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Abstract: HfO2 thin films were deposited on BK-7 glass substrates using an electron beam evaporation
deposition (EBD) technique and then post-treated with argon and oxygen ions at an ion energy
ranging from 800 to 1200 eV. The optical properties, laser damage resistance, and surface morphology
of the thin films exposed to Ar ions and O2 ions at various energies were studied. It was found that
the two ion post-treatment methods after deposition were effective for improving the LIDT of HfO2

thin films, but the mechanism for the improvement differs. The dense thin films highly resistant to
laser damage can be obtained through Ar ion post-treatment at a certain ion energy. The laser-induced
damage threshold (LIDT) of thin films after O2 ion post-treatment was higher in comparison to those
irradiated with Ar ion at the same ion energy.

Keywords: HfO2 films; the refractive index; laser-induced damage threshold; ion post-treatment

1. Introduction

Optical films with laser damage resistant properties are in considerable demand in
high energy laser applications [1]. Hafnium dioxide (HfO2) is one of the most important
oxides materials with a high refractive index for the manufacture of interference multilayer
films because of its excellent optical, thermal, and mechanical properties and is also known
as a high laser damage threshold (LIDT) material [2]. It is well known that the laser
damage resistance of HfO2 thin film is dependent on the parameters of the manufacturing
procedure. Segregation can be introduced during the manufacturing process of the films,
making the laser damage resistance of the HfO2 thin film deteriorate [3–5]. Additionally,
dense morphology is also essential for a HfO2 thin film with high laser damage threshold.

Ion beam processing techniques have the advantage in the surface and physical
properties’ modification of many optical films [6–8]. Irradiation through ionizing radiation
has been developed to bring about changes in the oxide thin film’s structure and physical
properties. Such changes may be in the form of thermal absorption or stoichiometry of
oxidation hinging upon both the chemical and physical nature of the films. As a matter of
fact, thermal absorption can inflict damage on optical films when exposed to the radiation
of high-power lasers [9–11].

Extensive research has been carried out into the effect of ion post-treatment on the
intrinsic properties of HfO2. Nevertheless, some reported results are contradictory, par-
ticularly those regarding ions and energy. Therefore, further clarifying studies are re-
quired. The current work comparatively studies various changes occurring in the intrinsic
properties of HfO2 films when exposed to argon and oxygen ion radiation at different
energies, respectively.

2. Experimental Details

HfO2 films were grown on BK-7 glass discs (diameter—25 mm) by means of electron-
beam heating sources for the efficient evaporation of high purity particles. A standard RCA
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cleaning process was implemented to clean the specimens before the process of deposition,
then the specimens were immediately laid into the coating chamber.

The preparation experiments of HfO2 films were performed using a ZZS500—2/G
system from Chengdu Rankuum Machinery Limited, China. Prior to deposition. The
vacuum pressure of the chamber was not less than 3.0 × 10−3 Pa, and the substrate
temperature was maintained at 200 ◦C. High purity sintered HfO2 pellets were evaporated
at the rate of 12.5 nm/min, and the thickness of the films was monitored by the turning
point monitoring approach of photoelectricity. To compensate for the loss of oxygen, high
purity oxygen (99.999% in purity) was emptied into the chamber through separate mass
flow controllers. After the deposition, a cold-cathode ion source was installed into the
chamber for ion post-treatment. Ion irradiation was carried out at various ion energies
from 800 to 1200 eV. The ion flux was 20 µA/cm2, and the treatment duration was 15 min.
To identify the influence of ion species, the ion beams used to bombard the surface of the
as-deposited films samples discharged high purity argon and oxygen gases, respectively.

In order to investigate changes in the optical properties of irradiated HfO2 thin films,
the refractive index was determined by using a M-2000UI spectroscopic ellipsometer (SE)
manufactured by J.A.Woollam company of United States. Measured data were used to
describe an optical model that can help to gather the thickness and optical properties by
conducting regression analysis. The HfO2 film on glass substrate was initially assumed to
have a four phase system (from top to bottom): the incident medium (air), the roughness
layer, the HfO2 layer, and the glass substrate, as shown in Figure 1 (insert). An empirical
formula of Cauchy’s model was applied to calculate n(λ), which was given by adjusting
the fitting parameters according to the SE measured data of the thin HfO2 film due to its
weak absorbance of light in the 400~900 nm wavelength range (i.e., k is negligible).

n(λ) = A +
B
λ2 +

C
λ3 (1)

where λ is the wavelength of incident light, and A, B, and C are empirical constants. The
typical experimental data, model fit to the data, and the fitted parameters are shown in
Figure 1. The mean square error (MSE) of all samples in our experiment was less than 10,
which indicates the measured and calculated results were in marked correspondence.
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Figure 1. Typical HfO2 thin film measured data and fitting curves with fits to the Cauchy formula. 
The optical model is shown in the inserts at the top right corner. 
Figure 1. Typical HfO2 thin film measured data and fitting curves with fits to the Cauchy formula.
The optical model is shown in the inserts at the top right corner.

An LIDT test at 1064 nm was performed in the 1-on-1 mode in the light of ISO
standard 11254-1. A new in situ laser damage image test apparatus was set up, as shown



Crystals 2022, 12, 117 3 of 8

in Figure 2. The samples were exposed to a laser beam with 1064 nm wavelength and 12-ns
effective pulse duration for the Nd: YAG laser system. The pulse energy was adjusted with
an optical attenuator in a given fluence range and monitored in realtime with a laser energy
meter. The morphology of laser damage on the surface of samples was investigated by
means of a CCD camera-microscope device (magnification ×100), which ensured realtime
testing and recording of the irradiated zone in situ [12].
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Figure 2. Schematic diagram of the apparatus used for in situ image laser damage testing system.

The laser light was focused down to the small spot size of 0.8 mm onto the film
sample surface. Using this device, the probability curves of damage were expressed, in the
meantime, via tallying up the quantity of damaged regions at every fluence F, the damage
probability P(F) was estimated. This test was performed via testing 100 points for laser
radiation. The images of the test site before and after each shot was observed for a certain
energy, which was divided into 10 different levels to identify a high-accuracy LIDT of
the sample.

The films’ surface roughness was measured using a Talysurf CCI 2000 non-contact 3D
profiler (Taylor Hobson Limited, Leicester, UK), and the root mean square roughness value
(RMS) was presented.

3. Results and Discussion

X-ray Photoelectron Spectroscopy (XPS) is one of the important ways to study the
electronic and atomic structure of materials. In this experiment, the thin film samples were
analyzed by a PHI-5400 X-ray photoelectron spectroscopy from the American PE company,
and Cu-Kα radiations(= 1.54 Å) were used as the X-ray source. Before depositions, all the
film sample surfaces were subjected to argon ion etching for 90 s, in which the energy value
of argon ion bombardment was 2 keV. In addition, the XPS spectra in this experiment were
corrected by the binding energy of C1s orbital 284.8 eV. To obtain the accurate data of Hf
and O elements in the film, the two elements were scanned by a fine spectrum, as shown in
Figure 3.

According to the peak area of Hf4f and O1s, the stoichiometric ratio of Hf and O can
be determined, and the expression is:

N1 : N2 = A1S2/A2S1 (2)

In the above formula, N1:N2 is the stoichiometric ratio of elements Hf and O; A1 and
A2 are the spectral peak areas corresponding to the elements (A1 = 270,580 and A2 = 155,441
here); and S1 and S2 are sensitivity factors corresponding to elements [13] (here S1 = 0.71 and
S2 = 2.221), The stoichiometric ratio of Hf and O is 1:1.78. After oxygen ion bombardment
at ion energy of 1000 eV, the ratio can be increased to 1:1.86 (A1 = 257,609 and A2 = 154,454
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here). The stoichiometric ratio of Hf and O irradiated film using an O Ion beam are closer
to 1:2 than the as-deposited films without irradiation.
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spectra of irradiated films; and (d) Hf4f s spectra of irradiated films.

The crystal structure of HfO2 film was measured by Brooke-D2 X-ray diffractometer
(XRD). During the test, the scanning step was 0.02◦, the scanning area was 20◦~100◦, and
Figure 4 shows the test results. It can be observed from the figure that a typical monoclinic
HfO2 characteristic peak appeared in the diffraction pattern of the prepared film and had
a preferred orientation in the (311) direction. The test results show that crystallization
occurred in the HfO2 films deposited via electron beam evaporation deposition technology;
moreover, the prepared films were polycrystalline films [14].

The changes in the optical properties of irradiated HfO2 films were analyzed by
SE. Figure 5a,b, respectively, show the dispersion of the refractive index of HfO2 newly
deposited film and irradiated films exposed to ion beam irradiation at different ion energies
under Ar and O2 atmosphere. From Figure 5, it can be seen clearly that the refractive
index for all samples investigated sharply increased with the wavelength between 400 and
450 nm, this anomalous dispersion is speculated to be caused by absorption in a shorter
wavelength region for HfO2 thin films. When the energy of irradiation ion beam varied
between 800 and 1200 eV, the refractive index of the irradiated films had significant and
obvious changes in the given range of measurement wavelength, which was affected by
the species of ion beam. It could also be observed that the n value increased along with the
increase in the irradiation Ar ion energy; whereas, in comparison with the as-deposited
films, the value of the refractive index decreased when it was beyond 1000 eV.

Many porous and void-rich structures were formed easily in the HfO2 thin film
preparation by EBD. However, as shown in Figure 5a, the ion bombardment effect of argon
plasma-treated at different energies from 800 to 1200 eV for as-deposited samples could
make films become denser and solid, and more apparent ion bombardment effect in the
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aspect of optical properties was observed with the improvement of ion energy. On the other
hand, oxygen was easily emitted from HfO2 during the deposition process, which was an
imperative factor influencing the optical properties; in addition, hafnium was absorbed
largely in the UV band, which increased the n value to a certain extent [15]. From Figure 5b,
the n value was slightly lowered by ion bombardment with oxygen plasma. It obviously
reveals that low energy oxygen ions could improve the stoichiometry in thin films.
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The effect of ion energy and species on LIDT of HfO2 thin films in the ion post-
treatment are shown in Figure 6. The LIDT in the deposited HfO2 thin film was found by
16.31 J/cm2, but the maximum thresholds of 19.7 J/cm2 and 25.72 J/cm2 were observed in
the irritated films at 800 eV under Ar and O2, respectively. This shows ion post-treatment
had a significant contribution on the laser damage resistance. As shown in Figure 5a, the
thin film became denser after post-treatment with Ar+ plasma. A plasma-treated ion beam
can lessen the quantity of thermal defects for irradiated HfO2 thin film, whose thermal
conductivity was higher than that of the as-deposited samples [16,17]. Furthermore, ion
treatment is also likely to be a feasible method of making the defects in the coatings
stabilized to avoid laser damage. However, the LITD decreased gradually with the further
increase in the ion energy, and the LIDT of HfO2 irradiated at 1200 eV was even lower
than that of the as-deposited, whose values were only 12.21 J/cm2 for Ar+ plasma and



Crystals 2022, 12, 117 6 of 8

15.14 J/cm2 for O2
+ plasma. A conceivable explanation for the decline in the LIDT value

of the irradiated samples is that irradiation by high energy ions results in an increase in
internal defects to reduce the laser damage resistance.
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at the same ion energy. The reduction in the substoichiometric ratio oxygen to hafnium
on irradiation might have a bearing on this difference [18,19], because the decrease in the
sub-oxide component of HfO2 films during irradiation was correlated with the O2 ion
bombardment. In fact, the two most essential factors that bear on the LIDT of thin film
were defect density and absorption. The theory of electron-avalanche-ionization can be
used to expound and explicate the effect of substoichiometer compositions on LIDT of
HfO2 thin films. Ion beam bombardment of oxygen plasma could repair oxygen vacancies
and reduce the absorption of the as-deposited films. The oxygen post-treatment on the anti-
reflective film reported by Yuan [20] is in good agreement with these results. However, they
performed a direct contrast with those reported for HfO2 films irradiated using end-hall
ion source, which were found to be little changed in the LITD on low energy oxygen ions.

Figure 7 shows the graph of the RMS roughness values of irradiated films for different
ion bombardment energies. A similar increasing trend of RMS value with an increase in
ion bombardment energy for each film irradiated with Ar and O2 plasma was observed,
but the increase in each change is not alike. As for newly deposited films, the minimum
roughness value was 2.8 nm, which indicated an atomically smooth surface. With an
increase from 800 to 1200 eV in the ion energy, the surface roughness for post-treated film
in O2 increased gradually from 3.9 to 18.3 nm, but the surface films post-treated in Ar were
rougher, increasing from 6.6 to 24.5 nm. This may be due to the larger mass of Ar than
O2 [21,22]. The thermal spike phenomenon caused by ion-bombardment is the main reason
leading to an increase in the surface roughness of irradiated film.

For irradiated film, the surface roughness increased proportionately with ion energy
but inversely with the LIDT value. It seems that the LIDT value might be related to the
change in the surface roughness induced by ion bombardment [23], especially for films
irradiated with high energetic plasma ions. Deeper and further analysis is still required for
more fundamental comprehension.
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Figure 7. Variation of roughness of HfO2 films with Ar and O2 ion energy. 
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4. Conclusions

HfO2 thin films were processed in advance by the EBE technique at 200 ◦C and
then subjected to ion post-treatment in Ar and O2 plasma at various ion energies from
800 to 1200 eV, respectively. The influence of the ion energy and species on the optical
properties, laser damage resistance, and surface morphology were systematically studied.
The refractive index of the film increased with ion energy in the range of 800~1200 eV after
argon ion post-treatment; however, the refractive index of thin films irradiated in oxygen
plasma decreased with the increase in the ion energy except 1200 eV, and it was inclined to
show a very minor shift towards lower values that rested on ion energy. The laser damage
resistance of HfO2 was strongly dependent on ion irradiation energy and ion species. The
LIDT of HfO2 films irradiated at certain ion energies were improved but decreased with the
increase in ion energy up to 1000 eV. Moreover, O2 ion irradiation was better than argon ion
as a means of improving LITD in thin film. The LITD in the films after ion post-treatment
was inversely proportional to the surface roughness. A conclusion can be drawn that the
laser damage properties of irradiated HfO2 thin film may be related to the change in the
surface roughness induced by ion bombardment.
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