those seen in the previously published 
literature [25]. The purity of the produced HfO2 nanoparticles is confirmed by the lack of extra 
peaks in FT-IR spectra. 
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Figure 3. FTIR patterns of HFO2 Nanostructures deposited using various Laser energies. 

 
Using an optical reflectometer instrument, Figure 4 shows the changes in the thickness values of 
the created Nanostructures at various lasers energy. The utilization of the second harmonic 
generation can reveal a distinct rise in Nano-film thickness [42-44]. This rise implies that the 
positive sizes of grains modifications that deform the surface to make it more smooth have a 
favorable relationship. It is obvious that a value of the thicknesses is increasing from 128 nm at 
1600 mj to 177 nm at 1700 mj, and 193 nm at 1800 mj as result of increasing the deposition and 
growing rate. 

 

Figure 4. Thickness do Nano-films for HFO2 deposited using various Laser energies. 
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Figure 5 shows the spectrum for the absorption for prepared the Nano hafnium oxide films at 
various energies of pulsed laser. These numbers are examined based on the transmission 
numbers. The absorption values were enhanced as laser energies, with the findings showing a 
steady increasing in absorption values as the laser energy were increased, or in other words, the 
absorption value was increased as the deposition rate was increased [45-47]. This indicates that 
absorption levels are proportional to the laser's energy; the greater the laser's energy, the 
higher the absorption value. It is obvious those values of the optical absorption have 
dramatically fallen to values of less than 0.35 μm, and that the values of absorption increased 
with increased laser energy owing to a rise in the concentration of hafnium dioxide grains. 
 

 

Figure 5. Absorbance spectra for Nano HFO2 structures using various energies of laser. 
 

The transmission T% percent spectra for Nano HfO2 structure are shown in Figure 6. The values 
of coming too near with a 91.1 percent to 75.4 percent increase in optical transmission as the 
laser energy are changed from 1600, 1700, and 1800 mj, respectively. The low values of 
transmission for the region of UV, as a physical property of Nano hafnium oxide films, where the 
values of the transmission for hafnium oxide Nano-films are connected to the value of the 
energy band-gap at the region of UV. The high optical transmission value in the visible area 
range suggests that the Nano-films are extremely homogenous and have a low surface 
roughness value [48-50]. 
 
The optical transmission values was enhanced with the energies of pulsed laser, with the data 
indicating a constant reduced in the transmission values as the laser energy was raised, or in 
other words, the transmission value decreased as the deposition rate rose. That is to say, 
transmission levels are associated with energy of the pulsed laser; the lower the energy of the 
laser, the greater the transmission value. The optical transmission values are clearly lowered 
after passing the 350 nm threshold, and transmission is reduced with increased laser intensity 
due to an increase in hafnium dioxide grain concentration [51-53]. 
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Figure 6. Transmittance spectra of Nano HFO2 structure using various energies of laser. 
 

Figure 7 shows the values of the optical bandgap for hafnium oxide Nano-films prepared using 
various energies of the pulsed laser; the values of energy band gap for HfO2 Nanostructures 
ranged (5.02-5.52) eV. It is clear from these patterns that the optical band gaps increase with 
increasing laser energies; this is due to an increase in the rate of deposition and an 
improvement in the distribution of the structures [55-56]. 
 

 

Figure 7. Optical energy band gab pattern for Nano HFO2 structure using various laser energies. 
 

Figure 8 shows AFM images for the Nanostructures of hafnium oxide placed on substrates of 
quartz at various laser intensities. The photos show the surface composition, which includes the 
distribution and regular density for the prepared Nanostructures over the entire surface [57-
58]. The images of the AFM show that the values diameter for average grains are inversely 
proportional to the laser energy employed. Where values of grains are 91.27 nm for energy of 
pulsed laser1600 mj, 58.63 nm for the laser energy 1700 mj, and the value of grains of 42.13 nm 
for the laser energy 1800 mj altered from (42.13–91.27) nm. Where it can be seen that as the 
laser energy increases, the value of energy band-gap for the formed nanostructure also rise [59-
60]. The mean values of roughness’s and the values RMS,  values roughness fall as the pulsed 
laser energy rise, and the values of average roughness’s decline from (0.2 to 10.45) nm as the 
energies of the pulsed laser decreases, while the values of the RM S decrease from (3.68 to 1.97) 
nm as the laser energies decrease. Table 2 calculates all constants' schedule for the surface 
below. 
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Table 2  average RMS values, diameters, and the average roughness’s of Nanostructures of hafnium oxide 
at different energies of pulsed laser. 

 
Grains Diameter 

(nm) 

Roughness’s 

values (nm) 

RMS values (nm) Number of 

Sample 

Energies of pulsed 

Laser (nm) 

91.27 0.2 3.68 a 1600 

58.63 6.65 2.44 b 1700 

42.13 10.45 1.97 c 1800 

  

(a)                                                          (b)    

 

(c) 

Figure 8. AFM images for Nano hafnium oxide structures prepared at various laser energies. 

 
Figure 9 shows the grain size and roughness patterns for Hafnium dioxide, showing that the 
grain size of the deposited nanofilms decreased as the deposited laser energies increased, from 
91.27 nm at 1600 mj to 42.13 nm at 1800 mj, while the surface roughness of the deposited 
nanofilms increased, as shown in the same figure. 
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Figure 9. The grain size and the roughness of HFO2 films at the different Laser energies. 
 

Figure 10 displays images of SEM findings for hafnium dioxide Nanofilms created using the 
Pulsed Laser Deposition process at various deposited laser energies [61-63]. The grain size of 
the deposited hafnium dioxide nanofilms on quartz substrates is clearly influenced by the 
deposited laser energy. The Nano spherical grains are more distributed in the deposited 
Nanofilms of hafnium dioxide prepared with the laser energy of 1800 nm, as shown in 
Figure 10(a), and the average size of these particle sizes was about 45 nm, while the average 
size of the Nano spherical grains of hafnium dioxide prepared with the laser energy of 1600 nm 
was about 93 nm, as shown in Figure 10(b). These values of grain size reduction with high laser 
wavelength are due to an increase in deposited laser energy, which is connected to particle size 
reduction and increased deposition rate [64-66]. 
 

  

(a) (b) 
Figure 10. Images of the SEM for Nano HfO2 films deposited at various laser energies. 
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The presence of hafnium oxide has been confirmed from EDX spectra. The EDX spectrum for the 
deposited hafnium oxide Nanofilms on the quartz substrates at the different Laser energies is 
presented in Figure 11, the data of EDX was found from the SEM samples.  Due to a variety of 
factors such as Nano film thicknesses and the different energies of the pulsed laser, the ratios of 
the M and L peak heights for the three deposition parameters are different. 
 

 
1600 mJ 

 
1700 mJ 

 
1800 mJ 

Figure 11. EDX result for Nano HfO2 films deposited at various laser energies. 
 
To build the optoelectronic device, a Hafnium dioxide Nanostructures layer was formed on the 
Si wafer P-type and a mask of Aluminum was deposited up to the HfO2 nanostructure. Figure 12 
shows the voltage-current (I-V) characterization of the deposited (Al/HfO2/p-Si) at various 
pulsed laser energies. The findings of the I-V will be utilized to look at Schottky contacts, the 
quality interface, device performance, and limits. A constant biasing voltage ranging from -3 to 
+3 V was used to evaluate the reverse and forward current levels of the constructed device. The 
measured forward current develops exponentially with voltage for all of the manufactured 
diodes, indicating good rectification performance at 1800 mJ pulsed laser energy, reverse 
current is minimized, while forward current development is exponential, indicating increased 
rectification capabilities and the outstanding quality of the deposited and produced devices 
(diodes). A barrier Schottky is formed by contact/junctions (Metal-Semiconductor) MS and 
semiconductor hetero-junctions with similar configurations. An MS contact is also known as a 
Schottky diode. The bulk of charge carriers are in charge of carrier transit at these sites. To 
investigate the current transport mechanism in these devices, the current-voltage 
characteristics are evaluated across a large pulsed laser energy range. Using the thermionic-
emission theory, the barrier height and ideality factor are calculated using the intercept and 
slope of the J-V curve (semi-logarithmic). According to the thermionic-emission theory, the 
current via Al/HfO2/P-Si was calculated using the equations below. [67-69]. 
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𝐼 = 𝐴𝐴∗𝑇2 𝑒𝑥𝑝 (−
𝑞Φ𝐵

𝐾𝐵𝑇
) [exp (

𝑞𝑉

𝑛𝐾𝐵𝑇
) − 1]                                                                                                     (1) 

 
The diode's reverse saturation current, 𝐼0, was computed. 
 

𝐼0 = 𝐴𝐴∗𝑇2 𝑒𝑥𝑝 (−
𝑞Φ𝐵

𝐾𝐵𝑇
)                                                                                                                                     (2) 

 
where 𝐼0 denotes reverse saturation current, 𝑞 denotes electron charge, 𝑉 denotes bias voltage, 
𝑛 denotes ideality factor, 𝐵 denotes effective barrier height, 𝐾𝐵 denotes Boltzmann constant, 𝑇 
denotes temperature, 𝐴 denotes diode area, and 𝐴∗ denotes the constant of the effective barrier 
height. -Richardson. The 𝐼0 value indicates reverse saturation current and minority carrier 
diffusion in the depletion area at forwarding bias and is a parameter of the manufactured diode. 
Among three based voltages, the value of the Io for the produced diode increases with pulsed 
laser energy, from 𝐼0 = 438.4.2 mA at 1600 mJ to 𝐼0 = 857.1.5 mA at 1800 mJ. 
 

 

Figure 1. I-V characteristics of Al/HfO2/p-Si barrier hetero-structure devise 
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Figure 2. Density of Current (ln J) with the applied voltage (V) for the fabricated device 

 

The forward bias slopes and intercept were determined using the ln J vs. voltage plot 
(Figure 13) and the following equation to predict the Al/HfO2/p-Si diodes' ideal factors (n) and 
barrier heights (experimental values) [70-73]. 
 

𝑛 =
𝑞

𝑘𝐵𝑇
(

𝑑(𝑉)

𝑑(ln(𝐼))
)                                                                                                                                                    (3) 

 

Φ𝐵 =
𝐾𝐵𝑇

𝑞
ln (

𝐴𝐴∗𝑇2

𝐼0
)                                                                                                                                      (4) 

 
The computed values of the factor (ideality) were calculated to be lowering as the pulsed laser 
powers increased, and the corresponding height barrier was growing. The electrons can 
overcome the lower value of the barriers or patches at the lowest value of the pulsed laser 
intensity. As a result, current transport will be dominated by values flowing through patches 
with lower barrier height and a higher ideality factor. More electrons have enough energy to 
break through the greater barrier as the pulsed laser intensity increases. The height of the 
barrier will climb as the pulsed laser energy rises in this case [74, 75]. At 1800 mJ pulsed laser 
energy, the Al/HfO2/p-Si diode has a minimum (ideality) factor of 3.1, which corresponds to a 
barrier height of B = 0.789 eV. The smaller the n, according to Altndal et al. and Harishsenthil et 
al., the higher the B value at maximum pulsed laser intensity. [75, 76]. A number of research 
groups have also reported pulsed laser energy dependent Schottky diodes manufactured with 
various approaches [76, 77]. Many research have detailed the dependent-temperature based on 
the Schottky device created using various approaches. [77, 78]. The electron does not have 
enough energy to pass through the barrier energy at minimum pulsed laser energy due to the 
thermionic emission sample; nevertheless, at the maximum pulsed laser energy, the greater 
values of barriers are easily overcome by the electron. As a result, most diodes perform better 
when exposed to higher pulsed laser energy. [79, 80]. 
 
  

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

-5 -4 -3 -2 -1 0 1 2 3 4 5

ln
 J

 (
A

/c
m
²)

Voltage (V)

1600 mJ

1700 mJ

1800 mJ



International Journal of Nanoelectronics and Materials 
                         Volume 16, No. 3, July 2023 [495-510] 

 

 

507 

 

4. Conclusion  
 

Using a pulsed laser, cubic shape and monoclinic shape of the Nano Hafnium oxide films were 
effectively prepared and deposited on substrates quartz. Higher laser energy was used to create 
blue shifts. With the laser energy, the average roughness values are rose and the values RMS are 
decreased. The FTIR and EDX measurements, Confirmed definitively obtaining nanostructures 
of HfO2 through the appearance of the peaks of the active substances in the EDX tests (Hf, and O 
peaks), and the bonds of the active substances in the FTIR tests (H-0-F-O, and Hf-O bonds).The 
transmission is reduced with increased laser intensity due to an increase in hafnium dioxide 
grain concentration, finally the topographic are be more distributed with increasing the 
deposited laser energy as a result of enhanced the deposition rate and enhanced the growing 
Nano-film. The I-V test demonstrated that increasing the pulsed laser energies decreases the 
ideality-factor values while strengthening the (barrier-heights) and inverting the Al/HfO2/n-Si 
diode's saturation current. The produced device demonstrates that HfO2 is a versatile material 
for hetero-junction device production as a photodiode or solar cell, with a good rectification 
behavior and improved characteristics with the pulsed laser energies. 
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