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Abstract: Hafnium oxide thin films have attracted great attention as promising materials for applica-
tions in the field of optical thin films and microelectronic devices. In this paper, hafnium oxide thin
films were prepared via DC magnetron sputtering deposition on a quartz substrate. The influence
of various negative biases on the structure, morphology, and mechanical and optical properties of
the obtained films were also evaluated. XRD results indicated that (111)-oriented thin films with a
monoclinic phase could be obtained under the non-bias applied conditions. Increasing the negative
bias could refine the grain size and inhibit the grain preferred orientation of the thin films. Moreover,
the surface quality and mechanical and optical properties of the films could be improved significantly
along with the increase in the negative bias and then deteriorated as the negative bias voltage ar-
rived at —50 V. It is evident that the negative bias is an effective modulation means to modify the
microstructural, mechanical, and optical properties of the films.

Keywords: HfO,; reactive magnetron sputtering; negative bias; optical properties; laser-induced
damage threshold

1. Introduction

Hafnium oxide (HfO,), frequently employed in high-refractive-index material with
wide transparency from ultraviolet (UV) to midinfrared (MIR), is an important optical thin
film material due to its excellent laser damage resistance, high hardness and outstanding
thermal and chemical stability [1,2]. In recent years, hafnium oxide has received more
attention in semiconductors as a high-k dielectric film grown on silicon substrates. Hafnium
oxide has many advantages, such as a wide band gap (Eg > 5.0 eV), a relatively high
dielectric permittivity (~25) and good thermodynamic stability, which makes it the most
promising material to replace silicon-based gate oxides [3,4]. Moreover, hafnium oxide
with an orthogonal phase is also a remarkable ferroelectric film material and has potential
applications in the field of non-volatile memory fabrication [4,5]. It has been proven that
the formation of the orthogonal phase causes ferroelectricity and the phase structure be
regulated by the component and procedure [6-9].

Generally, hafnium oxide films can be prefabricated by utilizing chemical vapor
deposition [10], electron beam (EB) evaporation [11], magnetron sputtering [12-14], atomic
layer deposition [15,16], and pulsed laser deposition [17]. Among them, the atomic layer
deposition (ALD) technique has become the major preparation method for hafnium oxide
because of its low temperature, self-limiting surface reaction mechanism, and atomic-level
thickness. Unfortunately, some impurities such as carbon and nitrogen can be observed in
the films deposited using the ALD technique [18]. Comparatively, uniform and dense films
with stable components and high purity can be obtained and the metal electrodes prepared
synchronously by using the magnetron sputtering technique. The quality of films can be
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optimized further by adjusting the working pressure, target power, gas ratio, substrate
temperature, and negative bias [19].

Negative bias applied to the substrate has often been utilized in various magnetron
sputtering deposition devices [19-21] so that the flux and energy of depositing charged
species can be varied. The effect of negative bias upon the energy of ionic species appearing
in the magnetron plasma is also very appreciable, which consequently affects the total
energy delivered to the substrate during deposition [22]. Via this approach, the growth
process can be modified, therefore probably determining the optical and microstructural
properties. Nezar S. et al. [23] demonstrated experimentally that the deposited titanium
dioxide thin films shift from a single anatase phase to a polycrystalline structure with a
mixture of anatase and rutile phases when applying a negative voltage on the substrate
with a range of 0 to —100 V. For HfO; thin films deposited by RF magnetron sputtering
with pulse DC substrate bias, Maidul Haque et al. [24] reported that the density of the
films deposited with substrate bias is detected to be higher than the density of the films
deposited without substrate bias due to Ar* ion bombardment. Nahar et al. [25] conducted
research on substrate bias’s effect on HfO, thin films and found that the electrical properties
of HfO, were enhanced and lower leakage current and higher breakdown voltage were
exhibited after applying substrate bias. Nevertheless, the effect of negative bias in the
case of deposition of HfO, films by DC (direct current) magnetron sputtering has not been
reported hitherto.

Notwithstanding that some of the details need to be further understood and studied,
there exists little doubt that substrate bias controls the gas and void contents of the thin
film [26]. Therefore, it is found that the incorporated gas atoms are proportional to the
square of the voltage value of the substrate negative bias [27]. Additionally, the adsorbed
gas of the growing film surface may be re-sputtered, resulting in variation in the density
of the thin film during low-energy ion bombardment. HfO, or HfO,-based thin films
require electrical properties that can be produced with fewer defects and voids via the
application of a negative bias voltage to the substrate [19,25]. This paper presents a series
of experiments where HfO, thin films were prefabricated via the DC magnetron sputtering
technique at different mains of substrate negative bias voltages. In the meantime, the effect
of substrate negative bias voltage on the structural, optical, and mechanical properties and
laser-induced damage thresholds of the HfO, films is systematically explored. The final
results are also presented in the paper in the last section.

2. Experimental Procedure

To begin with, using the DC reactive magnetron sputtering method, HfO, thin films
were deposited on quartz substrate without substrate negative bias but with different
substrate negative biases. A high-purity hafnium target (99.9%) of 60 mm in diameter and
with a thickness of 5 mm was placed beforehand as a sputter target. Prior to deposition, the
vacuum was raised to 2 x 1073 Pa. Next, 40 sccm of high-purity argon (99.99%) gas was
introduced and pre-sputtered for 15 min to remove oxides and other impurities from the
target surface. Thin Hf targets were sputtered into pure oxygen (99.99%), without argon
as a working gas. The working pressure in the deposition chamber was set to 0.6 Pa. The
substrate was placed on a tungsten-heated substrate table and the substrate temperature
was set at 200 °C by a thermocouple. During the deposition process, the distance between
the target and substrate was set at 50 mm and the power density of the target was set at
5.3 W/cm? in advance for each hafnium film. The thickness of the thin films was configured
using a deposition time equivalent to 40 min for all samples deposited at different substrate
negative biases. The thicknesses of the samples deposited were measured using a surface
profilometer from ZYGO, which was around 160 nm. Additionally, the voltage applied to
the substrate was set to be varied (0, —25, —50, —75, and —100 V). However, simultaneously,
all other deposition parameters were maintained in constancy so as to investigate the effect
of negative bias on the crystalline structure as well as the properties of the films.
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X-ray diffraction (XRD-7000 type, from Shimadzu, Japan) was utilized to explore the
structure of the deposited films. GIXRD measurements were carried out via Cu Ka X-ray
radiation (1.54 A), along with 26 detector scan with the incident beam preset fixed at a
constant grazing angle of 1°, a scanning rate of 5°/min, as well as a scanning range from
20° to 85°. The film surface’s morphology was measured via an atomic force microscope
(AFM, from Bruker, Mannheim, Germany) in peak-force tapping. The films’ optical trans-
mittance was measured via a UV-vis—NIR spectrophotometer (U-3501type from Hitachi) in
a wavelength range from 200 to 1100 nm. The band gap of the film was obtained from the
transmission spectrum. The refractive index was determined via a J.A. Woollam M-2000UI
spectroscopic ellipsometer (SE). All data measured via the process mentioned above were
collected to design an optical model that is of use for obtaining the thickness and optical
properties via performing regression analysis. The optical model consists of four phases
(from bottom to top), which are the silica substrate, the bulk HfO, film, the surface rough
layer [28] composed of 50% void space as well as 50% HfO,, and the incident medium (air)
utilized to explore the HfO; thin films. The four-layer model used in the Wvase32 software
(Version 3.335) is shown in Figure 1. In this paper’s analysis of SE data, the unknown
dielectric function of HfO,, which has only a small amount of absorption in the visible and
near-infrared regions, is described by the Cauchy—Urbach model, as shown in the following
two formulas:

Tl()\): An+Bn/)\2+Cn/)\4 (1)

k(1) = aeP(1240/A-Eg) ?)

where A;;, By, and C,, are index parameters that specify the index of refraction and «, §,
and Eg are the extinction coefficient amplitude, the exponent factor, and the band edge g,
respectively, and are defined as variable fit parameters during the process of evaluating the
data [29]. The incidence angle was set at 75° during the S.E measurement.

Roughness Layer
Cauchy Layer

Substrate

Figure 1. Ellipsometry-fitted physical model schematic diagram (the unknown dielectric function of
HfO; is described by the Cauchy layer and roughness layer).

The nano-hardness and elastic modulus of the film were measured by the continuous
stiffness method (CSM) using a nanoindenter (Agilent G200, Agilent, Milpitas, CA, USA)
fitted with a Berkovich indenter diamond tip with a radius of curvature of 20 nm via a
continuous stiffness measurement mode (CSM). The obtained hardness value for each
sample was the average value calculated after 10 measurements in several randomly
selected regions on the film surface. The LIDT measurement of the films was carried out
in a “1-on-1” mode manner [30] according to the international standard 1SO11254-2 [31]
and employing a 1064 nm Q-switch pulsed laser at a pulse length of 12 ns and beam size
of 80 mm. The experimental characteristics and its process for determining LIDT from
damage probability plots have been comprehensively explored in the earlier works [32].
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3. Results and Discussion

Owing to the function of the negative bias, some changes could be observed in the
crystalline structure of hafnium oxide thin films, which were examined by XRD measure-
ment. Figure 2 shows the results. The main diffraction peak was observed at approximately
28.3° with or without the application of the negative bias, suggesting that the crystallization
in the films is caused by diffraction from (111) planes of monoclinic phases of HfO, [33].
Moreover, the other less dominant diffraction peaks are ascribed to the orientations (200),
(020), (002), and (022). In addition, (221) appeared in the diffraction patterns. No diffraction
peaks from the tetragonal or cubic phase were obtained. It was revealed by the XRD
patterns that as the negative bias increases from 0 to —100 V the intensity of the dominant
peak (111) decreases, which is an indication of a decline in the average crystallite size of

the films.
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Figure 2. X-ray diffraction patterns of the HfO, films deposited by DC reactive magnetron sputtering
at different negative bias voltages. The crystallite sizes have been calculated by using the (111) crystal
plane of HfO, films deposited at different negative bias voltages inserted in into the upper right
corner of this graph.

Although the intensity of other less dominant peaks increases to different degrees
along with the increasing of negative bias, a clear (211) diffraction peak was obtained in
samples deposited at a negative bias voltage of —100 V. The preferred orientation of thin
films is associated with the competitive growth mechanism [34]. The energy of bombarding
ions can be appreciably increased by a negative bias voltage placed on the substrate, which
provides more energy to competitive growth among planes at different orientations. The
Debye-Scherrer formula is introduced here to estimate the average crystallite size [35]

as follows:
kA

ikt = Bcoso

®)
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where Dy is the grain size, k = 0.89, the X-ray wavelength A is 1.54 nm, and p is the
diffraction peak’s half-height width and the diffraction angle. Based on the value of the line
width (FWHM) of the most intense peak, the average crystallite size was estimated. There
existed a connection between the line width (FWHM) and (111) of the monoclinic phase,
and the line width (FWHM) was obtained via fitting the diffraction peak to the Lorentzian
distribution. As the substrate bias voltage varied from 0 to —25 V or —50V, the grain size
decreased slightly from approximately 84nm to 81nm, which suggested a grain refinement.
As the substrate bias voltage was increased to —75V, the grain size continued to decrease
to 79 nm and then dropped to 76 nm as the negative bias voltage increased to —100 V. It
can be seen that the grain size tends to decrease as the negative bias voltage increases in
the range 0 to —100 V.

The two-dimensional AFM images of the films deposited under biased or unbiased
conditions by the reactive rf magnetron sputtering technique are shown in Figure 3a-e.
The surface morphology of the deposited films was markedly affected by the substrate
bias voltage. From this figure, it can be obviously observed that the film deposited on
unbiased substrate during sputtering shows higher surface roughness with larger grain size
compared with the films deposited with low negative biases. The film deposited at —25 V
substrate bias voltages is observed to have a smooth surface and lower surface roughness,
which was homogenous and coincided with an average grain size of 81 nm. When the
substrate voltage increased to —50 V, the grain size was decreased to the same grain size
according to XRD data in Figure 2. The surface morphology of the films deposited at —50 V
substrate bias voltages was found to be almost identical despite having the occurrence
of slightly more voids. When the substrate bias voltage was increased to —75 V, this
film consisted of fine grains, which was likely ascribed to the formation of more grain
boundaries and voids caused by energetic-particle bombardment during deposition. It
has been previously established by pertinent research that when bias is applied to the
substrate, the substrate attracts energetic ions and neutrals. The bombarding particles
re-sputter loosely bonded atoms from the deposited film [25]. This process reduces the
intrinsic defects and thus increases the film density. However, for these films deposited
at high or overall oxygen partial pressure, the void fraction in the films shows an overall
increasing trend, impeding the density from increasing as the value of negative substrate
bias increases further [24]. This is due to the result of negative oxygen ions, where low-
energy negative oxygen ions are unable to reach (impact) the substrate table sample in
the presence of a negatively biased electric field in the substrate, leading to an increase in
the oxygen void content in the films. The grain morphological evolution of all the HfO,
films can be explained via the variation of low-energy ions and neutrals by the application
of different substrate biases. As the substrate bias was changed from —25 V to —100V,
the root mean square roughness (Rrms) increased from 2.89 nm to 4.63 nm. This result
may again be related to the variation in the low-energy distribution of ions and neutrals
bombarding the grown film modified by the substrate bias voltage.

The transmission spectra were measured as a function of the wavelength of the incident
light so as to investigate the effect of substrate negative bias on the optical properties of
HfO; thin films. The transmittance spectra of all the samples deposited at different negative
biases, as well as quartz substrates, were registered as a function of wavelength, which
is shown in Figure 4. The oscillation of the spectrum with wavelength is attributed to
interferometric (constructive and destructive) effects [36]. Each spectrum reveals the
number of peaks and valleys at a fixed wavelength (1) concerning the optical thickness,
which is the result of the product of the refractive index of the deposited film and the
physical thickness. The change in refractive index is almost constant for the same material,
so the optical thickness of the film is proportional to the physical thickness. As a result, the
qualitative thickness of the deposited film could be estimated according to the measured
transmission spectra. The lower transmittance of films deposited without negative bias
might be attributed to defects and absorptions in HfO, film, which effectuates an increase
in the absorption of visible light, then brings about a decrease in transmission. The films
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deposited under —25 V and —50 V show higher transmittance. The improvement in the
transmittance of films deposited at different lower negative biases indicates that the defects
and absorptions of films have been suppressed owing to low-energy ion bombardment.
Although the details need to be further explored and studied, the growing films have
been effective in modifying surface roughness, grain size, and defects during a broad
low-energy distribution of ion and neutral bombardment. However, it can be noticed that
the transmission was decreasing as the negative bias was increased from —50 to —100 V;
the level of degree of reduction in transmission is the largest at a bias voltage of 100 V.
This result may be related to grain refinement and the increase in film defects as the bias
voltage on the substrate increases. Additionally, as the substrate bias was changed from
—25V to —100 V, the root mean square roughness (Rrms) increased significantly, which
introduced the sources of light scattering. The physical thickness of the deposited films
was qualitatively estimated by transmission spectrum using the envelope method [37]. The
thickness of the film was measured by a surface profilometer, and the thickness of each film
was measured/calculated by different methods approximated to each other, regardless of
the method used. By analyzing the transmittance spectra, the change in the negative bias
value caused only a small drift in the transmittance spectra, which might be related to the
change in the refractive index of the film, indicating that the applied negative bias did not
significantly vary the thickness and deposition rate of the deposited films.

2.0 um

(b) RMS 2.89nm

0 un s 2.0 wn

(¢) RMS 3.90nm (d) RMS 4.40nm (e) RMS 4.53nm

Figure 3. AFM micrographs of hafnium oxide films deposited at (a) non-bias voltage; (b) —25 V;
(c) =50V; (d) =75 V; and (e) —100 V.
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Figure 4. Transmittance spectra for quartz substrate and HfO, thin film deposited by DC reactive
magnetron sputtering at different negative bias voltages. The transmittance spectra reveal a larger
scale in the wavelength ranging between 550 and 750 nm (insert, bottom center).

The optical band gap of the deposited films at different negative biases can be calcu-
lated using the Tauc method [38]. Figure 5 shows the absorption spectra and Tauc’s plot of
the HfO, thin films deposited at different negative biases. The energy band gap (Eg) value
of the HfO, was obtained by absorption spectra and plotting (¢hv)'/? vs. photon energy
(hv) via the following equation:

a(hv) = A(hv — Eg)"

where A is a constant, « is the optical absorption constant, i is the incident photon energy,
h is Planck’s constant, and the index n characterizes the electron leap characteristics and is
taken according to the band gap type. For a direct band gap, n = 1/2, in this case, the curve
(«hv)? is linearly related to the photon energy (hv) in a certain photon energy range and the
line made with the X-axis intercept can give the exact value of the optical band gap; for
an indirect band gap n = 2, the band gap can be approximated by a linear fit of the curve
(ahv)? to the photon energy (hv) with the X-axis intercept. It is widely acknowledged in the
literature [39] that HfO; is an indirect band gap dielectric material with n = 2. The linear
part of the derived curve extends to the hv axis with an intercept of («hv) = 0, which gives
rise to an approximation for Eg.

From the inset in the upper left of the figure, it can be clearly seen that the optical
bandgap ranges from 5.75 nm to 5.79 nm when the substrate bias is changed from 0 V
to —100 V. As previously reported, the bandgap energy of monoclinic-phase HfO, films
is 5.41 eV~5.86 eV, which is close to our results. It is known that the optical band gap is
affected by numerous factors, such as defect density, purity, packing density, stoichiometric
ratio, and grain size. According to Figure 5, the blue shift in the optical band gap has been
observed along with the increase in the negative biases from 0 V to —50 V. The decrease in
crystallite size is a key factor in causing the increase in optical band gap energy along with
the increase in the negative biases. Some researchers hold the opinion that the quantum
size effect weighs heavily in results and an increase can appear in the band gap energy,
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especially if the crystallite size is less than 30 nm. Although the average crystallite size of
HfO, deposited in this study is much larger than 30 nm, in accordance with the results of
XRD and so on, it seems that the quantum confinement effect can slightly modify the band
gap energy. The crystallite size decreases slightly as the negative biases increase from 0 V
to —50 V, hence the decreasing crystallite size increases the band gap energy of thin films.
However, as the substrate voltage increased to —50 V and —100 V, the band gap energy
for the deposition was decreased to about 5.76 and 5.75, respectively. This phenomenon
can be explained by the following reason: the defects and voids in HfO; thin films increase
with the increase in the negative bias voltage from —50 V to —75 and —100 V, and this is
due to the decrease in the transmittance in the UV-vis region of the films, as supported by
transmittance spectra data. Since the variation in the bandgap with negative bias is only
within the range of 0.04 eV, the results in this paper are available for reference, and the
effect of negative bias on the bandgap needs to be analyzed more precisely.

a]

S 5.790¢ g
L
& 5.775¢
Q& j t
2 5.760 : :
g Non-bias voltage
M

5745}

0 —25 —50 —75 —100
Bias Voltage (V)

(ahv)? (a.u.)

—— Non-bias voltage
—25V

— —50V

— — U5V

; : ==

5.6 5.7 5.8 5.9 6.0

Photon Energy (eV)

Figure 5. Tauc plot for HfO, thin film deposited by DC reactive magnetron sputtering at different
negative bias voltages. Variation in band gap as a function of negative bias voltage (insert, upper-left).

In order to substantially investigate and describe the optical constants such as refrac-
tive index (n) and extinction coefficient (k) of the HfO, films deposited under various
substrate voltages we conducted further experiments. It was by fitting the experimen-
tal data (psi (\p) and delta (A)) obtained from spectroscopic ellipsometry that the optical
constants were eventually determined using a four-layer model (air, roughness, film, and
substrate) in Wvase32 software. The obtained refractive indices and extinction coefficient
plots as a function of wavelength in the VIS/NIR region are depicted in Figure 6a,b. The
obtained results for both n and k apparently show an exponential and dramatic decrease
with an increase in wavelength, even though it is maintained almost in constancy at higher
wavelengths for all the deposited films. The refractive indices for the as-deposited thin
films under 0 V, =25V, =75V, and —100 V substrate biases are respectively found as 2.01,
2.03,2.03, 1.99, and 1.97 for A = 550 nm. These results are greatly in accordance with the
values reported earlier.



Micromachines 2023, 14, 1800 9 of 15

2.10
—&— Non-bias voltage
&— —25V
—B— —50V
—— —75V
205 ] —&— — 00V
e
5]
=
£
—
w
2 2.00
el
134
&
=
)
a2
1.95
1.90 ; 1 . 1 1 1 .
600 900 1200 1500
Wavelength (nm)
(a)
& —=— Non-bias vollage
—25V
—A— —350V
0.02 ¥ Y
1 —&— — 100V

0.01

Extinction Coefficient

0.00

Wavelength (nm)
(b)

Figure 6. Refractive index (a) and extinction coefficient (b) for HfO, thin films deposited by DC
reactive magnetron sputtering at different negative bias voltages using the Cauchy dispersive model
to fit measurement data by spectroscopic ellipsometer in spectral regions ranging between 400 and
1500 nm.

It is known that packing density is the decisive factor affecting the refractive index.
The packing density, p, of a porous film is defined by Yelda’s [40] formula as follows:

_ (”szilm - 1)
g (M — 1)
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The value of the refractive index ny,; of hafnium oxide in the bulk is about 2.1.
The value of ngy, is the refractive index of thin films, which is around 600 nm for all
samples [29]. The values of packing density for films deposited under different biases have
been calculated as: 0.88, 0.90, 0.91, 0.86, and 0.83. The packing density is linked to the
thickness of thin films, crystalline structure, and crystallite size. According to the results of
the transmittance spectra in Figure 4, the negative bias has a rather minor effect on the film
thickness, whereas the XRD results in the Figure 2 also confirm the grain refinement along
with the increasing negative bias voltage.

As seen from the figure, compared with the deposition of hafnium oxide films on
unbiased substrates, the refractive index of the deposited films increases significantly
when a negative bias is applied at —25 V or —50 V, which indicates that the grains and
defects of the growing films decrease weakly while the increment in the refractive index
was detected along with the increase in substrate biases, which can be attributed to the
increased packing density owing to low-energy ion and neutral bombardment. These
optical constant results can be correlated with the microstructure and packing density
of the films. The films with low packing density have a low refractive index, whereas
compact and dense microstructures with smooth surfaces retain a high refractive index. It is
observed that a further increase in the negative bias induced the reduction in the refractive
index owing to a low value of packing density at a high negative bias voltage.

All samples’” extinction coefficients (k) approximate to zero and keep very low in
the visible region. It is perceived that the trend in the extinction coefficients of samples
along with the increasing of applied negative bias is opposite to the trend for the refractive
index. The extinction coefficient encompasses the contribution from the absorption and the
scattering of grains. Higher negative biases result in decreased packing density and the
size of the grains in thin films (as shown in Figure 3), which enhances the scattering effect
in HfO, thin film.

Figure 7 shows the test results of the mechanical properties of the deposited films at
different negative substrate biases using the nanoindentation technique. The nano-hardness
and elastic modulus of the deposited films was appreciably affected by the substrate bias
voltage. The data in Figure 7 reveal that a slight increase appears in the obtained average
values for hardness and modulus from 8.6 to 8.9 GPa and another from 136.4 to 140.5 GPa,
with an increase in negative substrate bias from 0 to —50 V. These results have brought
about the conclusion that the increasing bias voltage was conducive to the hardness of
deposited films under lower substrate bias conditions and can be attributed to its density.
The introduction of voids caused an increase in the porosity and a decrease in the packing
density of thin films, which resulted in the reduction of nano-hardness and elastic modulus,
as reported in the literature. As mentioned earlier, when the negative bias voltage is varied
from 0 to —50V, the refractive index of the film increases while the void fraction decreases.
This is due to the fact that enhanced bombardment of Ar* ions on the growing films in
the negative bias leads to more compact and denser films [24]. However, the thin film
deposited under —75 V substrate bias revealed a hardness of 8.3 GPa and an elastic modulus
of 130.21 GPa. Further increase of the substrate bias to —100 V resulted in a decrease of
hardness to 7.9GPa and elastic modulus to 126.6 GPa. Such results are likely to bring about
the conclusion that the increase of substrate bias was not favorable for the hardness of
deposited films under higher substrate bias conditions. As indicated by the refractive index
and the void fraction of HfO, films obtained from the transmission measurements and
ellipsometry analysis, the refractive index of the films shows an overall decreasing trend.In
the same tine he void content in the films shows an opposite trend with an increase in
substrate bias in the range of —50 V to —100 V owing to a reduction in density. In short, the
less dense the thin film is, the less high hardness could be obtained.



Micromachines 2023, 14, 1800 11 of 15
2.0 I 4 150
T_____,.._——l
—_ &
53 =
A E :
585 '\\ I/k 4 140 2
w Lo =}
i N / l ] e
o \ kY _
< & i =
T Non-bias voltage - o
=]
8.0 |- A\ ‘ 1 130%
~— M Hardness
—aA— Elastic Modulus 1
75 1 2 1 M 1 ] M 1 120

0 —25 —50 —75 —100
Negative Bias Voltage (V)

Figure 7. Nano-hardness and elastic modulus of HfO, thin film deposited at different substrate bias.

The elastic modulus of the films is mainly affected by the internal stress and microstruc-
ture of the films. Considering the limitation of the space of this paper and the experimental
conditions, the variation of the film’s internal stress is not particularly discussed. However,
when comparing the elastic modulus to the packing density of HfO, thin films deposited
under different negative biases. it can be seen that both of them reflect the similar trend
along with the increase of negative bias pressure, i.e., the greater the packing density, the
higher the elastic modulus of the film.

Figure 8 shows the laser-induced damage threshold (LIDT) fitting curves of HfO, thin
film deposited at different substrate negative biases. From the Figure 8, it can be observed
that the LIDT value increases along with the increase of substrate bias voltage in the range
of 0~—50V, and decreases along with the increase of bias voltage when the substrate bias
voltage is further increased to —75 Vand —100 V. The LIDT value for unbiased films is
13.19J/cm? and it increased to 13.46] /cm? and 13.42 J/cm? along with the increasing of
substrate bias voltage to —25 V and —50 V, respectively. Jena et al. [30] have reported that
the LIDT value varies from 9.89 to 8.83 J/cm? for HfO, thin films deposited by electron
beam evaporation technique at different oxygen (O,) partial pressures, and this result is
tested by a 1064 nm pulsed laser (7 ns pulse width), which is comparatively less than
our results.
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Figure 8. The LIDT of HfO, thin film deposited at different substrate bias.

Thermo-mechanical damage process is regarded as the main damage process of di-
electric thin films under nanosecond pulsed laser irradiation [41]. It is commonly believed
that defects such as grain boundaries, porous sites, nonstoichiometric defects, inclusions
as well as nodules [42] in dielectric thin films absorb the pulsed laser irradiation, and
the excess thermal energy is coupled with the optical structure, which results n damage.
The thermophysical properties of the dielectric thin film, such as density, specific heat,
and thermal conductivity, all play key roles in limiting LIDT. According to the mecha-
nism of defect-originated thermal damage, the LIDT may be fabricated as the following
formula, [43]

16T, 1/2
Fy = 7C (PfilmcfilmeilmT )

where Fy,, Tc, Pfitm, Ctitm, K are the damage threshold in J/ cm? melting temperature,
density, specific heat at constant pressure and thermal conductivity of the film respectively
and 7 is the laser pulse length.

As a matter of fact, for dielectric oxide films, the packing density plays the most
important role in improving their resistance to laser damage. The thermal conductivity
and specific heat of the film increase along with the increase of film density as proved by S.
Jena [30]. Denser films with lower thermal barriers take on superior thermal conductivity
and hence is provided with a higher laser damage threshold. Compared with the refractive
index and laser damage threshold plots of the deposited films under different substrate
negative biases, a phenomenon can be found that their values have a similar variation trend
along with the increasing of negative bias. And the reason may be the packing density.
Denser packing density may effectuate a compact packing structure which conversely
increases the refractive indexes of the film with the same number of particles condensing
on the substrate. However, the LIDT values of HfO, films decreased slightly as substrate
negative biases varied from —25 V to —50 V, and the reason may be the surface roughness.
The nanoscale or sub-nanoscale defect, which is correlated to the surface roughness, is
inclined to evolving into microscale damage at the film surface [44], thereby, the LIDT
values decrease with the surface roughness of thin film.
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4. Conclusions

In summary, this paper reports the effect of substrate negative bias on the structure,
surface morphology, optical properties, mechanical properties, and laser-induced damage
threshold of the DC magnetron sputtering deposited HfO, thin films. The films were
eventually discovered to be polycrystalline predominantly composed of monoclinic crystal
structure and the grain sizes degraded with an increase in negative bias during deposition.
AFM images show that the HfO; films are of high quality, with a dense uniform grainy
morphology. The slight modification in grain refinement and packing density are found
to exist in the HfO, films along with the increasing of negative biases, which is owing
to the bombardment of the growing films by ions and neutrals with a broad low-energy
distribution. The experiments have unfolded that substrate negative bias affects the diverse
properties of the films. Compared with HfO, thin films deposited without substrate
negative biases, more compact and denser films were of —25 and —50 V voltages. However,
as the negative bias is increased to —75 V or —100 V, the density decreases inversely along
with the increase of the negative bias voltage. The peak transmittance, refractive index,
band gap, nano hardness, elastic modulus, and LIDT of HfO; films show similar trends
along with the increase in negative bias. Therefore, the variation of density and void
content in the films is eventually reflected in the variation of overall properties of the HfO,
films deposited at different negative biases.

Author Contributions: Conceptualization, Y.X.; methodology, Y.X. and X.Q.; software, X.L. and P.Y,;
validation, Y.X., W.L. (Wantong Li) and X.Q.; formal analysis, Y.X. and X.Q.; investigation, Y.X. and
X.Q.; resources, Y.X.; data curation, Y.X. and W.L. (Wantong Li); writing—original draft preparation,
Y.X,; writing—review and editing, Y.X. and J.Z.; visualization, Y.X. and J.Z.; supervision, W.L. (Weiguo
Liu); project administration, Y.X.; funding acquisition, J.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by The “Belt and Road” Innovative Talent Exchange Program for
Foreign Experts (DL2022040006L),from science and technology ministry of China.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author Yingxue Xi upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Toledano-Luque, M.; Martinez, FL.; San Andrés, E.; del Prado, A.; Martil, I.; Gonzéalez-Diaz, G.; Bohne, W.; Rohrich, J.; Strub, E.
Physical properties of high pressure reactively sputtered hafnium oxide. Vacuum 2008, 12, 1391-1394. [CrossRef]

2. Aarik, J.; Mandar, H.; Kirm, M.; Pung, L. Optical characterization of HfO, thin films grown by atomic layer deposition. Thin Solid
Film. 2004, 466, 41-47. [CrossRef]

3. Boscke, T.S.; Miiller, J.; Brauhaus, D.; Schroder, U.; Béttger, U. Ferroelectricity in hafnium oxide thin films. Appl. Phys. Lett. 2011,
10, 112903. [CrossRef]

4. Mittmann, T.; Materano, M.; Lomenzo, P.D.; Park, M.H.; Stolichnov, I.; Cavalieri, M.; Zhou, C.; Chung, C.-C.; Jones, J.L.;
Szyjka, T.; et al. Origin of Ferroelectric Phase in Undoped HfO, Films Deposited by Sputtering. Adv. Mater. Interfaces 2019,
6, 1900042. [CrossRef]

5. Boescke, T.S.; Teichert, S.; Brauhaus, D.; Miiller, J.; Schroder, U.; Bottger, U.; Mikolajick, T. Phase transitions in ferroelectric Silicon
doped Hafnium oxide. Appl. Phys. Lett. 2011, 11, 112904. [CrossRef]

6.  Schroeder, U,; Richter, C.; Park, M.H.; Schenk, T.; Pesi¢, M.; Hoffmann, M.; Fengler, EP.G.; Pohl, D.; Rellinghaus, B.; Zhou, C.; et al.
Lanthanum-Doped Hafnium Oxide: A Robust Ferroelectric Material. Appl. Phys. Lett. 2018, 5, 2752-2765. [CrossRef]

7. Miiller, J.; Boscke, T.S.; Schroeder, U.; Mueller, S.; Brauhaus, D.; Béttger, U.; Frey, L.; Mikolajick, T. Ferroelectricity in simple binary
ZrO, and HfO,. Nano Lett. 2012, 8, 4318-4323. [CrossRef]

8.  Park, M.H.; Kim, HJ.; Kim, J.Y.; Moon, T.; Kim, K.D.; Hwang, C.S. Toward a multifunctional monolithic device based on
pyroelectricity and the electrocaloric effect of thin antiferroelectric HfxZr; _O; films. Nano Energy 2015, 12, 131-140. [CrossRef]

9.  Mittmann, T.; Materano, M.; Chang, S.C.; Karpov, I.; Mikolajick, T.; Schroeder, U. Impact of oxygen vacancy content in ferroelectric
HZO films on the device performance. In Proceedings of the 2020 IEEE International Electron Devices Meeting, San Francisco,
CA, USA, 12-18 December 2020.

10. Smirnova, T.P; Yakovkina, L.V,; Kitchai, V.N.; Kaichev, V.V;; Shubin, Y.V.; Morozova, N.B.; Zherikova, K.V. Chemical vapor

deposition and characterization of hafnium oxide films. J. Phys. Chem. Solids 2008, 2-3, 685-687. [CrossRef]


https://doi.org/10.1016/j.vacuum.2008.03.083
https://doi.org/10.1016/j.tsf.2004.01.110
https://doi.org/10.1063/1.3634052
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1063/1.3636434
https://doi.org/10.1021/acs.inorgchem.7b03149
https://doi.org/10.1021/nl302049k
https://doi.org/10.1016/j.nanoen.2014.09.025
https://doi.org/10.1016/j.jpcs.2007.07.123

Micromachines 2023, 14, 1800 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Thielsch, R.; Gatto, A.; Heber, J.A.; Martin, S.; Kaiser, N. Comparative study of the UV optical and structural properties of SiO,,
Al,O3, and HfO, single layers deposited by reactive evaporation, ion-assisted deposition and plasma ion-assisted deposition.
Thin Solid Film. 2002, 1-2, 86-93. [CrossRef]

Tan, R.; Azuma, Y.; Kojima, I. Suppression of interfacial diffusion by a predeposited Hf metal layer on SiO, /Si. Appl. Surf. Sci.
2004, 1, 346-350. [CrossRef]

Vinod, A.; Rathore, M.S.; Srinivasa Rao, N. Effects of annealing on quality and stoichiometry of HfO, thin films grown by RF
magnetron sputtering. Vacuum 2018, 9, 339-344. [CrossRef]

Dave, V.; Dubey, P; Gupta, H.O.; Chandra, R. Influence of sputtering pressure on the structural, optical and hydrophobic
properties of sputtered deposited HfO, coatings. In Proceedings of the 40th International Conference on Metallurgical Coatings
and Thin Films (ICMCTF), San Diego, CA, USA, 29 April-3 May 2013.

Deshpande, A.; Inman, R.; Jursich, G.; Takoudis, C. Characterization of hafnium oxide grown on silicon by atomic layer deposition:
Interface structure. Microelectron. Eng. 2006, 3, 547-552. [CrossRef]

Kim, J.; Kim, S.; Kang, H.; Choi, J.; Jeon, H.; Cho, M.; Chung, K.; Back, S.; Yoo, K.; Bae, C. Composition, structure, and electrical
characteristics of HfO, gate dielectrics grown using the remote- and direct-plasma atomic layer deposition methods. J. Appl. Phys.
2005, 9, 094504. [CrossRef]

Zhu, J.; Liu, Z.G.; Feng, Y. Thermal stability and electrical properties of pulsed laser-deposited Hf-silicate thin films for high-k
gate dielectric applications. J. Phys. D Appl. Phys. 2003, 23, 3051-3056. [CrossRef]

Baumgarten, L.; Szyjka, T.; Mittmann, T.; Materano, M.; Matveyev, Y.; Schlueter, C.; Mikolajick, T.; Schroeder, U.; Miiller, M.
Impact of vacancies and impurities on ferroelectricity in PVD- and ALD-grown HfO, films. Appl. Phys. Lett. 2021, 3, 032903.
[CrossRef]

Zhang, W.; Zhou, D.; Sun, N.; Wang, J.; Li, S. Effect of Bias Voltage on Substrate for the Structure and Electrical Properties of Y:
HfO, Thin Films Deposited by Reactive Magnetron Co-Sputtering. Adv. Electron. Mater. 2021, 10, 2100488. [CrossRef]

Musil, J.; Baroch, P; VIgek, J.; Nam, K.H.; Han, J.G. Reactive magnetron sputtering of thin films: Present status and trends. Thin
Solid Film. 2005, 1-2, 208-218. [CrossRef]

Chandra Sekhar, M.; Kondaiaha, P,; Jagadeesh Chandra, S5.V.; Mohan Rao, G.; Uthanna, S. Effect of substrate bias voltage on the
structure, electric and dielectric properties of TiO; thin films by DC magnetron sputtering. Appl. Surf. Sci. 2011, 5, 1789-1796.
[CrossRef]

Belkind, A.; Song, W.; McDonough, G.; Scholl, R. In Proceedings of the 45th Annual SVC Technical Conference (Society of Vacuum
Coaters, 2002), Lake Buena Vista, FL, USA, 13-18 April 2002.

Nezar, S.; Saoula, N.; Sali, S.; Faiz, M.; Mekki, M.; Laoufi, N.A.; Tabet, N. Properties of TiO, thin films deposited by rf reactive
magnetron sputtering on biased substrates. In Proceedings of the Applied Surface, Interface and Thin Film Science 2015: Solar
Renewable Energy News IV, Florence, Italy, 23-26 November 2015.

Maidul Haque, S.; Sagdeo, PR.; Balaji, S.; Sridhar, K.; Kumar, S.; Bhattacharyya, D.; Bhattacharyya, D.; Sahoo, N.K. Effect of
substrate bias and oxygen partial pressure on properties of RF magnetron sputtered HfO, thin films. J. Vac. Sci. Technol. B
Microelectron. Nanometer Struct. Process. Meas. Phenom. 2013, 3, 03D104. [CrossRef]

Nahar, R.K; Sharma, A. Study of the effect of substrate bias on the electrical properties of sputtered HfO, thin film deposited on
silicon substrate. Microelectron. Int. 2007, 1, 46—48. [CrossRef]

Ohring, M. Materials Science of Thin Films: Deposition and Structure, 2nd ed.; Academic Press: New York, NY, USA, 2001;
pp. 210-211.

Cuomo, ].J.; Gambino, R.J. Incorporation of rare gases in sputtered amorphous metal films. J. Vac. Sci. Technol. 1977, 1, 152-157.
[CrossRef]

Tan, T,; Liu, Z.; Lu, H.; Liu, W,; Tian, H. Structure and optical properties of HfO, thin films on silicon after rapid thermal annealing.
Opt. Mater. 2010, 3, 432-435. [CrossRef]

Gao, J.; He, G.; Deng, B.; Xiao, D.Q.; Liu, M.; Jin, P.; Zheng, C.Y.; Sun, Z.Q. Microstructure, wettability, optical and electrical
properties of HfO, thin films: Effect of oxygen partial pressure. J. Alloys Compd. 2016, 662, 339-347. [CrossRef]

Jena, S.; Tokas, R.B.; Kamble, N.M.; Thakur, S.; Sahoo, N.K. Optical properties and laser damage threshold of HfO,—SiO, mixed
composite thin films. Appl. Opt. 2014, 5, 850-860. [CrossRef]

15011254-2:2011(E); Lasers and Laser-Related Equipment—Test Methods for Laser-Induced Damage Threshold—Part 2: Thresh-
old Determination. ISO: Geneva, Switzerland, 2011.

Xi, Y.; Zhao, ]J.; Zhang, ].; Zhang, C.; Wu, Q. The influence of ion beam bombardment on the properties of high laser-induced
damage threshold HfO, thin films. Crystals 2022, 12, 117. [CrossRef]

Al-Kuhaili, M.E; Durrani, S.M.A.; Bakhtiari, .A.; Dastageer, M.A.; Mekki, M.B. Influence of hydrogen annealing on the properties
of hafnium oxide thin films. Mater. Chem. Phys. 2011, 3, 515-523. [CrossRef]

Huang, J.; Yu, K,; Sit, P; Yu, G.-P. Heat treatment of nanocrystalline TiN films deposited by unbalanced magnetron sputtering.
Surf. Coat. Technol. 2006, 14-15, 4291-4299. [CrossRef]

Azaroff, L.V. Elements of X-ray Crystallography; McGraw-Hill: New York, NY, USA, 1968; p. 193.

Zahoor, A.; Xu, C.; Shahid, T.; Arfan Anwar, M.; Song, Z. Effects of O, flux on structure, optical properties and hydrophobicity of
highly emissive antireflective HfO, thin films by magnetron sputtering. Vacuum 2022, 197, 110824. [CrossRef]


https://doi.org/10.1016/S0040-6090(02)00208-0
https://doi.org/10.1016/j.apsusc.2003.09.003
https://doi.org/10.1016/j.vacuum.2018.06.037
https://doi.org/10.1016/j.mee.2005.12.008
https://doi.org/10.1063/1.2121929
https://doi.org/10.1088/0022-3727/36/23/028
https://doi.org/10.1063/5.0035686
https://doi.org/10.1002/aelm.202100488
https://doi.org/10.1016/j.tsf.2004.07.041
https://doi.org/10.1016/j.apsusc.2011.10.047
https://doi.org/10.1116/1.4825234
https://doi.org/10.1108/13565360710725946
https://doi.org/10.1116/1.569109
https://doi.org/10.1016/j.optmat.2009.10.003
https://doi.org/10.1016/j.jallcom.2015.12.080
https://doi.org/10.1364/AO.53.000850
https://doi.org/10.3390/cryst12010117
https://doi.org/10.1016/j.matchemphys.2011.01.036
https://doi.org/10.1016/j.surfcoat.2005.02.147
https://doi.org/10.1016/j.vacuum.2021.110824

Micromachines 2023, 14, 1800 15 of 15

37.

38.
39.

40.

41.

42.

43.

44.

Wu, K.; Wang, J.; Liu, W.; Chen, Z.-S.; W, ].-K. Deposition of graded TiO, films featured both hydrophobic and photo-induced
hydrophilic properties. Appl. Surf. Sci. 2006, 16, 5829-5838. [CrossRef]

Tauc, J. Amorphous and Liquid Semiconductors; Springer: NewYork, NY, USA, 1974; pp. 159-220.

Bharathi, K.K.; Kalidindi, N.R.; Ramana, C.V. Grain size and strain effects on the optical and electrical properties of hafnium
oxide nanocrystalline thin films. . Appl. Phys. 2010, 8, 083529. [CrossRef]

Durrani, S.M.A. CO-sensing properties of hafnium oxide thin films prepared by electron beam evaporation. Sens. Actuators B
Chem. 2007, 2, 700-705. [CrossRef]

Ling, X,; Liu, X.; Wang, G.; Fan, Z. Influence of oxygen partial pressure on laser induced damage resistance of ZrO, films in
vacuum. Vacuum 2015, 8, 145-150. [CrossRef]

Guenther, A.H.; Mclver, ].K. The role of thermal conductivity in the pulsed laser damage sensitivity of optical thin films. Thin
Solid Film. 1988, 163, 203-214. [CrossRef]

Lange, M.R.; Mclver, ] K.; Guenther, A.H. Pulsed laser damage in thin film coatings: Fluorides and oxides. Thin Solid Film. 1985,
1-2, 143-155. [CrossRef]

Kozlov, A.A.; Papernov, S.; Oliver, ].B. Study of the picosecond laser damage in HfO, /SiO, based thin-film coatings in vacuum.
In Proceedings of the SPIE 10014: Laser-Induced Damage in Optical Materials, Boulder, CO, USA, 25-28 September 2016; SPIE
Laser Damage: Bellingham, WA, USA, 2017; Volume 10014, p. 100141Y.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.apsusc.2005.08.016
https://doi.org/10.1063/1.3499325
https://doi.org/10.1016/j.snb.2006.03.034
https://doi.org/10.1016/j.vacuum.2015.05.012
https://doi.org/10.1016/0040-6090(88)90425-7
https://doi.org/10.1016/0040-6090(85)90407-9

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	Conclusions 
	References

