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Abstract: The aim of this work is to determine the influence of medium frequency magnetron
sputtering powers on the various properties of hafnium dioxide (HfO;) thin films. Microstructure
observations show that an increase in the sputtering power has a significant influence on HfO,; films’
microstructure. As-deposited hafnia thin films exhibit nanocrystalline structure with a monoclinic
phase, however the rise of the sputtering power results in an increase of crystallite sizes. Atomic force
microscopy investigations show that the surface of the deposited films is smooth, crack-free, and
composed of visible grains. The surface roughness and the value of the water contact angle increase
with the increase of the sputtering power. Measurements of the optical properties show that HfO,
coatings are transparent in the visible wavelength range. A higher sputtering power causes a decrease
of an average transmittance level and a simultaneous increase of the real part of the refractive index.
Nanoindentation measurements reveal that the thin film hardness and Young’s elastic modulus
increase with an increase in the sputtering power. Moreover, the results of plasticity index H/E and
plastic resistance parameter H*/E? are discussed. Based on the obtained results, a correlation between
the sputtering power and the structural, surface, and optical properties, as well as the hardness and
Young's elastic modulus, were determined.

Keywords: HfO, thin films; sputtering; surface properties; hardness; Young’s elastic modulus

1. Introduction

In the last decade, hafnium dioxide (HfO,) has been widely studied because of its attractive
properties and potential technological applications [1-9]. A high transmittance over a wide wavelength
range, a hydrophobic nature, and hardness represent an important combination required in optical
coatings [1-3,10,11]. HfO, is a material with a high refractive index (1.85-2.1) [3,12] and a low
absorption from ultraviolet to the mid-infrared [1,4,5]. Various optical applications of HfO, thin films
have been pursued such as, for example, chirped mirrors and band pass filters, UV mirrors with a high
damage threshold, and heat mirrors for energy efficient windows. As a result of the high transparency,
hafnia thin films can be used as antireflective coatings for night vision devices, IR optical devices,
and in cameras used for space applications [3-6,13,14]. The band gap of HfO; is ca. 5.7 eV, whereas
the dielectric constant is 25 [4,10-12,15]. HfO; is also considered to be one of the most promising
candidates to replace SiO; in Si-based gate electronic devices, because of their high dielectric constant
and thermodynamic stability [1,16]. Moreover, there has been increased interest in the use of HfO,
as the insulator layer in the metal-insulator-metal (MIM) stack for RRAM (resistive random-access
memory) applications [7,8]. Its hydrophobic nature along with its suitable optical properties open
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up new possibilities for the application of such coatings [3]. Only a few reports are available on the
hydrophobic nature of HfO, thin films. The value of the water contact angle for hafnia coatings in the
literature varies from 80°-100° [17-20]. However, the properties of HfO, films strongly depend on the
preparation method and deposition conditions [2].

In the case of the transparent protective coatings used in everyday life, their mechanical and
optical properties are crucial. Although many studies have been conducted on the microstructure,
optical, and dielectric properties of HfO, prepared under different growth conditions and thermal
treatments, there are only a few reports regarding its mechanical behavior [12,13,21-25]. Vl¢ek et al. [5]
and Pi et al. [1] showed that the HfO, thin films prepared by high-power impulse magnetron sputtering
(HiPIMS) with a pulsed oxygen flow control had a relatively high refractive index of 2.07-2.12 at
550 nm. In the previous work [26] of Mazur et al., it was shown that the values of the refractive index at
the same wavelength increased with the increase of the deposition power. Moreover, Vargas et al. [12]
investigated the effect of the growth temperature on the optical properties of the HfO, thin films
deposited by magnetron sputtering. It was revealed that the band gap values of the films varied in
the range of 5.78-6.17 eV, and the refractive index increased from 1.80 to 2.09 with the increase of the
deposition temperature from 25-700 °C.

In this paper, the influence of medium frequency (MF) magnetron sputtering power on various
properties of hafnia coatings are described. The microstructure properties of the deposited HfO, thin
films have already been reported in a rather short communication [26], while in the current paper,
the discussion part was vastly extended and new results were reported. In this report, attention was
focused on the effect of the sputtering power on the deposition rate, type of the crystalline growth,
wettability, contact angle, roughness, and optical properties, which were not discussed previously.
Moreover, the traditional and continuous stiffness nanoindentation techniques were compared, and
the plasticity index as an indication of the wear resistance of deposited coatings was also evaluated.
Furthermore, the obtained results for the prepared HfO, thin films were compared to the literature data.

2. Materials and Methods

Pulsed magnetron sputtering can be achieved by applying an impulse (medium frequency (MF) or
pulsed-DC (direct-current)) waveform of the electrical signal supplying the cathode of the magnetron,
or an impulse dosing of the gas to the deposition chamber. A magnetron equipped with a high purity
circular Hf target, with a diameter of 30 mm and thickness of 3 mm, was powered by the medium
frequency (100 kHz, which corresponds to a single MF pulse duration of about 10 us) 2 kW MSS type
Dora Power System unipolar power supply, which is based on a resonant power stage. The power
delivered to the magnetron was controlled by a microcontroller operated by self-developed software.
It has to be emphasized that the discharge power was regulated by the pwm method [27,28], which is
based on a ratio of the time-width of supplying an impulse to the whole duty cycle time. Therefore,
the average power released to the target was dependent on the pwm coefficient. Using this method
means that the amplitude of the discharge current (1.4 A) and voltage (1200 V) is the same in each
pulse. In turn, the change of the sputtering power is not generated by the change of the discharge
current or voltage, but by the variation of the number of impulses in the duty cycle time. In such way
it was possible to obtain an average power of 200, 400, and 600 W, by applying a pwm coefficient of
35%, 70%, and 100%, respectively. The discharge current and voltage pulse shape does not change
with the increase of the sputtering power, and therefore the kinetic energy of each negative oxygen ion
should also remain the same. However, along with the rise of the average discharge power released
to the magnetron, the number of pulses increased as a consequence of changing the pwm coefficient.
This results in an increase in the total amount of the energy of the atoms and species bombarding
the substrate. In such a case, the temperature of the substrate can raise and consequently improve
the surface mobility. Thus, a more dense coating can be obtained. During the deposition process,
substrates were not additionally heated or biased. The magnetron sputtering stand consisted of a
rotary and diffusion pump system. The base pressure before the sputtering process was equal to
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5 x 10~° mbar. The HfO, thin films were sputtered in a pure oxygen. The working pressure during
each sputtering process was equal to 2 x 102 mbar, and it was the lowest possible value for sustaining
a continuous plasma discharge. The working pressure was controlled by the gas flow, applying a
dynamic feedback (Beta-Erg company, Warsaw, Poland) to keep the pressure at a constant value
through the entire sputtering process, which in each case lasted for 90 min. The distance between the
target and substrate was set at 80 mm. The vacuum chamber had a cylindrical shape with a volume of
roughly 9 dm>. The thickness of the HfO, films deposited with 200, 400, and 600 W was measured
using the Taylor Hobson CCI optical profiler (Taylor Hobson, Leicester, UK), and were equal to 370,
700, and 530 nm, respectively.

The structure of the films was determined by the X-ray diffraction (XRD) method, using
a Siemens 5000 powder diffractometer (Siemens, Karlsruhe, Germany) with a Cu K« X-ray
(A =1.54056 A). The correction for the broadening of the XRD instrument was taken into account,
and the crystallite sizes were calculated using Scherrer’s equation [29]. A Tecnai G2 FEG Super-Twin
transmission electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) was used for the
microstructure observations.

An atomic force microscope (UHV VT AFM/STM Omicron, Oxford Instruments, Abigdon,
UK) working in the ultra-high vacuum conditions in a contact mode was used to measure surface
topography and to analyse the roughness of the HfO, thin films. The Attension Theta Lite optical
tensiometer (Biolin Scientific, Gothenburg, Sweden) was used to evaluate the wettability of the
prepared coatings. The contact angle was assessed using deionized water and ethylene glycol.
Measurements were performed according to the sessile drop method [30]. The surface free energy was
calculated using the Owens-Wendt (OWRK) geometric mean and Wu harmonic mean approach [31,32].

The optical properties were determined based on the transmission measurements carried out in
the wavelength range of 350-1000 nm. The experimental system consisted of an Ocean Optics QE
65,000 spectrophotometer (Ocean Optics, Largo, FL, USA) and a coupled deuterium-halogen light
source. The spectra were recorded using a light beam perpendicular to the sample. The refractive
index and extinction coefficient were determined using the reverse engineering method employing the
Cauchy model. Moreover, the Wemple-DiDomenico model was used to assess the optical properties of
the deposited coatings [33,34].

The nanoindentation technique was used to determine the hardness and Young’s elastic modulus
of the prepared thin films. These measurements were evaluated using a Keysight Nano Indenter G200
fitted (Needham, MA, USA) with a Berkovich indenter tip. The micro-mechanical properties of each
film were evaluated using a traditional load-controlled test and continuous stiffness measurement
(CSM), which is one of the significant improvements in nanoindentation testing [2,35-37]. The CSM
technique is used for the measurements of the mechanical properties of thin films such as the
contact stiffness, elastic modulus, hardness, creep resistance, and fatigue properties of the materials.
The measurements can be made at exceedingly small penetration depths. Thus, the CSM technique
is ideal for the measurement of the mechanical properties of thin films [35]. In the case of all of
the samples, five traditional and CSM nanoindentation measurements were performed. For the
determination of the hardness and Young’s elastic modulus from the load—displacement data, the
Oliver and Pharr method was used [38].

3. Results and Discussion

3.1. Microstructure

The structural properties of the prepared HfO, thin films were analyzed using the XRD method.
The diffraction patterns are shown in Figure 1 for the coatings deposited with various powers. It can be
noticed that the peaks corresponding to the (—111) and (002) lattice planes appeared at 20 angles equal
to 28.3° and 34.3°, respectively. According to the powder diffraction file PDF (65-1142), all of the peaks’
positions of the HfO; thin films correspond to the monoclinic phase [39]. The peak intensity of (—111)
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the crystal plane is the strongest for the film deposited at 600 W, which implies that it is textured among
this plane, whereas the coatings deposited with lower powers were textured among the (002) crystal
plane. It was found that with the increase of deposition power, the crystallite size of the prepared
coatings was changed. The HfO, thin films deposited at 200, 400, and 600 W were composed from
crystallites with an average size of 6.5, 10.4, and 21.4 nm, respectively. Dave et al. [10] showed that the
crystallite size for the HfO, thin films with a monoclinic structure was in the range of 15-27 nm, and it
increased simultaneously with the sputtering power. The enhancement in the crystallinity and crystal
size of the hafnium oxide films can be associated with the change of the kinetic energy of the sputtered
particles with the DC power. Dave et al. showed that as the sputtering power increased, the kinetic
energy of the sputtered particles was also enhanced. Thus, the sputtered particles had sufficient energy
to migrate on the substrate, resulting in the growth of the crystallite size. Moreover, in such a case, the
overall crystallinity could be also improved. However, a further increase of the DC power supply over
50 W caused a degradation of the preferred crystal orientation and hindered the crystal growth of the
deposited films [10]. This resulted in a lower intensity of a dominant peak and also caused a reduction

of the crystallite size.
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Figure 1. XRD measurements results of the prepared hafnium dioxide (HfO;) thin films.

The position of the peaks visible in the diffraction spectra gives the macroscopic strain present
in the thin film as a result of the residual stress. The XRD measurements of the as-deposited HfO,
thin films revealed a considerable shift of the diffraction peaks towards a lower 26 angle. The type of
out-of-plane macroscopic strain occurring in the measured coatings was determined on the basis of

the Ad parameter from the following Equation [40]:

Ad = (d_ddpm) x 100% (1)
dppr

where d measured interplanar distance and dppp measured the standard interplanar distance from [40].
In the case of the HfO; thin films deposited with 200 and 400 W, the (002) plane was taken into
account for the calculation, while for 600 W, it was the (—111) plane. The positive sign of the Ad
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parameter testified about the out-of-plane tensile macroscopic strain that occurred in the prepared
coatings, which was increasing with an increase in the sputtering power.

One of the easiest and most convenient ways to determine the degree of the preferential orientation
is the Lotgering method [41-43]. For the estimation of the texture factor, the following Equation
was used:

P — P,

Py —Po
femy = i-p (2)

where S
(—111)
P _ = —— 3
(~111) T 3)
Y Iop—111)

Py==—2"""2 4
0 L Io(nw) @

ZI_111) denotes as the summation of the XRD peak intensities corresponding to the preferred
orientation (in this case (—111)) and X is the summation of all of the peaks’ intensities that
appear in the XRD pattern. In turn, XIp_111) and Zlyiy are summations of the XRD peak intensities
for a randomly oriented sample taken from the PDF cards. The Lotgering’s factor f = 0 corresponds to
the sample with a completely random orientation, while f = 1 testifies about the perfect orientation for
the calculated plane. In the case of the HfO, thin films deposited with 600 W the preferred orientation
was calculated for the (—111) lattice plane, while those sputtered with 200 and 400 W for (002) lattice
plane. The Lotgering factor was calculated for a 20 scan from 20° to 60°. The highest degree of
orientation was determined for the HfO; thin films deposited with 200 and 400 W, and it was in the
range of 0.91 to 0.94. In turn, for the HfO, thin films deposited with 600 W, the f factor was equal to
0.7. In the latter case, the Lotgering factor was smaller because of several visible peaks related to other
lattice planes in the XRD pattern. The XRD measurement results are summarized in Table 1.

Table 1. XRD measurements results for hafnium dioxide (HfO;) thin films prepared by magnetron
sputtering with various sputtering powers.

Crystal Type of Macroscopic

Thin Film Plane D (nm) 4 (nm) Ad (%) Out-of-Plane Strain f
PDF No. (=111) - dpqs = 0.31453 - - -
65-1142 (002) — dpqr = 0.26146 - - -

HfO, (600 W) (—111) 21.4 0.3146 +0.02 tensile 0.70
HfO, (400 W) (002) 10.4 0.2616 +0.05 tensile 091
HfO, (200 W) (002) 6.5 0.2638 +0.88 tensile 0.94

Designations: D—average crystallite size; d—interplanar distance; Ad—percentage change of interplanar distance
as-compared to the standard (dppr) one (PDF no. 65-1142); f—degree of preferential orientation.

A detailed microstructure analysis was completed with the use of TEM analysis by means of
bright field, selected area electron diffraction, and high-resolution imaging. The TEM bright field mode
observations of the HfO, coating prepared with a power of 200 W (Figure 2a) showed that the thin
film had a fine-crystalline microstructure composed with voids of round shape with small diameter of
5-10 nm. An increase of the deposition power to 400 W caused an increase of the thickness of a sample,
while the microstructure remained similar (Figure 2b). It had a nanocrystalline monoclinic HfO; phase
with small voids, however their amount was lower than in the case of the thin film deposited with
200 W. The sudden change of the microstructure to a coarse crystalline columnar one was observed
for the thin film prepared with the highest power of 600 W (Figure 2c). The columns were rather
defect-free, while their width was large, reaching even 100-120 nm, and the crystalline growth of the
thin film started directly at the substrate. Those results can indicate that by supplying a magnetron with
a higher deposition power, it is possible to sputter particles that reach the substrate with a lot higher
kinetic energy. Thus, during the nucleation, a change of microstructure from fine-crystalline with
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visible voids, to a densely packed columnar one can be observed. The selected area electron diffraction
(SAED) analysis of all of the samples showed, in each case, a strong texture, as their patterns had an
almost spottish (Figure 2a,b) or spottish (Figure 2c) character. It is well known that the dislocation
density, as well as the grain size, affect the shape of the spots in the selected area electron diffraction
patterns. Spots visible in the patterns become more deformed from the usual, circular shape, to the
irregular and stretched ones, because of the high accumulation of the dislocations. The dislocation can
influence the crystal orientation causing the diffraction spots to be extended along the diffraction rings.
Such dislocations may occur, for example, in the boundaries between the HfO,; crystallites (i.e., the
smaller the size of the crystallites, the greater the number of dislocations). In the case of the presented
SAED images, large and stretched diffraction spots could also be related to the small crystallites size
and the fact that the selected area comprises multiple crystallites, which were not perfectly aligned
along the same zone axis. In the case of the HfO, thin film deposited with the highest power, the
visible spots testify about occurrence of a highly crystalline microstructure. Moreover, the TEM images
confirmed that this coating had a monoclinic phase, and that the growth direction was perpendicular
to the (—111) plane. High resolution TEM studies confirmed that all of the samples were composed
from a HfO,-monoclinic phase with various crystal planes of low indices.

HfO, - monoclinic v 0; - monoclinic
[107]

(200)

(A11)

| & oo

S HfO, - monoclinic
[110]

3 00T,
(1)
(110)

Figure 2. TEM measurement results showing the bright field, selected area electron diffraction. and
high-resolution images of the HfO, thin films of the monoclinic phase deposited with a power of
(a) 200, (b) 400, and (c) 600 W.

The thickness of the deposited samples was equal to 370, 700, and 530 nm for the HfO, films
deposited with 200, 400, and 600 W of sputtering power, respectively. Taking into consideration those
values, the target power density was in good correlation to the sputtering power and equal to 31.4,
62.7, and 94.1 W/cm?. As it can be noted, the thin films’ thickness does not increase linearly with
the rise of deposition power. Moreover, the calculated deposition rate was equal to ca. 3.1, 5.8, and
4.4 nm-min~! for the thin films deposited at 200, 400, and 600 W of sputtering power, respectively.
In the case of 200 and 400 W, the sputtering power resulted in an almost double increase of the thin
film thickness, while the microstructure of both coatings remained the same. It was fine crystalline
with visible voids, and was similar to a kind of a spongy or blistery microstructure. However, a further
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increase of the sputtering power to 600 W resulted in a simultaneous decrease of thickness to 530 nm.
This, in turn, can be related to the sudden change of the microstructure from the fine-crystalline with
voids to the void-free and densely packed columnar one. In this case, the increase of the sputtering
power, and, therefore, the rise of the total energy of the sputtered species resulted in the densification
of the microstructure instead of the higher deposition rate of the coating. Such results indicate that in
some cases, there might be no correlation between the sputtering power and the final thickness of the
thin films, as there is also a significant influence of the microstructure evolution on this parameter.

3.2. Surface Properties

The surface morphology of the HfO, films was studied using the AFM method, and the
two-dimensional images of the surface obtained for the deposited coatings are shown in Figure 3.
It can be observed that with the increase of the sputtering power, the maximum height of the surface
profile increased several times, from 5.3 to 33.9 nm. In the case of the average surface height of the
deposited coatings, the results showed a Gaussian-like symmetrical distribution in all of the samples,
which can testify about the good homogeneity of the surface. The root mean square surface roughness
(RMS) values increased gradually with the sputtering power. At the beginning of the thin film growth,
the surface morphology reflects the morphology of the substrate. In the case of the thin films with
a thickness exceeding several nanometers, the surface morphology is strongly influenced by their
microstructure. As it was shown, the RMS value for the thin films deposited at 200 and 400 W increased
only slightly from 1.33 to 1.96 nm. A further increase of the deposition power to 600 W resulted in a
significant change of the microstructure, which caused the considerable rise of the RMS value up to
4.29 nm.

2

Figure 3. Atomic force microscope (AFM) measurements results of the HfO, thin films prepared by
magnetron sputtering with various deposition powers of (a) 200, (b) 400, and (c) 600 W.

The wettability of the HfO, coatings was evaluated by the measurements of the water contact
angle using the sessile drop method at an ambient temperature. The first studies of the surface
wettability were carried out by Young [44]. When a droplet of a liquid is placed on a flat surface, the
balance of the three-phase interface is expressed by Young’s Equation (5), as follows:

Ys = Ys1 +Y1 X cos© 5)

where ) is the surface tension of liquid, vy is the interfacial tension, s is the surface free energy of a
solid, and 6 is the contact angle between the liquid-air interface and the surface [45].

The value of the water contact angle for the as-deposited films increased with an increase of
the sputtering power. The thin films deposited at 200 and 400 W were hydrophilic, and the values
of the contact angle were equal to 71° and 84°, respectively. The HfO; film deposited with a higher
sputtering power (600 W) was hydrophobic and exhibited the highest value of a water contact angle,
equal 94°. It has been already pointed out that the RMS surface roughness increased gradually with
an increase of the deposition power from 1.33 to 4.29 nm. Therefore, apparently, the water contact
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angle is related to the surface topography. In fact, the contact angle and surface topography bear a
linear relationship, which is related to the Wenzel model [46]. The Wenzel model was proposed half a
century ago, and describes the contact angle on a real surface. This model considers the rough surface,
but with a chemical homogeneity. The Wenzel model is expressed by the Equation (6), as follows:

cos 0% = r x cos Oy (6)

where 0* is the apparent contact angle, Oy is the equilibrium contact angle from Young’s Equation (5)
on an ideal solid without any roughness, and r is the ratio of the actual area to the projected area of
the surface.

According to the Wenzel model, it can be concluded that the surface roughness amplifies
the wettability of the original surface [46,47]. The variation of the water contact angle and the
actual-to-projected surface area ratio of the HfO, thin films as a function of the sputtering power is
presented in Figure 4. The estimation of the actual area of the thin films was performed using WSxM
v.5.0 software [48] and AFM surface images. Because the thin films have some topography, the actual
surface area is larger than the projected one, which, in the case of the presented paper, is equal to
1 x 1 um?. In turn, the actual surface area was estimated by considering the surface as a collection of
three-dimensional triangles, where each of them was formed by a point and its first neighbors. Then,
the calculation of the actual area was done by simply adding them up. It can be noted that both the
water contact angle and the ratio between the actual and projected area increased with an increase of
the sputtering power of the HfO, thin films.

1.25
—— water contact angle
95 4 —@— actual to projected
| surface area ratio
-1.20
90+
Q
D x| -1.15
% 85 ;
g g
S 80- L1.10 <
O S
o
] 75,
= L 1.05
70
[ — 1.00

200 I 4(|)O . S(IJO
Sputtering power (W)

Figure 4. Dependence of the water contact angle and r-values on the sputtering power.

Moreover, the analysis of the surface properties of the prepared thin films was completed by the
measurements of the surface free energy, which is defined as the excess energy at the surface of the
material, and is precisely related to the contact angle by Young’s equation. The geometric surface free
energy is expressed by Owens and Wendt (OWRK) Equation (7), as follows:

(14 cos 0)yy; = 2( Yilve + ok v§> @)

where v is the surface tension of a liquid; s is the surface free energy of a solid, where d means
dispersive and p polar component; and 6 is the contact angle between the liquid—air interface and the
surface [45].
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Considering the data for the two liquids (i = 1, 2), a system of two equations is obtained.
Moreover, Wu also developed the harmonic mean method for two liquids, which can be expressed
by Equation (8), as follows:

®)

d.,d P, P
(1+cosei)yh:4< e + Vii¥s >

Yi+vd o ViR
In the case of the performed studies, the analysis of the geometric (OWRK) and harmonic (Wu) surface
free energy confirmed the contact angle measurement results (i.e., an increase of the contact angle

value caused a decrease of the surface free energy). The contact angle, surface free energy, and root
mean square surface roughness measurements’ results are summarized in Table 2.

Table 2. Results of the surface free energy investigations of the prepared HfO, thin films.

Surface Free Energy (mN/m) Ethylene
R . . Water Contact
Thin Film Geometric Harmonic Angle (°) Glycol Contact r
o

P p P d p P Angle (°)
HfO, (200 W) 9.8 22.8 32.6 22.8 13.7 36.5 71 48 1.039
HfO, (400 W) 12.9 10.6 235 15.4 12.5 279 84 68 1.065
HfO, (600 W) 17.5 43 21.8 14.5 10.0 24.5 94 69 1.193

Designations: d—dispersive component; p—polar component; t—total value of surface free energy; r—actual to
projected surface area ratio.

3.3. Optical Properties

Figure 5 shows the measured transmission spectra of the HfO, thin films deposited at different
sputtering powers. The average transmission, T;, was evaluated based on the transmission
spectra in the function of the wavelength, using the envelope method originally developed by
Manifacier et al. [49]. This technique consists of plotting two curves that pass through the maxima
(Tamax) and minima (Tamin) of the actual transmission characteristic. In this paper, the average
transmission was evaluated at the wavelength of 550 nm using Equation (9) [50], as follows:

Ti — Z'T)\max‘T)\min (9)
T?\max + T?\min

In the case of some applications of optical coatings, it is highly desirable to obtain thin films
with the highest possible transmission factor in the visible wavelength range. It was found that for
the as-prepared hafnia coatings, their average transmission at 550 nm was approximately 80-90%,
depending on the deposition power. The highest average transmission of 89% was exhibited for the
coating deposited at 200 W. In the case of the two films deposited at the higher sputtering power of 400
and 600 W, a decrease of the transmittance level to 85% and 83%, respectively, was observed. Similar
results were also reported by Dave et al. [10], where the transmittance level decreased with the increase
of the deposition power. Moreover, the average transmission for the samples deposited at powers in
the range of 30-60 W was found to be greater than 80% in the visible wavelength region. The surface
roughness and transparency have an inverse relationship, as the first one provides the source of
light scattering, which, in turn, decreases the transmission level of the films if the roughness is high
enough [10]. However, in the case of the presented studies, the RMS surface roughness was at most
4.29 nm, which was too low of a value to have a direct, significant influence on the transparency level.

Moreover, except for the measured transmission spectra presented in Figure 5 (dotted
measurement points), the corresponding modeled spectra (solid lines) were added for comparison.
Using the reverse engineering method, the spectral characteristics of the refractive index (1) and
extinction coefficient (k) were calculated and included in Figure 5d,e. The average transparency level
can be affected by both the refractive index, which influences the amplitude of the maxima-minima
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interferences in the transmission spectrum, and the extinction coefficient, which has a direct effect
on the absorption of the material. The extinction coefficient was equal to 2.1 x 1073, 2.1 x 1073,
and 2.6 x 102 for the coatings deposited with 200, 400, and 600 W of sputtering power. Taking into
account that in each case, the extinction coefficient was quite similar and its value was low, it can be
assumed that the refractive index had a larger influence on Tj. In fact, the n value increased gradually
from 1.86 to 2.09 for the films deposited with higher powers. It is known that the refractive index
is dependent on the thin film density, which, according to the TEM results, is the highest for the
HfO, sputtered with 600 W. In this case, the microstructure is columnar and is densely packed with
a low number of defects and dislocations. In turn, for the thin films deposited with lower powers,
the microstructure consists of smaller crystallites with a higher number of defects. Furthermore, their
microstructure also consists of a high number of voids with a round shape. Therefore, it is reasonable
that with the increase of the sputtering power and significant change of microstructure, one could
obtain HfO, coatings with a higher refractive index.
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Figure 5. Comparison of transmission spectra (measured and modelled) of the HfO, thin films
deposited with various sputtering powers of (a) 200, (b) 400, and (c) 600 W, as well as the calculated
(d) refractive index and (e) extinction coefficient.

The refractive index can be fitted to an appropriate function such as the Wemple-DiDomenico
model dispersion relationship [34]. The single-oscillator model of Equation (10) was used to fit the
experimental data below the interband absorption edge, as follows:

_ 2
(n2(rv) — 1) = % - (égd (10)
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where E, is the single-oscillator energy and Eg is the dispersion energy or single-oscillator strength
states for dispersion energy. Based on the Wemple and DiDomenico model [33,34], it is found that the
dispersion energy (Eq) represents the strength of the interband optical transitions [33,34]. Eq is related
to the structure, chemistry, and ionicity of the materials, and is independent on E,. The dispersion
parameters and the static dielectric constant (ec = n? at hv — 0) for the as-deposited HfO; thin films
can be calculated by plotting 1/ (1% — 1) against (hv)?, and fitting straight lines, as shown in Figure 6.
The E, and Eq4 values can be determined from the intercept of E,/E4 and the slope of (EoEq) ",
respectively. The single-oscillator and dispersion energies derived from the linear parts of the plotted
curves are E, = 10.17 eV and E4 = 32.56 €V, and E, = 11.12 eV and E4 = 31.22 eV for the HfO, film
deposited at 600 and 400 W of sputtering power, respectively. The dispersion parameters obtained for
the film deposited at 200 W were equal to 13.78 and 32.99 eV for E, and Eg4, respectively. The static
dielectric constant e« decreased with a decrease of the sputtering power, and was equal to 4.202, 3.807,
and 3.394. The dispersion parameters and &« are summarized in Table 3.

042
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Figure 6. The 1/ (n% — 1) vs. (hv)? plots for prepared HfO, thin films.

Furthermore, the oscillator strength is given by f = EoEq [51]. The f-value for the as-deposited
films decreased with an increase of the sputtering power from 454.55 to 331.13 (eV)? for the films
deposited at 200 and 600 W, respectively (Table 3). The long wavelength value of the refractive index
(1) was also calculated by taking into account the approximation with a straight line and the linear
parts of the curves plotted in Figure 6. The n., values increased with an increase of the sputtering
power. As it was shown (Figure 6), the 1, for films deposited at 200 and 400 W was equal to 1.842 and
1.951. The highest value of n. was obtained for HfO, thin film deposited at 600 W sputtering power,
and was equal 2.050 (Table 3).

Moreover, the lattice dielectric constant e, was estimated with the use of the spectral dependence
of n? vs. A2. The contributions of the free carriers and vibration modes to the dispersion were taken
into account, which was described by the Drude model for the absorption of free charge carriers [52].
The dependence of the refractive index (1) on the lattice dielectric constant is as follows (11) [53]:

n? =g — <:;> <nlj*>)‘2 (11)

where N/m* is the ratio of the carrier concentration N to the effective mass m*, c is the speed of light,
and e is the electronic charge. Figure 7 showed the plot of n? versus A? calculated from Equation (11).
The values of ¢ and N/m* were deduced from the extrapolation of these plots to A?> = 0, and from the
slope of the graph, respectively. The ¢, value for the as-deposited films increased with an increase of
the sputtering power from 3.453 to 4.332 for the film deposited at 200 and 600 W, respectively. The ratio
of the carrier concentration to the effective mass N/m" was equal to 8.34%> m~3 kg~!,8.44% m—3 kg1,
and 4.60°3 m—3 kg’1 for HfO; films deposited at 200, 400, and 600 W, respectively. The obtained values
for e, and N/m* are presented in Table 3.
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Figure 7. The n? vs. A2 plots for the prepared HfO, thin films.

Taking into account the n(A) and k(M) spectra presented in Figure 5, the real ¢, and imaginary ¢;
components of the electrical permittivity were also calculated. The complex electrical permittivity
is defined as e(v) = &, + igj. They are related to the n and k values, as follows: &, = n? — k% and
gj = 2nk [54,55]. The spectra of ¢, and ¢; are presented in Figure 8a,b, respectively. It is clearly seen
that both, the real and imaginary components of the relative permittivity decrease with an increase
of the wavelength. Additionally, the low frequency permittivity was calculated, and it was equal to
3.36, 3.74, and 4.16 for the HfO; thin films deposited with 200, 400, and 600 W of the sputtering power.
Taking into account the obtained results, it can be assumed that an increase of the sputtering power
influenced on the microstructure decreased the number of defects and voids, which in turn resulted in
improving the dielectric properties of the deposited coatings.
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Figure 8. Experimental dispersion characteristics of the (a) real and (b) imaginary parts of electronic
dielectric constant for the prepared HfO, thin films.

Table 3. Influence of the sputtering power on the optical parameters of the prepared HfO, thin films.

Thin Film E, (eV) E4 (eV) f (eV)? Moo €00 L N/m* (m—3 kg_l)
HfO, (200 W) 13.78 32.99 454.55 1.842 3.394 3.453 4.60%3
HfO, (400 W) 11.12 31.22 347.22 1.951 3.807 3.915 8.4453
HfO, (600 W) 10.17 32.56 331.13 2.050 4.202 4.332 8.34%3

Designations: E,—single-oscillator energy; Eq—dispersion energy; f—oscillator strength; n,—long wavelength
value of the refractive index; e.—static dielectric constant; e} —lattice dielectric constant; N /m*—ratio of the carrier
concentration to the effective mass.



Coatings 2019, 9, 106 13 of 19

3.4. Mechanical Properties

Nanoindentation measurements were performed to determine the mechanical properties, such
as the hardness and elastic modulus of the HfO, thin films. The simple comparison between the
traditional testing and the CSM method is shown in Figure 9. The mechanical properties in the
traditional testing are calculated from the depth of the penetrated material at the maximum indentation
load of each loading cycle (Figure 9a), while in the CSM method, the hardness and elastic modulus can
be obtained as a function of indentation depth [35] (Figure 9b).
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Figure 9. Comparison of the traditional and continuous stiffness measurement (CSM) nanoindentation
measurements: the (a) load—displacement curve and hardness from the traditional measurement,
compared to the (b) load—displacement curve and hardness from the CSM measurement.

In our previous work [56], it was mentioned that unlike the quasi-static traditional indentation
experiments, the CSM method is considered to be dynamic testing, which may matter in the case
of time-dependent material behaviour. The CSM method gives the possibility to obtain mechanical
properties (i.e., hardness and Young's elastic modulus values) as a function of the indentation depth.
This method allows for determining those values at very small depths, as the achievable resolution is
much higher than in the case of the traditional load-unload nanoindentation testing. The thickness of
each hafnia thin film did not exceed 1000 nm, therefore, this figure was used as the maximum depth.
However, it is worth emphasizing that the values of the hardness and Young's elastic modulus were
extracted at a depth adequate to the thin film thickness, taking into consideration the 10% Buckle
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rule [57]. The results of the typical load-displacement curves for hte HfO, films deposited at a 200, 400,
and 600 W sputtering power are presented in Figure 10. Moreover, Figure 11a shows a comparison of
the load—displacement curves obtained with the use of the CSM nanoindentation technique for HfO,
thin films deposited with 600 W of sputtering power. In turn, in Figure 11b,c, the values of the hardness
and elastic modulus as a function of the HfO, thin film depth were presented. Each nanoindentation
measurement in both techniques was performed in a different place of the sample, and the only
negligible differences were observed in the obtained curves, indicating a good homogeneity of the
prepared HfO, coatings over a large area.
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Figure 10. Typical load—displacement curves of five measurements performed using traditional
nanoindentation for HfO, deposited at (a) 200, (b) 400, and (c) 600 W.
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Figure 11. Comparison of the five measurements performed using CSM nanoindentation:
(a) load—displacement curves, (b) hardness, and (c) elastic modulus as a function of depth for the HfO,
thin films deposited at 600 W.

The results of the mean hardness—displacement and elastic modulus—displacement curves
measured using the CSM method are presented in Figure 12. The HfO, thin film deposited with
a 200 W sputtering power exhibited the lowest hardness of ca. 4.9 GPa and an elastic modulus of
82.4 GPa. The further increase of the sputtering power to 400 and 600 W resulted in an increase of the
hardness to ca. 7.9 and 12 GPa, respectively. The same growing tendency is observed for the values
of the elastic modulus equal to up to ca. 116.2 and 144.4 GPa, obtained for the films deposited with
400 and 600 W power. Such a change of the mechanical properties of the deposited thin films can be
directly attributed to the change of the microstructure. As it was shown in the TEM results, the sudden
change of the microstructure from the fine-crystalline with voids, to the void-free and densely packed
columnar one was observed for the films deposited with 600 W. Therefore, increasing the packing
density of the deposited coatings also had an effect on the rise of the hardness and Young’s elastic
modulus. According to the literature reports, the hardness of the HfO, films is dependent on the type
of deposition method. For example, Venkatachalam et al. [36] showed that the hardness of HfO, thin
film prepared by the radio frequency (RF) sputtering method was equal 8.4 GPa. In turn, Pi et al. [1]
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showed that the HfO; thin films prepared by high-power impulse magnetron sputtering (HiPIMS) with
a pulsed oxygen flow control had a hardness in the range of 13.4-17.6 GPa. VI¢ek et al. [5] also showed
that the HfO, coatings with a dominant monoclinic structure exhibited a hardness of 15-18 GPa.
On the other hand, Tapily et al. [37] showed that the atomic layer deposition (ALD) method leads to
the formation of HfO, film with a hardness and elastic modulus equal 9.5 and 220 GPa, respectively.
Moreover, Berdova et al. [58] showed that in the ALD method, there is a direct impact of the deposition
temperature on the mechanical properties of the HfO, thin films. The hardness and elastic modulus
were slightly reduced in a function of the growing deposition temperature from 9.7 to 8.3 GPa, and 165
to 163 GPa, respectively [58].

Leyland and Matthews [59] proved that in the classical theory of wear, hardness is the primary
material property that defines wear resistance. There is strong evidence to suggest that the elastic
modulus can also have an important influence of wear behavior. The ratio between hardness (H) and
elastic modulus (E) is defined as a plasticity index, which is widely quoted as a valuable measure
for the determination of the limit of elastic behavior in a surface contact, which is clearly important
in order to avoid wear [60]. Coatings characterized with high strength require a large value of the
plasticity index H/E (i.e., large hardness combined with low modulus of elasticity). The results have
shown that an increase in the sputtering power from 200 to 600 W, caused a gradual increase of the
H/E parameter from 0.059 up to ca. 0.086 for the HfO, thin films.

Another strong indicator that provides information on the resistance of materials to plastic
deformation is H3/E? [59-61]. This parameter shows that the contact loads needed to induce plasticity
are higher in materials with larger values of H>/E? (i.e., the likelihood of plastic deformation is
reduced in materials with high hardness and low modulus, with H3/E? being the controlling material
parameter) [60,62,63]. The highest value of H3/E? was equal to 0.083 for the HfO, thin films deposited
with 600 W. The results have shown that a decrease of the deposition power caused a gradual decrease
of the plastic resistance parameter to ca. 0.037 and 0.017 for the HfO, coatings deposited with 400 and
200 W, respectively.
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Figure 12. Average values of hardness and Young’s elastic modulus for the thin films deposited with a
sputtering power of (a) 200, (b) 400, and (c) 600 W.

4. Conclusions

In this paper, HfO, thin films were deposited by MF magnetron sputtering with different powers
of 200, 400, and 600 W, which had a significant effect on their structural, surface, optical, and tribological
properties. In the case of the structural properties, XRD studies revealed that all of the deposited
coatings had a nanocrystalline HfO,-monoclinic structure. An increase of the sputtering power, and
simultaneously, the target power density, caused a considerable increase of the average crystallite
size and a decrease of the dislocation density and lattice strain. The TEM investigations showed
that the HfO, thin films prepared with lower sputtering powers had a fine-crystalline structure with
voids of a round shape, while the increase of the deposition energy resulted in a significant change
in the microstructure, to a densely packed, columnar one. The surface of the prepared coatings was
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smooth, crack-free, and composed of visible grains. The analysis results of the root mean square
surface roughness showed that it increased gradually with the sputtering power, from 1.33 to 4.29 nm.
A similar tendency was observed for a water contact angle, which was directly related to the increase
of a ratio between the actual and projected surface area, and was also confirmed by the Wenzel model.
Moreover, all of the deposited coatings were well transparent in the visible wavelength range, with
a transparency of approximately 80%-90%, depending on the deposition power. In the case of the
optical constants, such as the refractive index and extinction coefficient, it was found that the first one
increased with the increase of the sputtering power, while the latter remained similar for each coating.
Nanoindentation measurements results showed that the hardness of the prepared thin films was in the
range of 4.9 to 12.0 GPa.

It is worth emphasizing that the most beneficial coating, in terms of very good structural,
surface, optical, and mechanical properties, was the HfO, thin film deposited at 600 W of sputtering
power. This coating had a densely packed microstructure without voids, therefore it also exhibited
the highest hardness among the measured samples. Furthermore, the analysis of the mechanical
properties revealed that the highest plasticity index H/E and plastic resistance H3/E? was obtained
for this coating. The HfO; thin films deposited at 600 W had a smooth, hydrophobic surface and
simultaneously exhibited a high transparency level, which are beneficial properties for its application
in opto-electronic devices.
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