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Abstract: We report on the deposition and characterization of hafnium silicate and aluminium silicate
thin films for different applications in optics and electronics. Pulsed laser deposition in a controllable
oxygen atmosphere was used as a processing technique, with optimized parameters in terms of laser
wavelength, laser fluence and oxygen pressure. The thin films were investigated using atomic force
microscopy, spectroscopic ellipsometry, UV–VIS spectroscopy and X-ray photoelectron spectroscopy.
The morphological investigations evidenced uniform layers with low roughness (in the order of
nanometres). The optical investigations revealed that aluminium silicate layers with low roughness
and low absorption in the infrared (IR) range can be obtained at high substrate temperatures (600 ◦C).
The behaviour of the silicate thin films with respect to the nanosecond IR laser irradiation revealed
that aluminium silicate layers have higher laser-induced damage threshold values in comparison
with hafnium silicate.

Keywords: PLD; hafnium silicate; aluminium silicate; coating; LIDT

1. Introduction

Hafnia and alumina are high-κ dielectrics with remarkable properties, such as high
abrasion resistance and high thermal and chemical stability, which make them useful in
a wide area of applications: dielectric gate in various types of transistors [1,2], mirrors or
antireflective coatings. They can be also used for the development of important components
in novel high-temperature energy devices, such as hybrid thermionic converters, as a
promising alternative to the presently used ceramics [3]. Besides the aforementioned
applications, Al2O3 has also been extensively investigated as a top layer for solar cells [4,5]
because it passivates the silicon surface, and it also acts as an electron blocking layer, which
increases the built-in potential and reduces recombination [6].

The reflective/antireflective properties of multi-layer dielectric coatings can be tuned
by adjusting the thickness of the layers to suit a specific wavelength [7]. Such heterostruc-
tures based on Al2O3 and HfO2 have already been studied for mirrors with high laser
damage threshold [8]. Furthermore, these materials have also been investigated for high
power ultra-short pulse (femtoseconds) laser optics, where the prepulse needs to be trans-
mitted through an optical component, while the main pulse gets reflected [9]. In some
applications, SiO2 is also combined with the two oxides in question: in dielectric mirrors,
it is the low refractive index material [10,11]; in thin film transistors, it is in the form of
a multilayer [12,13]. One of the main requirements for the dielectric gate material is to
reduce the operating voltage. This can be done either by reducing the thickness of the
dielectric layer, or by using a high-κ material. The drawback of silicon oxide as a dielectric
gate is the increase of leakage currents when the film thickness is scaled down [14]. To
overcome this, various high-κ dielectric materials were investigated. However, most of
these materials have a low crystallization temperature and produce grain boundaries [14].
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Moreover, the high-κ dielectric compounds generally have lower optical bandgap energy
and smaller energy band offsets compared with the conventional semiconductor oxide
(SiO2), decreasing the device’s breakdown voltage.

The development of material mixtures (i.e., silicon oxide and hafnium oxide, or silicon
oxide and aluminium oxide) leads to combinations of the positive characteristics of these
materials and reduces the unwanted effects, making them suitable as dielectric layers on
thin film transistors (TFTs) [15] for applications on silicon devices [16,17].

Hafnium silicate (HfSixOy) layers can be considered an appropriate candidate to
be used as active matrix flat panel displays due to their high carrier mobility, optical
transparency and electrical stability [18]. Aluminium silicate (AlSixOy) is a refractory
compound with good chemical stability that can be used as corrosion and wear-resistant
coating for metals and other materials [19].

Usually, thin silicate films are obtained through co-deposition of hafnium oxide or
aluminium oxide with silicon oxide using methods such as e-beam evaporation [20],
chemical vapor deposition (CVD) [21,22] or pulsed laser deposition (PLD) [23].

In the last decades, the PLD technique has been successfully used to obtain silicates; the
research is still scarce compared with other techniques and needs further improvement [23].

The advantage of PLD is that it can yield smooth thin films with controlled stoichiom-
etry and thickness in a reproducible way.

The novelty of this work consists in validation of the PLD technique as a suitable tool
to fabricate complex materials such as hafnium and aluminium silicates in the form of thin
films that can be used as coatings for laser beam delivery/handling systems. The aim of
this study was to prove that these coatings produced using a laser-based technique can
resist to high energies generated by pulsed lasers working in the infrared range (IR) of
wavelengths and the nanosecond range.

2. Materials and Methods

Thin films of hafnium silicate and aluminium silicate were deposited on quartz
plates. The deposition parameters (laser wavelength, laser fluence, oxygen pressure and
substrate temperature) were selected based on a laborious parametric study. All layers
were obtained as a result of targets irradiation with an ArF excimer laser (wavelength
of 193 nm and repetition rate of 20 Hz, 20 ns pulse duration). The targets were sectorial,
half a disk of silicon and half a disk of Al2O3 or HfO2. During deposition, the target
was continuously rotated and translated. Before the experiment began, the chamber was
brought down to a pressure of 10−5 mbar, while during the deposition, the pressure was
kept at 10−2 mbar, with a continuous flow of oxygen. In order to evaluate the influence
of substrate temperature during the PLD process on the thin film properties, for each
combination of materials, two sets of experiments—at room temperature and at 600 ◦C—
have been carried out. The laser fluence value was kept constant for all the experiments
(2 J/cm2). The deposition conditions that we varied are presented in Table 1. The number
of pulses was chosen in a way to ensure that the coatings have similar thicknesses (around
200 nm). Due to different absorption coefficients of each material at the wavelength of
193 nm, the deposition rate of hafnium oxide is higher than the one of aluminium oxide,
and this also contributes to the difference in amounts of silicon in silicates layers that was
observed by XPS analyses (Table 2).

The morphological, compositional and optical properties of the thin layers were
investigated using atomic force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), spectroscopic ellipsometry (SE) and UV–VIS spectroscopy.

The AFM images were acquired with an XE100 microscope from Park System (Suwon,
Korea). Different areas (20 µm × 20 µm and 5 µm × 5 µm) were investigated in order
to extract data about the surface roughness (Rq) of the as-deposited silicate thin films
and to determine whether defects such as droplets, pores or cracks were present on the
films’ surfaces.



Coatings 2021, 11, 753 3 of 12

Table 1. Deposition conditions to obtain silicates as thin films by PLD.

Sample No. Target Substrate No. Pulses Tsubstrate (◦C)

S1 1
2 HfO2 + 1

2 Si Si (100) 20,000 RT
S2 1

2 HfO2 + 1
2 Si quartz 144,000 RT

S3 1
2 HfO2 + 1

2 Si quartz 144,000 600
S4 1

2 Al2O3 + 1
2 Si Si (100) 40,000 RT

S5 1
2 Al2O3 + 1

2 Si quartz 200,000 600
S6 1

2 Al2O3 + 1
2 Si quartz 200,000 RT

Table 2. Composition of silicates layers obtained by PLD at different temperatures.

Sample No. O 1s (atomic %) Al 2p (atomic %) Si 2p (atomic %) Hf 4f (atomic %)

S2 (HfSixOy at RT) 64.42 - 15.24 20.34
S3 (HfSixOy at 600 ◦C) 62.55 - 14.63 22.81

S6 (AlSixOy at RT) 51.14 46.83 2.03 -
S5 (AlSixOy at 600 ◦C) 57.45 40.05 2.51 -

The XPS system (Thermo Fisher Scientific, Waltham, MA, USA) has a monochrome
Al Kα X-ray source and a silver anode upgrade. The system is provided with an argon
cluster ion source for cleaning the analysed surfaces of contaminants and obtaining the
depth profile.

The optical investigation was carried out by the SE technique using a Woollam V-Vase
spectro-ellipsometer. Ellipsometry is a non-invasive optical technique used to find the
optical constants (refractive index n and extinction coefficient k), dielectric function and
absorption coefficient (α) [24]. The optical parameters are determined from the change in
the polarization state of light due to reflection (or transmission). The VASE32 software was
used for fitting of experimental data. The measured values were expressed as (Ψ) and (∆).
These parameters are defined as the ratio of the reflection coefficients of Fresnel, Rp and Rs
for polarizations p and s, respectively:

ρ =
Rp

Rs
= tan(Ψ)ei∆ (1)

Ellipsometry is a reliable quantitative method; an optical model is required to generate
curves of (Ψ) and (∆), which are compared with those obtained experimentally. As a
measure of the quality of this process, MSE (mean square error) is defined as:

MSE =
1

2N − M

N

∑
i=1

(Ψmod
i − Ψexp

i

σ
exp
Ψ,i

)2

+

(
∆mod

i − ∆exp
i

σ
exp
∆,i

)2
 (2)

where N is the number of pairs (Ψ, ∆), M is the number of variables in the mathematical
model chosen to describe the material and σ is the standard deviation of experimental data.
Usually, this model is based on the succession of material layers.

The absorption and transmission were investigated with Lambda 25 UV–VIS spec-
trophotometer (from Perkin Elmer, Waltham, MA, USA). This versatile apparatus is op-
erating in the ultraviolet (UV) and visible (VIS) spectral ranges and its specific charac-
teristics are: wavelength range, 190–1100 nm; bandwidth, 1 nm; wavelength accuracy
at D2 peak (656.1 nm), ±0.1 nm; wavelength reproducibility for 10 measurements at
656.1 nm, ±0.05 nm.

The laser-induced damage threshold (LIDT) tests were made using the S-on-1 method,
where the S refers to the number of pulses exposed for each site. The LIDT measurements
were carried out according to ISO 21254-1, 2: 2011 “Test methods for laser-induced damage
threshold” standard [25]. Samples were exposed to a focused laser beam using a VarispotTM

with a focal length of 100 cm, at a given fluence, test sites being arranged in a matrix-like
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pattern on the whole surface of the sample. The experimental set-up was described
elsewhere [26]. Figure 1 shows a schematic of the automated test station with nanosecond
pulses for LIDT measurements.

Figure 1. Automated nanosecond LIDT test station. DDS—real time damage detection system
coupled with central DSP unit, PC+DSP—command computer and digital signal processor.

The laser system used in the LIDT setup was a Q-switched, single longitudinal mode
Brilliant-B 10 with SLM module from Quantel (Bozeman, MT, USA), 10 Hz repetition rate,
operating at 1064 nm wavelength and around 6 ns pulse duration. All the experiments
were carried out in air, at ambient temperature 24 ◦C ± 1 ◦C and 40%–45% humidity. Before
testing, all the samples were cleaned by blow drying with the Green Clean aerosol spray
(Green Clean GmbH, Pantaleon, Austria). The samples were fixed on a XY translation
stage module, controlled by a dedicated software (home-made version) coupled to a digital
signal processor unit.

Temporal and spatial profile measurements of the laser beam were carried out before
each test in order to determine the effective pulse duration (teff) [27] and effective area of
the laser spot (aeff) [28]. For samples S2, S3, S5, and S6, teff was 6.1 ns, 6 ns, 6.1 ns and 6.2 ns,
respectively. The effective spot area for samples S2, S3, S5 and S6 was 4.5 × 10−4 cm2,
4.7 × 10−4 cm2, 4.5 × 10−4 cm2 and 4.4 × 10−4 cm2, respectively.

Pulse energy was monitored in real time with a J-25MT-10 kHz type pyroelectric
detector from Coherent, Inc (Santa Clara, CA, USA). Differential interference contrast (DIC)
microscopy was performed on samples after the test was finished in order to qualify every
site test as damaged or non-damaged, using an Axio Lab.A1 microscope (Zeiss, New York,
NY, USA). This testing method for all samples allowed us to compare them on the same
basis, reducing the errors induced by this procedure to close to zero.

3. Results and Discussions
3.1. Morphological Investigations

We investigated the morphological properties of the films using AFM in non-contact
mode. One sample from each set was selected to show the topographical images of the
20 µm × 20 µm surfaces. Root mean square (RMS) roughness values were extracted from
the topography images.

Both hafnium silicate (Figure 2) and aluminium silicate (Figure 3) thin layers were
continuous and showed no cracks or large visible pores and droplets. The Rq values were
below 2 nm. The fact that such a low roughness was measured proves that these films can
be used for optical coatings, where a slight increase in roughness would alter the spectral
properties of the films.
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Figure 2. AFM images of the surface of HfSixOy layers: (a) deposited at RT (Rq = 1.4 nm) and
(b) deposited at 600 ◦C (Rq = 1.4 nm).

Figure 3. AFM images of the surface of AlSixOy layers: (a) deposited at RT (Rq = 1.6 nm) and
(b) deposited at 600 ◦C (Rq = 1.9 nm).

The influence of temperature on the morphology of the films was almost negligible
(Figures 2 and 3); however, the aluminium silicate deposited at 600 ◦C had a slightly higher
roughness (Figure 3). The surface of the virgin quartz substrate was also scanned, and it
was found that a pattern of parallel lines on the films’ surface was similar to the features
of the substrate surface (data not shown). Most probably, these lines resulted from the
substrate cutting and polishing process. Even if the thicknesses of the deposited materials
were of few hundreds of nanometres (around 200 nm), these features still appeared on
the films.

For additional information regarding larger surface areas, SEM investigations at low
magnification (2500×) were performed (data not shown). Rare grains (material accumu-
lations) with sizes below 1 micron could be observed. The surfaces of the layers had no
pores or micrometric droplets.

3.2. Compositional Investigations

The atomic percentages of elements in the films, obtained by PLD under different
conditions of temperature, are presented in Table 2. The coatings obtained by PLD showed
no contamination in depth. It can be observed that the substrate temperature (RT or 600°C)
during the deposition did not influence the composition, the atomic percentages of the
elements in the hafnium silicate layers being almost the same in both samples (S2 and S3).
The same was observed in the case of the aluminium silicate layers.

3.3. Investigations of Optical Properties

The optical properties investigations were performed using spectro-ellipsometry and
UV–VIS spectroscopy methods.
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The ellipsometry investigations were made only on thin films deposited on the Si(100)
substrates because of (i) the depolarisation of the SiO2 (quartz) substrate that reaches up
to 30%–40% and (ii) the transparency of the quartz substrate, due to which a reflection
appears from behind the substrate.

The experimental data were acquired at three different incident angles of the polarized
beam (60◦, 65◦ and 70◦), in the range of wavelengths of 250–1300 nm, with a step of
2 nm. The optical model used to fit the experimental data was composed of a stack of four
different layers: the Si substrate, the native SiO2 layer (thickness of ~3 nm), the mix layer
(HfO2–SiO2 and Al2O3–SiO2) and the top rough layer (50% materials and 50% voids in
Bruggeman effective medium approximation (EMA) [24]). For all thin films deposited on
the Si substrate, a simple Cauchy dispersion formula was used to fit the experimental data
and extract the dispersion of refractive index [24]. The layers thickness, the thickness of the
top rough layer and Cauchy constants (An and Bn) are presented in Table 3.

Table 3. Thickness and roughness parameters of silicates layers grown on Si(100) plates.

Sample An Bn Thickness (nm) Roughness (nm) MSE

S1
HfSixOy

2.203 0.015 23.3 6.4 0.6965

S4
AlSixOy

1.624 0.006 48.7 2.4 0.72
EMA

(38.6% SiO2 + 61.4% Al2O3) 49.3 1.4 -

The highest value of roughness (~6 nm) was found for the HfSixOy and the lowest
for the AlSixOy layers. In the case of the hafnium silicate layer, the refractive index had
a higher value than the one expected (average value between refractive indices of HfO2
and SiO2). For a wavelength of 1064 nm, n was close to 2.22 (Figure 4a). Usually, when
a lower refractive index material, such as SiO2, is mixed with a higher refractive index
material (HfO2), it is expected to result in an intermediate n value (in this case, below
1.85). A possible explanation for this higher value is the formation on hafnium sub-oxide
in the PLD process. A similar value of n was reported by A.K. Gerasimova et al. [29], who
showed that a higher value of n corresponds to a Hf4O7 phase, and a lower value to pure
HfO2. From what they reported, a value of n = 2.22 corresponds to a 3:7 mixture of the
HfO2 and Hf4O7 phases.

Figure 4. The dispersion of the refractive index calculated from SE by using Cauchy dispersion formula (a) for hafnium
silicate and (b) aluminium silicate layers.

Two types of fitting were used: Cauchy and effective medium approximation (EMA),
based on Al2O3 and SiO2 parametric values taken from the ellipsometry database (Figure 4b).
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The fit showed the presence of both materials in the AlSixOy thin film at a ratio of 38.6% SiO2
to 61.4% Al2O3.

The refractive index value calculated using EMA (Figure 5) for the wavelength of 1064 nm
was 1.634, which was in agreement with the value obtained with Cauchy fitting (n = 1.6301).

Figure 5. The dispersion of the refractive index calculated from SE by using EMA in Bruggeman’s model for (a) hafnium
silicate and (b) aluminium silicate layers.

It is known that the study of optical properties is very important when thin films are
used as coatings for optics. Therefore, transmission and absorption were measured with an
UV–VIS spectrophotometer in the wavelength range of 200–1100 nm. The spectra of the
hafnium silicate and aluminium silicate thin layers are shown in Figure 6.

Figure 6. Transmission spectra of (a) hafnium silicate and (b) aluminium silicate.

It is clear from the spectra that HfSixOy had a lower transmission than AlSixOy, which
had transmission, disregarding the influence of the quartz substrate, between 90% and 95%,
with the highest transparency in the Near Infrared (NIR) domain. To obtain the absorption
coefficient (α), we used Equation (3):

α =
1
d

ln
(

100
T%

)
(3)

where d is the thickness and T% is the transmission of the sample.
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The absorption spectra are presented in Figure 7. The small inconsistencies and abrupt
peaks that appeared were due to the spectrophotometer lamps changing for different
wavelength ranges.

Figure 7. The absorption spectra of (a) hafnium silicate (b) aluminium silicate.

3.4. Laser Induced Damage Threshold Tests

In LIDT tests, the surface of the thin films is locally heated to the melting point by a
laser (nanosecond pulse), and then it is evaporated. The energy of the nanosecond laser
pulse will create also a shock wave, which is responsible for micro cracks that appear on the
sample, in addition to the large melting layer of the material created by the heat conduction
to an area outside the laser spot size. Coating delamination from sample can also be
observed in the case of nanosecond laser pulse damage, as previously reported [30–32].

The S-on-1 data are shown in Table 4 for the hafnium silicate and aluminium silicate
thin films. The measured H0(N) and H50(N) correspond to the threshold energy densities
at 0% and 50% damage probability for a variable number of pulses (N), respectively. The
effective laser spot diameter was ~0.24 mm, the angle of incidence on the sample 4◦ ± 1◦,
with a number of 144 sites per specimen and a distance of 0.8–1 mm between sites. The
first observation that could be made is that in the case of hafnium silicate, the threshold for
the destruction was lower for the films grown at 600 ◦C. The threshold energy densities,
relative to the number of pulses applied on each site, are shown in Figures 8 and 9.

Table 4. Hafnium silicate and aluminium silicate LIDT test results.

Sample Number of Pulses 1 2 5 10 20 50 100 200 500

S3
HfSixOy @ 600 ◦C

H0(N) (J/cm2) 7.98 6.15 2.53 1.65 1.32 0.74 0.53 0.53 0.47
H50(N) (J/cm2) 10.66 7.80 4.08 2.92 2.53 1.93 1.67 1.39 1.33

S2
HfSixOy @ RT

H0(N) (J/cm2) 7.80 7.22 5.56 3.81 3.36 3.49 2.39 2.24 2.24
H50(N) (J/cm2) 10.98 8.98 7.47 5.99 5.72 4.90 4.22 4.08 4.03

S5
AlSixOy @ 600 ◦C

H0(N) (J/cm2) 10.6 9.11 8.92 8.89 8.8 8.74 8.93 9.11 9.03
H50(N) (J/cm2) 12.9 11.23 11.13 11.07 10.98 10.93 10.62 10.42 10.32

S6
AlSixOy @ RT

H0(N) (J/cm2) 8.5 8.09 8.09 8.11 8.13 7.95 7.83 6.62 7.14
H50(N) (J/cm2) 14.6 13.67 13.67 13.44 13.23 13.60 12.24 10.68 9.77
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Figure 8. Threshold energy densities relative to the number of laser pulses applied per site for hafnium silicate samples.
(a) H0(N)—threshold energy density for 0% damage probability and (b) H50(N)—threshold energy density for 50%
damage probability.

Figure 9. Damage probabilities energies densities reported to the number of laser pulses applied per site for aluminium
silicate samples: (a) H0(N) and (b) H50(N).

Extrapolated S-on-1 damage threshold versus number of pulses for 108 pulses was
calculated according to the ISO standard. It can be observed in Figures 8 and 9 that there
was a distribution of the nanosecond laser damage probability as a function of laser fluence
for all the samples.

For HfSixOy samples, thermal effects could be observed in the post-experiment analy-
sis, as well as a cracking and delamination of the film (Figure 10). The LIDT differences
between hafnium silicate samples were determined (Figure 8). Different laser-damage
morphologies were observed, with dimensions in order of tens of micrometres. Estimated
LIDT standard uncertainty values for the HfSixOy films obtained at RT and 600 ◦C were
between 30% (in J/cm2) and 31% (W/cm2) for the sample S2 (RT) and 42% (in J/cm2)
and 43% (W/cm2) for the sample S3 (600 ◦C). Compared with samples obtained by dual
ion beam sputtering or reactive low voltage ion plating [33,34], the results were lower,
probably due to the samples defect density observed prior to the investigation, which has
an important impact on LIDT [35].
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Figure 10. Example of 200× Nomarski micrograph of a damaged site (energy density 3.4 J/cm2,
damage after 137 pulses) for sample S2.

In the case of aluminium silicate films, the estimated LIDT standard uncertainty
values were between 18% (in J/cm2) and 19% (W/cm2) for S5 and 26% (in J/cm2) and
27% (W/cm2) for S6. Compared with samples obtained by dual ion beam sputtering
coatings [36], aluminium silicate films obtained by PLD showed promising results. The
obtained values, taking into account the uncertainty, are also comparable with other data
from literature [37].

The HfSixOy thin layers have much lower damage threshold than the AlSixOy layers,
therefore they are not recommended as a material for laser optical coatings, at least not for
nanosecond laser pulse applications.

4. Conclusions

In this study, complex materials, such as hafnium silicate and aluminium silicate, were
obtained as thin layers (coatings) by pulsed laser deposition technique in specific conditions.

The morphological and optical investigations revealed that uniform layers based on
aluminium silicates with low roughness (below 2 nm) and low absorption in the IR range
can be obtained by PLD at high temperatures. These characteristics, together with the high
resistance to the nanosecond laser interaction (high LIDT values: H0(N) = 9.03 J/cm2 and
H50(N) = 10.32 J/cm2), make aluminium silicate a promising candidate for laser mirror
coatings in the IR domain.

Further improvements are necessary, such as increasing the deposited area and keep-
ing low roughness (1 cm × 1 cm), using high quality substrate plates (supports) and
increasing densification of the coatings. These improvements can lead to coatings with
high LIDT values which eventually can be of interest for ultrashort IR laser optics and can
be tested in the ELI-NP Romania laser facility.

In conclusion, we proved the versatility of PLD towards a wide variety of materials, in
particular of hafnium silicate and aluminium silicate, processing at nano- and meso-scale.
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