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Abstract: The pulsed laser deposition (PLD) technology was used to effectively create conductive nano and micro hafnium oxide with great purity and transparency for (HfO2) nanofilms. In many optoelectronics devices and their applications, the presence of a high dielectric substance like a nano HfO2, between the metal contacts and the substrates was critical. We used the Pulsed Laser Deposition method to fabricate an Al/HfO2/p-Si Schottky barrier diode where the nanostructured HfO2 films as an intermediate layer and varied substrate temperatures. The optical result reveals a high degree of transparency (93%). The optical bandgap of deposited HfO2 films was observed to vary between 4.9 and 5.3 eV, with a value of roughly 5.3 eV at the optimal preparation condition. The morphology of the surface shows a high homogeneous nano structure with the average values of the roughness about (0.3 nm). With regard to substrate temperature, the produced factor ideality for fabricated diode was determined to be lowering and the associated values of the barrier height rose based on I-V characterization. With regard to substrate temperature, the produced factor ideality for fabricated diode was determined to be lowering and the associated values of the barrier height rose based on I-V characterization. The diode manufactured at 600°C, in particular, had a higher ideality factor value (n = 3.2).
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1  Introduction

The solar cell business is dominated by crystalline silicon-based solar cells, with mono crystalline and multi-crystalline solar cells having the highest proven efficiency of 26.7 percent and 22.3 percent, respectively [1]. Hafnium oxide (HfO2), is a desirable material for optical applications because of its superior optical and electrical characteristics, including a broadly visible band gap, a high induced laser damage threshold, good thermal stability, low reflectivity, and high transmittance [2]. HfO2 has interested researchers due to its excellent physical qualities, which include strong durability, high corrosion resistance, scratch resistance, and good surface roughness [3].

Hafnium oxide nanostructure is one of the most promising materials with a high value of dielectric constant ranging about (15–50) and an optical band-gap value of less than 5 eV, as also it has high chemical stability at the high range of the temperatures and, it has a high thermal conductivity [4,5]. In comparison to TiO2 and Ti2O5, HfO2 has a high reflective index of 2 [6,7], finally, at 1000 K, HfO2 with the silicon has a high value of reaction-free energy about 79.6 kcal/mol [8,9]. In general, three different phases for the nano-monoclinic HfO2 has been recognized, (stable phase) at the low value of temperatures [10,11], the tetragonal phase (which becomes stable at 1720°C), and cubic (which be more stable at 2600°C) [12,13].

In addition, the above properties of this material make it high-refectory material with outstanding properties, leading to the usage of HfO2 in a wide range of applications [14,15]. One of the most important applications is the use of this material as a gas sensor, where Er et al. [16] recognized an enhancement in the sensitivity after 30 min of UV radiation, they observed that the values of the HfO2 nano-films sensitivity are increased, indicating that these nanofilms capacity to be appropriate for sensing gas following UV rays [17,18]. HfO2 is an excellent NO2 gas sensor due to its low cost and chemical and thermal stability [19,20]. HfO2 are combined or doped with the Oxide of silicon in several manufacturing and applications due to its dielectric constant [21,22] since the addition of doping plays an important role in material properties [23]. Placement of oxide in silicon on the Devices made of metals over oxides over semiconductors (MOS) in the access memory dynamic for the fabricated devices and the stack gate is one of the main applications of HfO2 [24,25].

Other work on the same material shows the use of HfO2 as a heat mirror. A heated mirror was built based on the hafnium oxide/silver/hafnium oxide/glass system. This heat mirror was found to be transparent in the visible with an average transmittance of 72.4%, and reflective in the near-infrared (wavelength = 700–2000 nm) with an average reflectance of 67.0% [26]. Up to our best knowledge, the HfO2 Nanofilms on Si substrate as a heterojunction photodetector has not been extensively studied yet, as a result, in this manuscript, a HfO2/Si hetero-junction device was prepared and characterized after the preparation and characterization of the HfO2 films at different temperatures.

2  Experimental Parts

Both HfO2 and hafnium (IV) chloride (with purity 99.9999% and 99%) sequentially were obtained from Sigma Aldrich. Three grams of HfO2 were used to prepare the disk in dimensions (2 × 0.5) cm as shown in Fig. 1. The hydraulic press was used to press HfO2 powder to prepare the disk in 1 Ton. The processes of the experimental for PLD are presented in Fig. 2, where the PLD system uses the Nd:YAG (Q-switch laser) and its characteristics that presented in Table 1. The Genetic Joule-meter QE12 is used to calibrate the laser energy.
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Figure 1: HfO2 after pressing
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Figure 2: The experimental set up of pulsed laser deposition
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At room temperatures, the Nd:YAG Q-switching Laser was used at varying temperatures of the substrate, 2 J energy, and pulses numbers of 400 pulses. The laser device and the deposition chamber are the two most important parts of the PLD system. The deposition using pulsed laser process was conducted in a chamber of vacuum with a vacuum of around 10−3 Torr. The concentrated Nd:YAG (second harmonic generation) SHG Q-switching laser beam makes a 45° angle with the target surface. The deposited nano-films were formed on the substrates of quartz at temperatures of 500, 550, and 600°C and with a laser intensity of 2000 mJ. The Q switched Nd:YAG laser was used to deposit 50 shots with varying substrate temperatures and a pulse repetition rate of 6 Hz. The target was constructed as a disk before the thin film was applied. The target was formed as a disk with a diameter of 2 cm and a thickness of 0.5 cm, with the purity of HfO2 (99.9%) supplied by Gamma. Characterizations were explored utilizing a variety of measuring techniques, including XRD, SEM, and AFM measurements; for assessing the shape and the deposited Nano-thin film structure.

2.1 Preparation of HfO2 Thin Films

Before starting to deposit the samples, there are two important steps that have to be done. The first one is: all the substrates were cleaned by using isopropyl alcohol, detergent solution and washed by acetone after washed by deionized water cleaned the substrate (quartz) and this includes. Later the HfO2 (high-quality) nano-films were deposited inside the vacuum chamber at different temperatures of the substrate about 500, 550, and 600°C by using the PLD technique.

2.2 Hetero-Junction Diode Made of Al/HfO2/n-Si

Type Al/HfO2/n-Si hetero-junction diodes were made on a silicon wafer (n-type, Si100) with a resistance of 0–30 cm and a thickness of 250 μm. But in usual some impurities, for example, dust, grease, oil, etc., can be found on the surface of Si-wafer, so it was necessary to clean the substrate before fabricating the Schottky diode. On the other hand, the cleaning process can affect positively on the parameters of a diode as presented in the investigation [18]. The deposited homogeneous HfO2 nano-films and structure on the selected substrates (n-type Si) at varying temperatures of the substrate ranging from 400 to 600 degrees Celsius. Pure aluminum was sputtered on the deposited HfO2/n-Si using (dc sputtering) with a square mask 1 × 1 cm and its thickness around 200 nm to establish a contact.

2.3 Instruments Details

X-ray diffraction was used to study the phase transformation of the thin films with wavelength 0.15406 nm of Cukα1 (Rigaku Miniflex-II). While FE-SEM (Zeiss Sigma) was used to study the surface morphology and compositional analysis of the samples. The optical properties of the films were examined by photoluminescence spectroscopy (FP/8300) and UV-Vis spectroscopy (JASCO Model No. V-770PC) and A Keithley Electrometer was used to measure current-voltage properties (Model No. 6517-B).

3  Results and Discussion

3.1 Structural Results

Fig. 3 illustrates the XRD pattern of hafnium oxide films deposited at temperatures of 500, 550, and 600°C. It is clear that as the deposition temperature increase, the HfO2 films become more crystallized. Two different crystalline phases could be recognized, the cubic and the monoclinic. The transformation in film structure from amorphous as shown at 500°C to be more crystalline at 550°C, could be seen in Fig. 3.

[image: images]

Figure 3: XRD of nano HfO2 films at substrates at temperature (a) 500°C, (b) 550°C, and (c) 600°C

The enhanced in crystallinity of the film is related to increasing the molecule thermal energy at elevated temperature resulting in more chance for each molecule or atom to reconnect with its neighbored molecule to build the crystal at a specific structure and phase. At the low temperature, the atoms slowly stick and harden to form an amorphous film. Relatively and at the low temperature, the substrate molecules have a low value of the kinetic energy, the creation of the (long range-orientation) (LRO) for molecules [7,8,27]. The monoclinic crystal structure of the Hafnium (IV) oxide films was seen at 500, 550, and 600°C, and these results are consistent with (JCPDS) data number of (78–0049) at a = 5.117, b = 5.175, and c = 5.291. significantly, it has been noticed that there is an increase in the (–111) and (111) plans diffraction intensity with increasing the temperature from 500 to 600°C was which was produced by atom diffusion, resulting in combining large numbers of atoms coming together, and hence an increase in grain size could be recognize this behavior agree with other work [7,8,28]. Fig. 3 depicts the transition from amorphous to monoclinic phase for temperatures between 500 and 600 degrees Celsius. This shows that the temperature of the substrate has an influence on the HfO2 films. The transition to the crystalline phase was predicted, as previously stated [7,8,29]. The following equations were used to compute the structural characteristics of HfO2 films [30–32]:


δ=1D2
(1)


ε=λDsin⁡θ−βtan⁡θ
(2)


SF=[2π245(3tan⁡θ)12]β
(3)


TC=Io(hikili)Is(hikili)[1N∑Io(hikili)Is(hikili)]−1
(4)

where ε is the strain, δ is dislocation density, SF is the stacking faults, all the values of these parameters are listed in Table 2.
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In addition, it has been found that the sizes of the crystallite equal 6.98865, 9.29844, and 11.9699 nm for 500, 550, 600°C, respectively.

The amended size of crystallite with a high temperature of the substrate belongs to the mobility of the atoms and low density of packing which was values of the influenced by the temperature of the substrate [7,8,33]. In general, the increase in the substrate temperature from 500 to 600°C led to reducing the stacking fault and the strain because of reducing the blemishes at the grain’s interfaces as a result of the oxygen vacancies [7,8,34]. Fig. 3 shows the difference in structural parameters in various temperatures. It might be the cause of the lower stacking fault and strain readings as the temperature rises. Furthermore, with temperature, the predicted mean values of the (dislocation density) changed from 2.04745 × 1016 to 2.22740 × 1016 lines m−2. The characteristics of the structure for HfO2 nano-films were greatly enhanced above 550°C, according to the XRD data. As a result, altering the structure of the samples may improve the films’ electrical and optical characteristics.

Furthermore, X-ray diffraction revealed that as the deposition temperature was raised, the intensity values of the presented peaks of 011, 100, 111, 002, 220, and 302 are increasing. In addition, AFM pictures of Hafnium oxide films indicated that the grain size grew with the substrate’s temperature from 18 to 86 nm, but the values of the roughness are reduced, as a result of substrate temperatures effect, as presented in below Fig. 4.
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Figure 4: Grain size and the roughness for HfO2 nano films at different substrates temperature

In general, roughness rises as grain size grows, however roughness reduced as grain size grew in this study. This might be related to the manner of deposition. The thickness, on the other hand, maybe determined using AFM scans of the film increased from 47 to 102 nm at 500°C and 550°C, respectively [7,8,35], as shown in Fig. 5.
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Figure 5: LPD produced HfO2 films at various temperatures

3.2 Optical Results

The transmission declined as the deposition temperature increased, while the absorbance values are increased as presented in the Figs. 6 and 7. The highest transmittance values occurred as the approached wavelength at the Near Infra-Red area, as indicated in the Fig. 6, while the maximum values of the absorption emerged around the Near Infra-Red region. As shown in the presented Fig. 7, HfO2 films have an absorbance range of (1.51–1.94) percent and transmission spectra of (73–84) percent, these results agree with other work [36].
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Figure 6: The absorbance spectra of HfO2 nano-films at various temperatures
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Figure 7: HfO2 film transmittance spectra at various temperatures

Fig. 8 present the optical energy band gap of HfO2 nanofilms made at 500, 550, and 600°C, with the energy gap of HfO2 being about (4.9–5.3) eV. It can be seen in Fig. 8 that the Eg dropped as the temperature was increased, going from 5.3 to 4.9 eV. Because of the decrease in Eg, intermediate levels between the valence and conduction bands were shared, these results agree with other work [37].
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Figure 8: Optical energy gab for HfO2 nano films at various temperatures

3.3 Photoluminescence

Fig. 9 presents a significant emission at the wavelength range of 337 to 365 nm where the PL spectra of Hafnium dioxide films at various substrate temperatures (500, 550, and 600°C) have been given. It is clear that as increasing the substrate temperature the emission wavelength of films was improved. At 500°C a weak emission could be shown at 337 nm, while it has been increasing to 365 nm at a higher substrate temperature of about 600°C which is related to the lower recombination of charge carriers and the oxygen vacancies [7,8]. The films coated at 600°C emitted a substantial amount of light at 365 nm, which might imply that the energy in the films decreases and the wavelength increases as the temperature rises as a result of the density low-packing, which causes the voids empty to develop between the values of the grain of the surfaces. Interestingly, previous studies [7,8] found a similar pattern of increased intensity of the PL with increasing temperature substrate.
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Figure 9: The photoluminescence results for nano HfO2 films at various temperatures

3.4 Morphological Results

Fig. 10 shows 2D and 3D AFM images of HfO2 nano-films that were deposited at different temperatures with the scan area 4 μ × 4 μ, and the films’ height increased with increase in the temperature of the substrates.
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Figure 10: 2D and 3D AFM images of HfO2 at different temperatures

FE-SEM was used to determine the surface structure, grain orientation, and shape of these thin films. Fig. 11 shows FE-SEM images for the deposited HfO2 nano-films are prepared and deposited on several substrates at temperatures ranging from 500 to 600 degrees Celsius. The HfO2 films produced a honeycomb/micro-porous like structure at 500 degrees Celsius, with fewer figures of grains (like balls) with a diameter of 3–4 m, as reported previously at the same figure. Furthermore, when the temperature of the substrate samples was raised to 550°C, the number of ball-like grains rose as well. Due to the gathering, and the agglomeration of the nano-grains after impacting against the heated substrate, they mix and form big grains [7,8]. Furthermore, a clump of the grains is closely bound as presented in Fig. 11 due to the sluggish nucleation rate. Large numbers of ball-like grains may be detected at a higher substrate temperature of 600°C compared to other temperatures. It is also worth noting that the size of the holes shrinks from 10 to 100 nm, resulting in a nano porous-like morphology. Higher temperatures, according to this conclusion, promote grain development and decrease the pore’s structure sizes are found in the presented samples. The surface morphology of HfO2 films is supported by the shift in the structure of the crystal from the amorphous structures to the monoclinic structures. The diode factors will be improved by a (pores-like) structure at a higher number of the channel.
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Figure 11: SEM images of HfO2 thin films at various substrate temperatures; (a–c) the samples were examined by Image J; (d–f) show the distribution of the diameters of HfO2

Fig. 11 The SEM of HfO2 at different temperature substrates and it has been noticed that the average size of the particles between (5–9.9) nm rose at the highest temperature of the substrate 600°C compare to 500°C and 550°C.

3.5 Energy Dispersive X-Ray Spectroscopy (EDX)

Fig. 12 shows the EDX picture of the deposited HfO2 nano-films with the different temperature substrates. The presences of Hf and oxygen (O) components in the films are shown by the EDX spectra. A clear increase in Hf atomic weight with a reduction in oxygen atomic ratio could be recognized as the substrate temperature was increased from 500°C to 600°C which give rise to enhanced stoichiometry, Finally, all of the deposited films show excellent stoichiometry characteristics. Additionally, the MIS diode’s electrical activity will be reinforced by the constant lowering of oxygen (atomic percent).
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Figure 12: EXD analysis of HfO2 nano-films at different temperature of the substrates

3.6 Schottky Barrier Diode Al/HfO2/n-Si Characterization

Hafnium dioxide Nanostructures layer was deposited on the Si wafer P-type and deposited a mask of Aluminum up to the HfO2 nanostructure to fabricate the optoelectronic device. The voltage-current (I-V) characterization of the deposited (Al/HfO2/p-Si) at various temperatures of the substrates are presented in Fig. 13. The I-V results will be used to investigate contacts of the Schottky, the quality interface, device performance, and constraints. The reverse and forward current levels of the manufactured device were tested using a continuous biasing voltage ranging from –3 to +3 V. For all of the fabricated diodes, the observed forward current grows exponentially with voltage and demonstrates good rectification behavior. Reverse current is reduced, while forward current development is exponential at 600°C substrate temperature, suggesting improved rectification capabilities and the excellent nature of the deposited and manufactured devices (diodes). The contact/junctions (Metal-semiconductor) MS and the semiconductor hetero-junction that is comparable configurations generate a barrier Schottky. A Schottky diode is another name for an MS contact. In these facilities, the majority of charge carriers are in charge of carrier transit. The current-voltage characteristics are studied throughout a wide temperature range to explore the current transport mechanism in these devices. The intercept and the slope of the J-V curve (semi-logarithmic) are used to calculate the barrier height and ideality factor using the theory of the thermionic-emission. The current via Al/HfO2/P-Si was defined using the following equations according to the theory of the thermionic-emission [38–40]:


I=AA∗T2exp(−qΦBKBT)[exp⁡(qVnKBT)−1]
(5)

The diode’s reverse saturation current, Io, was computed.


I0=AA∗T2exp(−qΦBKBT)
(6)

Where Io stands for reverse saturation current, q stands for electron charge, V stands for bias voltage, n stands for ideality factor, B stands for effective barrier height, KB stands for Boltzmann constant, T stands for temperature, A stands for diode area, and A* stands for the constant of the effective-Richardson. The value of the Io is a parameter of the fabricated diode that represents reverse saturation current and minority carrier diffusion in the depletion area at forwarding bias. The value of the Io for the fabricated diode is increasing with the temperature of the substrate, from Io = 515.2 mA at 500°C to Io = 1140.5 mA at 600°C, among three based voltages.
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Figure 13: I-V characteristics of Al/HfO2/p-Si barrier hetero-structure devise

Using the ln J vs. voltage plot (Fig. 14) and the following equation to estimate the Al/HfO2/p-Si diodes’ ideal factors (n) and barrier heights (experimental values) [41–44], the forward bias’s slopes and intercept were calculated.
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Figure 14: Density of current (ln J) with the applied voltage (V) for the fabricated device


n=qkBT(d(V)d(ln⁡(I)))
(7)


ΦB=KBTqln(AA∗T2I0)
(8)

As the temperatures of the substrate are rises, the calculated values of the factor (ideality) were calculated to be dropping and the associated height barrier was increasing. At low temperatures of the substrate, the electrons can overcome the lower value of the barriers or the patches. As a result, the values of current flowing through patches with lower barrier height and a greater ideality factor will dominate current transport. As the temperature rises, more electrons have enough energy to break through the higher barrier. In this situation, the height of the barrier will rise as the temperature rises [45,46]. The Al/HfO2/p-Si diode produced at 600°C has a minimum value of the (ideality) factor of 3.2 and matches with the height of the barrier equal to B = 0.824 eV. According to Altndal et al., the lower of n results in a greater B value at higher temperatures [47,48]. Similarly, a number of research groups have reported temperature-dependent Schottky diodes made using diverse techniques [47,48]. Many studies have also described the dependent-temperature based on the Schottky device made using different techniques [48,49]. Because of the thermionic emission sample, the electron does not have enough energy to pass throw the barrier energy at a lower temperature of the substrates, however, at a maximum substrate temperature, the higher values of barriers are readily overcome by the electron. As a result, most diodes operate better at higher temperatures [50,51].

4  Conclusions

HfO2 nano and microstructures were successfully deposited utilizing the PLD approach using high values of the quality-wide-band gap HfO2 Nano-thin films on a quartz substrate at varying temperatures of the substrate. Furthermore, the best film in terms of absorbance, transmission, the thicknesses of the Nano-film, and founds have a significant impact on the characteristics and performance of photonics and optoelectronic devices. The coated films’ physical characteristics (optical, structural, and electrical) were investigated. The XRD data for HfO2 suggest a monoclinic crystal structure, with the crystallite improving after 550°C. The FE-SEM micrograph revealed ball-like grains and micro-porous structures. Furthermore, at 600°C, a considerable of grains numbers with a tiny porous structure has been observed. The presence of O and Hf was verified by EDX analyses which insure the formation of stoichiometric material. At 600°C, thin films of HfO2 exhibit an absorption peak with a band gap of 3.41 eV. Meanwhile, an emission significant peak at 384 nm was discovered in the PL spectra and at high temperatures. The I-V test revealed that increasing the temperature of the substrate lowers the values of the ideality-factor and strengthens the (barrier-heights), as well as inverting the Al/HfO2/n-Si diode’s saturation current. The fabricated device insure the fact that HfO2 is a versatile material for hetero-junction device fabrication as a photodiode or solar cell, the device performance study reflects a good rectification behavior with enhanced properties with temperature.
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Table 1: Q-switching Nd:YAG laser technical parameters

Parameters of laser Values
Wavelengths of laser in (nm) 1064
Energy of the pulses in (mJ) 2000
Widths of pulse in (ns) 7
Frequency of pulses at second in (Hz) 3

Temperatures of substrate 500°C, 550°C and 600°C
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Table 2: Structural constant of HfO, at various temperatures of the substrates

Substrate Angle of  The distance FWHM  Size of the Macrostram Dislocation Stacking Texture

temperature  the of inter in crystallite  (g) (x 107%) den51ty (0) fault coefficient

(°C) diffraction planar (Radians) (D) (x 10'® (SF) (TC)
20 (°) (d) (A) (nm) lines. m™?) (x 107%) 500°C

500 24.4351 3.88353 0.019523 7.07655  1.9865 2.23457 0.49645 1.253
28.6039 3.20549 0.028545 1.99655  0.7065 0.25780 0.18765 1.124
31.0838 2.87719 0.020608 6.98865  2.0608 2.04745 0.49638 1.047
34.3442 2.61115 0.034348 4.22836  3.4348 5.59316 0.82042 0.787
51.7358 2.38466 0.024794 8.27489  2.0608 1.81316 0.46712 0.568
60.8345 2.38466 0.024794 8.27489  2.0608 1.81316 0.46712 0.568

550 24.4351 3.78011 0.020608 8.87767  2.0608 2.11406 0.50439 1.141
28.6039 3.19741 0.008587 3.66517  2.08330 0.36064 0.20833 1.237
31.0838 2.87719 0.010304 9.39844  2.48066 0.51134 0.24806 0.833
34.3442 2.61115 0.034348 10.4765 4.65791 1.80286 0.46579 0.939
51.7358 1.82719 0.041217 11.7192  9.34065 7.24993 0.93406 0.989
60.8345

600 24.4351 3.70926 0.008111 9.48784  1.98363 2.32696 0.19836 1.687
28.6039 3.17921 0.006869 4.82808  1.66615 2.23067 0.1666  0.465
31.0838 2.87019 0.006869 11.9699  1.65429 2.22740 0.16542 0.668
34.3442 2.62352 0.027478 9.28307  6.56635 3.58284 0.65663 1.179
51.7358 1.83917 0.020608 11.4160 4.67776 1.81826 0.46777 0.729
60.8345 1.83917 0.020608 12.4104 4.67776 1.81826 0.46777 0.729
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