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A B S T R A C T   

The effects of reactive and sputtering oxygen partial pressure on the structure, stoichiometry and optical 
properties of hafnium oxide (HfO2) thin films have been systematically investigated. The electron cyclotron 
resonance ion beam deposition (ECR-IBD) technique was used to fabricate the films on to JGS-3 fused silica 
substrates. The amorphous structure of HfO2 films were determined by X-ray Diffraction. Energy-dispersive X-ray 
Spectroscopy and Rutherford Backscattering Spectrometry were carried out for the composition and stoichi-
ometry analysis, where this suggests the formation of over-stoichiometric films. The data suggests that the O:Hf 
ratio ranges from 2.4 – 4.45 to 1 for the ECR-IBD fabricated HfO2 films in this study. The transmission and 
reflectance spectra of the HfO2 films were measured over a wide range of wavelengths (λ = 185 – 3000 nm) by 
utilizing a spectrophotometer. The measured spectra were analyzed by an optical fitting software, which utilizes 
the model modified by O’Leary, Johnson and Lim, to extract the optical properties, refractive index (n) and the 
bandgap energy (E0). By varying the reactive and sputtering oxygen partial pressure, the optical properties were 
found to be n = 1.70 – 1.91, and E0 = 5.6 – 6.0 eV. This study provides a flexible method for tuning the optical 
properties of HfO2 coatings by controlling the mixture of reactive and sputtering gas.   

1. Introduction 

Hafnium oxide, also known as Hafnia (HfO2), is one of the most 
attractive high refractive index materials, high-k dielectric, with excel-
lent thermal and chemical stability [1] that are widely used in optical 
coating applications. They are also commonly used in multilayer optical 
coatings as the high index material, alongside low index material like 
silica, where it can be utilized in interference filters, anti-reflective 
coatings, metal-oxide-semiconductor transistors, and cameras that can 
be utilized for space applications [2–4]. Other applications that HfO2 
films has been utilized aside for optical coatings are memory applica-
tions [1,5,6], ferroelectrics transistors which can be used for in-memory 
computing devices, as well as neuromorphic devices [7–9] and as HfO2 
based nanoagent in clinical trials for radiosensitized tumor therapy [10]. 
HfO2 has optical transparency over a wide spectral range, from 

ultraviolet (UV) to mid-infrared (mid-IR) region, due to its wide 
bandgap of 5.3 – 5.7 eV [11,12], alongside high laser induced damage 
threshold (LIDT), allowing it to often be utilized as the coating for optics 
in high power laser systems. These HfO2 coated optics are utilize in 
filters or mirrors for laser spectroscopy, laser diodes, and multilayer high 
reflection mirrors for Gravitational-wave interferometers, for example 
[13–15]. Although, from previous studies by many authors over the 
years, it shows that HfO2 has its favorable and advantages characteris-
tics for different applications, but the optical and structural properties of 
the thin films can vary depending on the deposition methods, as well as 
the deposition parameters [1,2]. This leads to common deposition 
techniques, including electron beam evaporation [11,16,17], dual ion 
beam sputtering [18,19], reactive low voltage ion plating, radio fre-
quency (RF) magnetron sputtering [20], high pressure reactive sput-
tering [21], pulsed laser deposition [1], and ion beam deposition (IBD) 
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[22,23], yielding inconsistent optical, electronic and structural proper-
ties. These inconsistencies reported in literature includes differences in 
films’ stoichiometry due to the deposition method, crystalline phases, 
polycrystallinity, amorphous nature, density, and defect states [1,24, 
25]. With these inconsistencies reported in film properties, it has pre-
viously been demonstrated that IBD is a technique that is capable of the 
fabrication of high quality thin films, with properties close to those of 
bulk materials. The high quality includes low scattering, high density, 
high refractive index, low absorption, good mechanical structural 
properties, and good environmental stability. The investigation of the 
purity, stoichiometric defects, and optical properties are of great sig-
nificance for the preparation of high-quality coatings. 

Reported here is a strategy for the optimization of HfO2 film prop-
erties by controlling the oxygen to argon ratio during the IBD process. 
The films were produced by utilizing electron cyclotron resonance 
(ECR)-IBD, which is a process that has previously yielded the lowest IR 
absorption in amorphous silicon thin films [26], but otherwise under-
explored for optical coating development. The stoichiometry and 
elemental analysis of the films discussed were carried out by 
Energy-dispersive X-ray Spectroscopy (EDS) along with Rutherford 
backscattering spectrometry (RBS). The structural properties of the films 
were determined by X-ray Diffraction (XRD), and the optical properties, 
such as refractive index (n) and bandgap energy (E0), were obtained by 
fitting the transmittance and reflectance spectra by using a commercial 
optical fitting software application. The aim of this work is to report the 
correlation between the reactive oxygen partial pressure and HfO2 films’ 
optical and structural properties and film composition by utilizing the 
ECR-IBD technique. 

2. Materials and method 

2.1. Thin film fabrication 

The HfO2 coatings presented in this study were fabricated in a 
custom-built IBD system [26], utilizing three compact ECR ion sources 
(all ECR sources from Polygon Physics, France), as shown in Fig. 1. These 
ion sources generate highly confined (mm-scale) parallel beams 
extracted through a single aperture and extracted with 10 kV potential. 
The three ion beams are directed onto a HfO2 target, which is situated in 
the middle of the chamber. During the deposition process, everything 
inside the system was kept constant (i.e. target-to-substrate position, 
target angle, etc.). The ion sources parameters are controlled via a 
LabVIEW software (Version 16.0, NI): gas flow through the ion sources, 
the individual microwave power for plasma generation, beam voltage, 
and focus voltage. The microwave power input is between 3 – 5 W, the 

focus voltage is between 3 – 6 kV and the beam voltage is kept constant 
at 10 kV for all sources. The chosen parameters are used to provide the 
highest extraction current, minimal beam divergence, highest ion en-
ergies and to provide the most stable beam for each deposition. 

The substrates used in this study are JGS-3 fused silica circular discs, 
20-mm in diameter and 1-mm thick (Changchun Qianhao Photoelectric 
Co., Ltd, China). For improved thickness uniformity of the coatings, four 
samples are placed on a rotating substrate holder, on a ferrofluidic drive, 
driven by a stepper motor at 0.6 rpm for each deposition. Due to the 
nature of the ECR sources and their low deposition rate (~0.01 Å/s), the 
deposition time for each run is 72 h, where the thickness varies between 
140 – 270 nm, dependent on the coating configurations. The growth rate 
was measured in situ by utilizing a quartz microbalance, and the thick-
ness of the coatings were later determined by fitting the transmittance 
and reflectance measurements using SCOUT (Version 4.93, WTheiss 
Hardware and Software). 

A hafnium oxide target with 99.99% purity was used for this inves-
tigation. A neutralizer was added to the setup to mitigate instabilities 
associated with plasma charging build-up, in addition to electrical dis-
charging/arcing due to the accumulation of charge on the non- 
conductive target surface. 

For the deposition process, the base pressure of the chamber was 
lower than 3 × 10− 4 Pa and the deposition were carried out at room 
temperature. The total pressure was fixed to 2.5 × 10− 2 Pa during 
deposition. The gasses were introduced in the chamber following three 
configurations:  

(i) Varying the reactive oxygen background partial pressure from 
10% to 90% of the fixed total pressure value, where argon is 
introduced through the sources and neutralizer, where this will 
be referred to as ‘X% Reactive Oxygen’  

(ii) Varying the sputtering oxygen partial pressure through 1 or 3 
sources with no background gas, where this will be referred to as: 
‘10% Sputtering Oxygen’ when 1 source is utilizing oxygen while 
the remaining 2 sources and the neutralizer are utilizing argon; 
and ‘30% Sputtering Oxygen’ when all 3 sources are utilizing 
oxygen and the neutralizer is utilizing argon. For this configu-
ration, the argon from the neutralizer is taken into account for the 
overall gas percentages and fixed total pressure value  

(iii) Using pure oxygen gas for the full process through the sources 
and the neutralizer, where this will be referred to as ‘Pure Oxygen 
Process’ 

2.2. Optical characterization 

For the optical characterization of the deposited films, Photon RT 
spectrophotometer (EssentOptics Ltd., Belarus) was used to obtain the 
transmittance (T) and reflectance (R) of the coatings at the wavelength 
range of 185 – 5000 nm. Once both spectra were obtained for each 
substrate, the data is imported to the optical fitting software SCOUT to 
analyze the spectra [26,27]. 

There are many different methods which can be used to model the 
optical properties of amorphous semiconductors, based on the density of 
states (DOS) function, where Tauc-Lorentz model [28] and O’Leary, 
Johnson, and Lim (OJL) model [29] are typically used. Within this 
study, the OJL model has been utilized within SCOUT. 

OJL model is used to describe the interband transition in the amor-
phous semiconductors [30,31]. This model assumes the parabolic shape 
valance and conduction band of the DOS, with tail states exponentially 
decaying into the bandgap [29–31]. The said tail states are the results of 
the disorder present in amorphous semiconductor, where this is also 
known as the Urbach tail [32]. The parameters of OJL DOS model are: 

Em,c = Ec +
1
2
γc (2.2.1)  

Fig. 1. Schematic diagram of the experimental setup for the HfO2 study. The 
figure shows all the different components of the custom-built ECR-IBD system. 
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Em,v = Ev −
1
2

γv (2.2.2) 

Where Ec and Ev are the conduction and valence band energy, γc and 
γv is the damping constant of the conduction and valence bands, and mc 
and mv are the conduction and valence band mass. Eqs. (2.2.1) and 2.2.2 
represents the mobility edges of the conduction and valence bands, 
respectively. As for the bandgap energy (E0), this is denoted by: 

Ec +
1
2

γc −

[

Ev −
1
2
γv

]

= E0 (2.2.3) 

Where E0 can be acquired via SCOUT. The other OJL interband 
transitions within SCOUT are as follows [30,31,33,34]:  

• OJL mass: this acts as the scaling factor in determining the shape of 
the DOS  

• OJL gamma valence: this is the band tail width, or Urbach tail  
• OJL decay: this is the number which ensures the imaginary part 

decays to zero for high frequency 

As for the refractive index (n), this is calculated by utilizing the 
Kramers-Kronig Relation (KKR) implemented in SCOUT. The KKR con-
nects the real and imaginary parts of the susceptibilities, and can be used 
to calculate the real and imaginary parts of the dielectric function. By 
utilizing both the KKR and OJL model implemented in SCOUT and 
fitting of T and R spectra, this allows for the extraction of n, E0, and 
thickness, among other optical constants not discussed in this study. 

The following steps were taken within SCOUT to carry out the optical 
fittings: (1) Introduce the OJL model, initial values of the complex 
refractive index (based on literature) and film thickness. (2) Insert the T 
and R spectra. (3) Run the “automatic fit”, where the downhill simplex 
method is applied to vary the fit parameters in order to minimize the 
deviation between the experimental and simulated values, until an 
optimal fit is obtained. (4) The E0, n and thickness values can now be 
obtained [30,31]. 

2.3. Elemental and structural characterization 

The compositional elemental analysis and mapping of the samples 
were measured by Hitachi S3700-N Scanning Electron Microscope 
(SEM), equipped with an EDS system at room temperature, operated at 
an accelerating voltage of 10 kV. Further confirmation of the elemental 
analysis were carried out by RBS measurements, which were carried out 
using a 2 MeV 4He beam. The beam was incident at an angle of 7◦ from 
the surface of normal to minimize channeling effects, and the detector 
was placed at a scattering angle of 170◦ Atomic concentrations were 
determined by fitting the experimental spectra with the SIMNRA pro-
gram [35]. The structure of the films was determined by utilizing XRD 
method using Bruker D8 Advance with a Cu Kα X-ray source at λ =
1.541 Å. The XRD scans are measured in the standard Bragg-Brentano 
geometry, measured between the angles of 2θ = 20 – 55◦

3. Results 

Fig. 2 shows the XRD pattern of pure HfO2 films with varying oxygen 
content: (i) in the background with argon as the sputtering gas, (ii) 
through the ion sources (1 and 3 sources), where argon is still present in 
the process through the neutralizer, and (iii) pure oxygen process, where 
there is no argon inside the chamber. As can be seen from the XRD data, 
all HfO2 films show a broad weak band, which indicates that all of the 
films in this study are amorphous. XRD data for a blank substrate is also 
included to show the peak centered at ~21◦ in all samples is from the 
substrate. The XRD data shows minimal difference between the blank 
substrate and coated substrates, which further demonstrates that the 
HfO2 thin films in this experiment are amorphous. Also included in the 
figure is a sample annealed to 500 ◦C from the pure oxygen process, 

which shows the emergence of narrow peaks compared to the as- 
deposited films. These narrow peaks are an indicator to the increasing 
crystalline structure when the films are annealed, and are denoted by * 
in Fig. 2. This is further confirmation that the as-deposited samples 
investigated are in fact amorphous. 

The atomic composition of the deposited hafnia films measured by 
EDS is shown in Fig. 3. The only elements detected by utilizing EDS in all 
coatings are O, Hf, and Ar. In Fig. 3a and b, the atomic percentage of 
oxygen and hafnium present in the films are provided. Fig. 3d shows the 
ratio between oxygen and hafnium present. By increasing the back-
ground oxygen partial pressure over 35%, an increase of the oxygen 
concentration in the films is observed. The highest value of oxygen 
concentration in the films was acquired by 30% sputtering oxygen, 
where the O:Hf ratio is 4.45:1 (red circle). Note that the composition for 
the pure oxygen process was not measured by EDS. From Fig. 3d, it can 
be seen that all coatings have an excess of oxygen, and are over- 
stoichiometric due to the measured O:Hf ratios being above 2:1, 
where the lowest is 2.4:1 at 20% background oxygen (black square). 
Fig. 3c shows the Ar atomic percentage measured by EDS. For all films 
within this study, the Ar concentration is lower than 2.5%. The decrease 
in Ar concentration is correlated with the oxygen increase, as shown in 
Fig. 3a. However, at 30% sputtering oxygen (red circle), there are no Ar 
incorporated within the films. 

Due to the high O:Hf content shown in Fig. 3d, RBS measurements 
were also carried out to confirm the O:Hf content, and the stoichiometry 
of the films discussed within this paper. Fig. 4 shows the O:Hf content 
acquired by utilizing RBS method. As shown, the results are slightly 
different to that of EDS results (Fig. 3d). However, the RBS results are in 
agreement with EDS results, where the films discussed within this study 
are all over-oxygenated, and therefore, over-stoichiometric. As previ-
ously mentioned, for stoichiometric HfO2 thin films, the O:Hf ratio must 
be 2:1, where in this case (based on RBS results, Fig. 4), the lowest O:Hf 
ratio in this study has the value of 2.65:1 at 10% background oxygen 
(black square). Alongside, the highest O:Hf ratio in this study, based on 
RBS results, is 3.89:1 at pure oxygen process (green triangle). 

The transmittance and reflectance measurements are shown in Fig. 5. 
The absorption peaks measured at 2700 nm (very predominant in the 
transmittance data) are the water absorption peaks, which are associ-
ated with the substrate material. As described in the materials and 
methods section, for varying oxygen content configuration (i) are shown 
as solid lines, where 10% and 90% reactive oxygen is shown in Fig. 5; 
configuration (ii) is shown as dashed lines; and configuration (iii) is 
shown as dotted lines. As shown in Fig. 5, the higher the oxygen content 
(for all three configurations), the transmittance also increases, and 
therefore, the reflectance decreases – where this can be seen most 
prominently in the range of 1500 – 3000 nm. In example, for configu-
ration (i) 10% reactive oxygen (red, solid line) has a lower transmittance 

Fig. 2. XRD spectra of blank substrate and HfO2 thin films deposited by ECR- 
IBD for the three different configurations of the introduction of oxygen in the 
system: (i) reactive gas, (ii) sputtering gas, and (iii) pure oxygen process with 
and without thermal annealing. 

C. Gier et al.                                                                                                                                                                                                                                     



Thin Solid Films 771 (2023) 139781

4

(and higher reflectance) than that of 90% reactive oxygen (magenta, solid 
line) in this wavelength range. This is also true for configuration (ii), 
where 10% sputtering oxygen (blue, dashed line) has a lower trans-
mittance (and higher reflectance) than that of 30% sputtering oxygen 
(green, dashed line) within this wavelength range. Alongside, configu-
ration (iii), where this is the pure oxygen process (orange, dotted line) has 
the highest transmittance, and lowest reflectance out of all three 
configurations. 

It can also be observed that the transmittance data of samples shown 
exhibit interference effects. These interference fringes can be used as an 
indicator for the thickness of the films [31], where it can be observed 
that the films have different thickness due to the different configurations 
and oxygen percentages. As previously mentioned, all coatings have the 
same deposition time of 72 h, where the thicknesses varies between 140 
– 270 nm, dependent on the coating configurations. From Fig. 5, the data 
shows that by varying the oxygen content, for all three configurations, 
this has an effect on the transmittance and reflectance data, along with 
other optical properties, which will be discussed further. 

Fig. 6a shows the refractive index acquired from fitting via SCOUT 
for the wavelength range of 200–2500 nm, whereas Fig. 6b shows the 
refractive index extracted for a fixed wavelength of 1064 nm. This 
wavelength is chosen as Nd:YAG lasers operating at 1064 nm are widely 
used in many high power laser systems, including for military, medicine, 
and spectroscopy purposes. Fig. 6a shows that, as the oxygen concen-
tration increases, the refractive index decreases for all three configura-
tions (reactive oxygen, sputtering oxygen, and pure oxygen process), 
where the pure oxygen process possessing the lowest refractive index, 
and 10% reactive oxygen process possessing the highest refractive index. 
Fig. 6b also shows that at 10% reactive oxygen, the refractive index at 
1064 nm is the highest (n = 1.91) and decreasing as the reactive oxygen 
percentage increases. The lowest refractive index at 1064 nm is for the 
pure oxygen process with the value of n = 1.72. The data shown in Fig. 6 
are quoted from the average values from SCOUT fittings, where four 
coated substrates from each run are fitted five times each. 

Fig. 7 shows the bandgap energy of HfO2 films, extracted from the 
OJL gap energy model. For configuration (i) [black square], Fig. 7 shows 
that at 35% reactive oxygen partial pressure has the lowest bandgap 
energy of 5.6 eV, however, within the error range, from 10 – 50% 

Fig. 3. EDS measurement of the atomic percentages of (a) oxygen, (b) hafnium, (c) argon in the coatings, and (d) atomic percentage ratio of oxygen over hafnium in 
the coatings. 

Fig. 4. Atomic percentage ratio of oxygen over hafnium in the coatings 
extracted by RBS measurements. 
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reactive oxygen partial pressure, the bandgap energies are within the 
same values of 5.65 ± 0.05 eV. For configuration (ii) [red circle], the 
bandgap energy increases with the increasing percentage of oxygen used 
as sputtering gas, from 5.69 eV at 10% sputtering oxygen to 5.82 eV at 
30% sputtering oxygen. As for configuration (iii) [green triangle], the 
pure oxygen process provides the highest bandgap energy at 6 eV. The 
overall trend that can be concluded from Fig. 7 is that as the oxygen 
concentration increases for each configuration, the bandgap energy also 
increases. 

4. Discussion 

The transmission spectra measured for all films presented in Fig. 5 
show a high transmission from the UV to mid-IR (~300–3000 nm) which 
makes HfO2 an interesting material for optical applications. At the 
wavelength of ~2700 nm, it can be seen that in the transmittance data, 
there are absorption peaks. This absorption is common in fused silica 
substrates, where this band corresponds to the OH absorption band (or 
“water band”) [36]. It can also be seen that they are 
substrate-dependent, as not all of the transmittance data shown in Fig. 5 
possess this absorption peak. As this absorption peak is only due to the 

Fig. 5. Transmittance and reflectance data acquired from Photon RT spectrophotometer with wavelength range of λ = 185 – 3000 nm. Only a few selected samples 
used in this study are shown in the figure. 

Fig. 6. Refractive index of the films acquired from SCOUT fittings: (a) 
dispersion of refractive index versus wavelength of HfO2 films with different 
oxygen configurations, and (b) refractive index of each film at 1064 nm versus 
the oxygen percentage. 

Fig. 7. OJL bandgap energy (E0) versus oxygen percentage, where E0 is ac-
quired from the computed data from SCOUT. 
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substrates, it is negligible when it comes to the discussion of the films 
optical constants in this study. 

The XRD data in Fig. 2 shows that all coatings within this experiment 
exhibit a very broad wide band and minimal difference compared to 
blank substrates, which demonstrates that the HfO2 films in this 
experiment are amorphous, similar to the amorphous glass substrate. 
The XRD data for annealed HfO2 fabricated within the same pure oxygen 
process is shown to exhibit narrow peaks, where this shows that the film 
is becoming more crystalline in nature. This is in contrast to the broad 
peak of the films within this investigation, further verifying that the 
films are amorphous, even with the increase of oxygen content at room 
temperature. 

The EDS compositional analysis presented in Fig. 3 shows that, 
within the measurement certainty of circa 0.1%, only Ar, O, and Hf 
species are observed. High purity films are expected from the ECR-IBD 
process, due to a highly confined, filament-free plasma generation in 
addition to the extraction of ions through a single aperture. The single 
aperture extraction allows high extraction potentials and eliminates the 
requirement for extraction grids that are a source of contamination in 
standard IBD processes. As shown in Fig. 3c, the films contain interstitial 
argon in the range 1.7 – 2.5%, which is typical in IBD processes, where 
inert gasses are used as the sputtering species, and trapped atoms can 
create “nanobubbles” [23]. However, the 30% sputtering oxygen pro-
cess (configuration (ii), where argon is only utilized via the neutralizer) 
and pure oxygen process (configuration (iii), based on RBS results), does 
not have any Ar within the films, due to no use of argon during the 
deposition process. The amount of Ar that exists within the films in this 
study is slightly higher than the Ar solubility in solid materials (~1%) 
[23,37], however, this is still less than that of conventional RF-IBD 
systems (6 – 10%) [23]. This surplus of Ar quantity is associated with 
the implantation of the reflected neutral atoms with high kinetic en-
ergies, where the backscattered argon are incorporated into the coat-
ings, along with the film-forming particles, as the angular distribution of 
each of these have some overlap as they leave the target surface [23,38, 
39]. These Ar atoms will accumulate to form bubbles within the HfO2 
matrix due to the inert nature of the gas. Whilst the fraction of argon in 
these samples are low, the quantity of implanted argon bubbles [23] 
decreases with increasing oxygen adsorption in the films. It is likely that 
the different oxygen regimes across the range of the samples reported in 
this paper play different roles in the deposition process and resultant 
thin film properties. The presence of nanobubbles, both due to the 
entrapment of Ar and O2 molecules, may have an effect on the absorp-
tion of thin films, alongside the LIDT if used in laser systems, as the 
trapped nanobubbles can lead to optical breakdown due to laser expo-
sure. Further investigation into the nanobubbles and the effect on ab-
sorption and LIDT results produced by films utilizing ECR-IBD will be of 
interest to study. 

In addition, from both the EDS measurements and RBS measure-
ments, the films presented in this paper are all over-stoichiometric in 
relation to the composition of the HfO2 target (2:1 is the expected O:Hf 
ratio). Different mechanisms are thought to be the cause for the over- 
stoichiometry:  

(I) Interstitial oxygen in the films, where the oxygen molecules are 
supplanted in the interstitial sites within the HfO2 lattice, where 
the oxygen aggregates in the films [40];  

(II) Higher coordination number compounds are bonded during the 
deposition due to the high energy process (e.g. HfOx, where x >
2) [41]. 

Since Hf does not have a stable oxidation state to allow for bonding of 
three O atoms, the possibility of higher coordination compound like 
HfO3 can be ruled out. In turn, this leads to the conclusion that the over- 
stoichiometry observed are due to the interstitial oxygen within the 
films. 

The decreasing refractive index of the films at higher reactive oxygen 

partial pressure (Fig. 6), where the literature value reported is n = 1.88 
at 1064 nm for HfO2 thin films, and n = 2.1 (at 550 nm) for bulk HfO2 
[11,42–44] can be attributed to the interstitial oxygen that exists within 
the lattice. Alongside the decrease in refractive index observed due to 
interstitial oxygen, this also leads to the increasing bandgap behavior 
(Fig. 7), particularly increasing to greater than the reported bandgap 
values (5.3 – 5.7 eV) [11,12]. 

With the increase of oxygen content and O:Hf ratios, changes can be 
observed most prominently in the increased transmittance data (Fig. 5), 
especially in the mid-IR region of the samples deposited (λ ≈ 1300 – 
3000 nm). At 90% reactive oxygen (configuration (i)), where the O:Hf 
ratio is ~3:1, the transmittance has increased the most compared to 
other spectra in the same configuration (i), (Fig. 5a). At 30% sputtering 
oxygen (configuration (ii)), where the O:Hf ratio is ~4.45:1 (from EDS, 
and ~3.5:1 from RBS), provides an even higher transmittance than that 
of reactive oxygen configuration; and the pure oxygen process (config-
uration (iii)), where this has the highest transmittance out of all three 
configurations (Fig. 5b) with O:Hf ratio of ~4:1 (Fig. 4, green triangle). 

Fig. 6 shows that as the oxygen content increases, for all configura-
tions, the refractive index decreases. This reduction in refractive index 
related to the increase of reactive oxygen partial pressure in configu-
ration (i) could also be associated to the reduced packing density, which 
also leads to the increase in the bandgap energy when comparing be-
tween the samples within the same configuration. As previously stated, 
in literature, the refractive index of HfO2 thin films is n = 1.88 at 1064 
nm for HfO2 thin films, where the films were fabricated by electron 
beam evaporation [11,42]. For films in configuration (i), the overall 
refractive index at differing reactive oxygen percentages is higher than 
reported values, where this could be due to the higher overall packing 
density through the use of ECR-IBD when compared to films fabricated 
by other processes, such as electron beam evaporation or magnetron 
sputtering, when the films are still amorphous. Fig. 6 also shows that the 
refractive index is lower when utilizing oxygen as sputtering gas 
compared to argon, where this is most apparent in the pure oxygen 
process (configuration (iii)). 

As for the optical bandgap energy, this is affected by many factors: 
defect density, purities, packing density, stoichiometry, etc. As previ-
ously stated, the bandgap energy of HfO2 reported in the literature is 5.3 
– 5.7 eV [11,12]. It can be seen that in this work, by increasing the 
oxygen content during the deposition, the bandgap energy can be 
manipulated to be higher than that of the reported values (Fig. 7). Other 
researchers [13] have reported the values of 5.59 – 5.68 eV with 
increasing reactive oxygen partial pressure, and another group [45] 
have reported the values of 5.58 – 5.83 eV, where in this work, the 
values are reported in the range of 5.6 – 5.8 eV by increasing the reactive 
oxygen partial pressure (configuration (i)). As for configuration (ii) and 
(iii), the bandgap energies are in the range of 5.69 – 6.0 eV. This shows 
that as the oxygen content increases, the bandgap energy increases, 
which is in agreement with other groups’ findings [45]. In addition, 
there is also a slight blue-shift of the transmittance data (Fig. 5), at the 
UV range for the absorption edge, that can be seen with the increase of 
oxygen content. This absorption edge is associated with the bandgap 
energy, and the shift seen is known as Burstein-Moss shift, where this 
shift to lower wavelengths of the absorption edge is associated with the 
increase of bandgap energy. 

As stated earlier, the decrease in refractive index and increase of 
bandgap energy as the oxygen content increases within this study can 
also be due to the decrease in the packing density of the films. Yoldas 
formula [45] can be utilized to calculate the packing density (p), where 
this is defined as: 

p =
n2

p − 1
n2

b − 1
(4.1) 

Where np is the refractive index of the thin films at 600 nm, and nb is 
the refractive index of bulk-HfO2 in this case, where nb = 2.1. By 
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utilizing this equation, it was found that the highest packing density 
within this study can be found for 10% reactive oxygen (configuration 
(i)) where p = 0.81, and the lowest packing density within this study is 
found when utilizing pure oxygen process (configuration (iii)) where p 
= 0.6. This is in agreement with the results extracted from SCOUT, 
where at highest packing density calculated (10% reactive oxygen, 
configuration (i)), the refractive index is highest (Fig. 6), with the lowest 
bandgap energy (Fig. 7). Alongside, at lowest packing density calculated 
in this study (pure oxygen process, configuration (iii)), the refractive 
index is lowest (Fig. 6), with the highest bandgap energy (Fig. 7). 

The film growth rate for all films sputtered with argon is ~0.01 Å/s, 
which is around two orders of magnitude lower than that of conven-
tional IBD. The slow deposition rate may be one of the reasons for the 
over-stoichiometry where the oxygen adatoms have a longer time for 
reacting and diffusing in the forming thin film. The high energy of the 
ECR process could also produce highly reactive oxygen that sputters the 
targets and are bonded to the hafnium atoms. The rate decreases further 
with the introduction of oxygen in the sources as sputtering gas 
(configuration (ii) and (iii)). This rate is directly related to the mo-
mentum transfer between the bombarding ions and the target atoms, 
which is directly correlated to the difference in atomic mass between the 
working gas and the target atoms. In particular, for Hf, the sputtering 
yield is ~3 times higher with Ar than with O2 [46]. 

5. Conclusion 

The effect of reactive oxygen partial pressure and sputtering oxygen 
through the ion sources plays an important role in the optical properties 
of HfO2 thin films, fabricated by ECR-IBD technique. ECR gridless high- 
energy ion sources produced high-density pure hafnia films (with a 
lower backscattered Ar content at ~2.5% compared to the conventional 
IBD technique). The structural analysis carried out by XRD confirmed 
that all films within this study are amorphous. The compositional 
analysis demonstrated that the films in this study were all over- 
stoichiometric as the O:Hf ratio is higher than 2:1, even for reactive 
O2 partial pressure as low as 10% from the total process pressure which 
was found to be 2.8:1. Further investigation into the over-stoichiometry 
were carried out by utilizing RBS, where the results are in agreement 
with EDS results, demonstrating over-stoichiometric films found in this 
study. By utilizing the OJL model implemented within SCOUT software, 
the refractive index were found to be in the range of n = 1.70 – 1.91, and 
the OJL bandgap energy were found to be in the range of E0 = 5.6 – 6.0 
eV for the different oxygen concentrations that were investigated. The 
results indicated that the refractive indices decreases with the increase 
of oxygen content within the chamber, whereas the bandgap energies 
increases. This shift of bandgap to higher energies can also be seen from 
the slight shift towards lower wavelengths (blue shift) in the trans-
mittance measurement in the UV range as the oxygen content increases. 
From the optical characterizations, it was found that by controlling both 
the reactive and the sputtering oxygen concentration during deposition, 
the bandgap energy, and the refractive index, could be tuned to the 
desired value, depending on the application. 

Future work will include chemical analysis to understand how the 
excess oxygen is incorporated in the films and how it affects the nature 
of the hafnia coatings deposited by the ECR-IBD method. Furthermore, 
as HfO2 coatings are of interest for high-quality optical coatings for laser 
systems, LIDT studies will be carried out to compare the three different 
configurations discussed in this investigation. Along with this, the study 
of temperature treatment on these films will also be of interest to 
determine the optical, structural and the oxygen incorporation changes 
that may be observe, and in turn, the LIDT changes that may occur. 
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