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Scientific basis: State-of-the-art

The past decade has seen the ramp-up of the second-generation (’Advanced’)
earth-based gravitational-wave (GW) detectors. Design improvements and
technological upgrades have paved the way to the first direct detection of
GWs by the global network made up of the two aLIGO instruments [1] (lo-
cated in the USA: Hanford, WA and Livingston, LA) and of the Advanced
Virgo detector [2] (located in Cascina, Italy). The main results achieved by
the LIGO Scientific Collaboration and the Virgo Collaboration – recently
joined by the KAGRA Collaboration (located in Kamioka, Japan, under the
Ikenoue mountain) – include the first detection of a binary black hole merger
(GW150914 [3]); the first detection of a binary neutron star (BNS) merger
(GW170817 [4]) that lead to the birth of multi-messenger astronomy with
GW [5]; and now dozens of detections of compact binary mergers that add
up in a GW Transient Catalogue regularly updated [6]- [7]. These detections
contribute to opening a new window onto the Universe by providing insights
to the populations of compact objects and the binary merger rates [8]; they
also allow scientists to perform stringent tests of general relativity [9] in a
new regime of gravitation never probed before. Advanced Virgo is a power-
recycled Michelson interferometer with Fabry-Perot cavities in its 3 km-long
arms. By measuring interferometric figure due to the length differences be-
tween mirrors in the arms interferometer, gravitational waves are identified.
Therefore, very sensitive interferometers that accurately measure the sepa-
ration between suspended test masses coated to works as highly reflecting
mirrors have been designed in order to detect gravitational waves. A core
challenge is the optimization of the mirrors for GW detectors. It is important
to discover a mirror configuration that produces the least amount of addi-
tional (thermal) noise on the detection channel in addition to the typical
mirror optimization design request of achieving high reflectance in a given
frequency and angular range. It is well known that high reflectance, low ab-
sorption, mirrors typically consist of multilayers of alternating low and high
refractive index materials, L and H respectively, where each layer is quarter
wave thick at the operating frequency. As a result, a simple formulation of
the coating optimization problem for the design of low noise dielectric mirrors
can involve looking for the sequence of thicknesses of the selected materials
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that make up the mirrors that minimizes the thermal noise while maintaining
the transmittance below a specified threshold value.

Research activities

The (dielectric-multilayer based) cavity mirror (test-mass) reflective coatings
currently used in the dielectric mirrors of both Virgo and LIGO [10] [11] are
based on two materials developed mainly by the Laboratoire des Matériaux
Avancés (LMA) [12], namely Titania-doped Tantala (TiO2:: Ta2O5) and sil-
ica (SiO2).
To improve the multilayers structures performance, it has been formulated
and solved another design that consist in discovering (synthesizing and opti-
mizing) improved materials that have increased optical contrast, fewer optical
and mechanical losses and enabling the achievement of a specified transmit-
tance with fewer layers, resulting into thinner coatings and lower noise and
giving up the constraint of having only two constituent materials and, then,
introducing new ternary multimaterial design. A check of the robustness
against the inaccuracy of the deposition process has been also carried out.
Furthermore, none of the materials present in nature and studied at this
time qualifies as a straight substitute for the materials currently in use with
the highest optical losses (TiO2-doped Ta2O5 in current setups), but a few
of them are better in terms of some properties (e.g., optical density, and/or
mechanical losses), while unfortunately worse regarding others. The optimal
material can be synthesized by using Nanolayered structure (NL) with thick-
ness and equivalent refractive index that must be chosen ad hoc to fulfill the
imposed conditions: at this scope it has been introduced a novelty homoge-
nization procedure based on an established technique, the Abelès method.

Background of our Research Group

The Uni Sannio/Salerno group has been active in both research directions [13]:
i) the search of new material, and ii) the optimization of coating design us-
ing the available ones. As regards coating design optimization, our ET/Virgo
working group originated the design of the aLIGO-AdVirgo mirrors presently
in use [14]-[15], and recently extended the same design philosophy (layer
thickness optimization for thermal noise minimization under prescribed trans-
mittance and absorbance upper bounds) also to coatings using three different
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materials rather than two, the third material being amorphous Silicon (a-Si),
Silicon Nitride (SiNx ) or Germanium Oxide (GeO2) - these could not be used
in a binary design due to their relatively large optical losses, but offer large
dielectric contrast and lower mechanical losses at cryogenic temperatures
compared to those presently in use. Our group, also introduced the idea, in
collaboration with the NTHU group led by Prof. Chao Shiuh [16], of produc-
ing high-index films, of the needed optical thickness (typically, one quarter of
the local wavelength) using nm-scale plane-layered composites consisting of
alternating nanolayers of different materials. Nanolayering has been shown
to yield two potential benefits. It hinders the onset of crystallization during
the post-deposition annealing treatment needed to stabilize the film, hence
hindering also the related blow-up of optical scattering and mechanical dis-
sipation. It also shifts/reshapes the mechanical loss-peak observed in these
materials at cryo temperatures, which is important to tame in view of cryo-
genic 3G detectors [16]. The nanofilm deposition technology is relatively well
established, being widely used to produce X-ray mirrors [17], and filters [18].

Description of the present Work

The research activity done in this project has been focused on i) optimizing
the deposition of nanolayered films using the ion-assisted e-beam deposition
facility owned by our Virgo/ET working Group at UniSannio, ii) charac-
terizing the film morphology and structure using the AFM, XRD, RS and
STEM facilities owned by our Virgo/ET working Group at UniSa and last iii)
designing and characterizing optimal nanostratified structures with special
attention to the measurement of optical parameters. Several material com-
binations have been investigated, from a pool including SiO2, TiO2, ZrO2,
Al2O3, Ta2O5, Nb2O5. The results have been reported in a number of doc-
uments already uploaded on the Virgo-TDS and LIGO-DCC. The present
document focuses on two candidate nanolayered composites: Silica/Titania
and Silica-Alumina, credited as the most promising substitutes, in the class of
nanolayered composites, for the L and H materials currently in use [19] [20].

Deposition facility characterization and upgrade

All films were deposited using the UniSannio owned OptoTech OAC-75RF
coater. In its original configuration (Figure 1), the coater features an electron



5

Figure 1: Initial (original) configuration of the OptoTech OAC-75RF coater

gun for material evaporation and, a plasma source for ion assisted deposi-
tion. Unlike ion-beam sputterer-based coatings, where metals are projected
towards the substrate and oxidized in-flight or after landing, e-beam based
coaters evaporate directly the oxide contained in a crucible. Evaporation may
produce comparatively less dense films; to prevent this, ion bombardment
from a plasma source is used to compactify the ad-atoms by continuously
”re-melting” them at the atomic scale. The factory recommended gas mix-
ture used for the plasma is typically 20 sccm O2 (needed to ensure adequate
stoichiometry of the deposited oxides) and 5 sccm Ar. A carousel carrying
the substrates rotates above the evaporation plumes so that the ion source
can make its work every time the evaporation adds one to a few new atomic
layers. A shutter between the evaporation source and the substrates starts
and stops the deposition of material onto the substrates, being actuated by
the coater digital control unit, on the basis of the continuously monitored
film thickness. This latter is measured using a set of quartz-crystals posi-
tioned in the center of the chamber at the same approximate height as the
substrates, using a calibrated model relating their resonant frequency to the
thickness of the deposited material.
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Figure 2: 2-inch substrates mounted along the diameter of the carousel for
thickness uniformity assessment. QCM, Quartz Crystal Monitor.

Film thickness homogeneity assessment

Thickness homogeneity of the various deposited films was assessed. Here we
report the results for a (nominally 1µm thick) films of Ta2O5 deposited with
a rate of 1Å/s on a batch of 2 inch diameter circular substrates arranged
along the diameter of the carousel at various distances from the carousel
center (where the quartz crystal monitors are located), as shown in Figure
2. The thicknesses of the deposited films was measured using a KLA Alpha-
Step D500 stylus profilometer (Figure 3a ). For each film-coated disk, 5

(a) (b)

Figure 3: (a) The KLA Alpha-Step D500 stylus profilometer. (b) Thickness
measurement points for each sample.
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thickness measurements were acquired at different distances from the disk
rim, as sketched in Figure 3b.
The results are summarized in Figures 4(a)-(d).

The measured values are well fitted using the function:

f(x) = m1 +
m1

π
· arctan ((x−m3) ·m4) +m5 · x (1)

All film thickness measurements are gathered in Table 1 and Figure 5. Two
red lines are guides to eye. In the graph shown in Figure 5, some data is out of
range. Not unexpectedly, the deposition thickness is not uniform vs the radial
position of the substrates on the carousel. However, there’s clearly a ”sweet
zone”, roughly 30 cm in diameter, where the deposition is fairly uniform; and
the measured thickness decays almost linearly with radial distance thereof.
A further improvement in thickness uniformity may be obtained inserting
suitable shades to block the less uniform/stable sections of their respective
plumes. This work is on-going, at lower priority.

Deposition facility upgrade

A critical step for improving the quality of the films has been the installation
of a second electron gun in the chamber. With two guns, the two materials
to be deposited in nanolayers can be kept close to their respective evaporat-
ing temperatures throughout the deposition. When a layer is ready to be
deposited, a small power increase is sufficient to start evaporation and can
be followed almost immediately by the opening of the shutter. This greatly
stabilizes the coater operation; temperature and pressure fluctuations are
much smaller, the crucibles are not subjected to dozens of cycles of melting-
and-hardening, and the overall temperature excursion during deposition is
reduced. The second e-gun (identical to the first, Ferrotec EV-M6 multi
pocket EB-Gun) was installed, as shown in Figure 6.

In addition to a hardware upgrade (addition of a second e-beam gun),
software upgrades were also made to solve some problems. Such upgrades
have been necessary since the first deposited films were systematically thicker
than expected. The underlying issue was a fundamental flaw with the way
the layer thicknesses are measured. Quartz crystal monitors (QCM) are the
industry standard for evaporation. They are a faster, more convenient, and
cheaper alternative to optical or interferometric thickness monitoring. The
flaw is that the software was designed to end the deposition of a layer by clos-
ing the shutter once the target layer thickness is measured using the QCM,
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(d)

Figure 4: Measured deposited film thickness (nominal value 1 µm) for samples
1 to 4 in Figure 3 corresponds to plots (a) to (d).
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Position Thickness
(mm) (mm)

41 1.049± 0.006
51 0.984± 0.001
61 1.098± 0.002
71 1.035± 0.001
81 1.047± 0.001
116 1.058± 0.002
126 1.068± 0.002
136 0.996± 0.001
146 1.027± 0.001
156 0.982± 0.004
180 1.44± 0.02
190 0.9215± 0.0005
200 0.926± 0.001
210 0.9120± 0.0009
220 0.8699± 0.0004
251 0.888± 0.004
261 1.0235± 0.0008
281 0.978± 0.002
291 0.82988± 0.002

Table 1: Measurement of the thickness of deposition (nominal 1µm) as func-
tion of distance from the center of rotation of the carousel.

but this method has some problems. The main problem is known as QCM
thermal shock. When the shutter first opens, the hot material flow suddenly
changes the temperature of the quartz, shifting its frequency and giving the
illusion of a negative deposition rate. At the end of the layer, when the hot
flow is cut off, the cooling mimics a higher deposition rate. This effect is tran-
sient and different for each material being evaporated. The first approach to
solving this problem was to modify the settings in the existing software to
counteract the thermal shock using an ”automatic thickness offset” feature
that forces the material shutter to close a bit before the nominal thickness is
measured. Unfortunately, there is no discernable trigger for this action and
it is not adjustable by the user, rendering this technique unreliable. The heat
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Figure 5: Measured film thickness (nominal 1 µm) as function of distance
from the caousel center

deposited during evaporation is carried only in part by the deposition flux
of ad-atoms which, having spent some energy in evaporation or sublimation,
are relatively cold. Much of the effect is caused by the heat radiated by the
material in the crucibles. Thus, the reduction of the thermal shock requires a
decrease of the power density on the target material while maintaining a de-
sired 1 Å/s deposition rate. There are two classes of materials requiring two
different strategies. For materials that melt fully, like Titania and Tantala,
it is useful to use a smaller crucible containing less material and requiring
less heating for evaporation. These materials hardly require any sweep of
the e-beam on the surface due to the good thermal conductivity of the liquid
bulk. The evaporation process is almost a step function of the temperature.
Once melted, a static beam spot at low power can induce the desired 1 Å/s
evaporation rate even from a small surface area. On the other hand, the radi-
ated black body power is proportional to the heated area, so a small crucible
minimizes heating on the QCM and target substrates. A limited amount of
e-beam power spilling at the edges of the sublimating material is of little
concern because the crucible is made of Molybdenum and water cooled. The
cooling keeps the Molybdenum far from its sublimation temperature. This
sweep strategy mitigates fluctuations of the deposition rate, of the heating
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Figure 6: Upgraded OptoTech OAC-75-RF coater with dual e-gun configu-
ration
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of substrates and QCM, and of the power of the e-gun when the feedback
is active. Conversely, some materials sublimate at the target deposition rate
before reaching their melting point. Sublimating materials, like fused Silica,
require larger crucibles and wide beam sweeps to broaden the area of the
material heated by the electron beam and ensures that no spot heats dis-
proportionately. In the absence of a suitably large and uniform sweep, the
concentrated sublimation creates a hole in the material which modifies the
shape of the plume and decreases the effective sublimation rate, as well as
changing the heat irradiation pattern on the QCM. If the deposition rate
feedback is active, the decreased rate will cause the e-gun to increase power
in response, which further deepens the hole. If the deposition rate feedback
is turned off, the deposited thickness creeps lower layer after layer. Wide and
uniform beam sweeps, uniformly heating the sublimating material’s exposed
surface, prevent hole production and mitigate the instabilities. Scaling fac-
tors to increase the power when the beam is aimed farther away from the
center are needed to uniformed the effective power across the surface of the
material. The improvements described above greatly stabilized the process
but could not address the drifts in deposition rate occurring when the feed-
back must be switched off during the long times required to deposit many
thin layers. For these thin layers the standard feedback must be off because
the QCM thermal shock would produce and correct for false deposition rate
measurements. A software strategy was devised to further improve this issue.
New software introduced the ability to automatically adjust the deposition
time by using the information that can be gathered monitoring the thick-
nesses of previously deposited layers. Though the new software still relied on
QCM measurements, there is a fundamental difference; rather than making
measurements during the deposition, it considers only the QCM frequency
when the shutter is first opened and still unaffected by the thermal shock,
or when the shutter closes and the QCM is still hot. The actual deposited
thickness of each layer can be computed by comparing the corresponding fre-
quency of the previous layer. This strategy was first implemented to increase
or decrease the length of subsequent layer deposition times with the aim of
obtaining the nominal thickness. This of course works only if the deposition
times for each nanolayer are long compared with the rotation period. A more
complicated incremental adjustment of the deposition speed (e-beam current)
together with synchronization of the shutter operation with the carousel po-
sition was needed. It was at this time that the ability to synchronize the
shutter to the carousel position was added to the software. There have been
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Figure 7: Measured layer thicknesses for SiO2 and TiO2. The layer-
correcting software starts after three layers. Before that, trends are due
to the coater auto-adjusting power to achieve desired deposition rates.

dramatic improvements in the quality, accuracy, and consistency of coatings
with only the addition of the second e-gun, the software upgrades, and the
new deposition and feedback strategies. A 59-layer TiO2-SiO2 test deposi-
tion was made to assess the system. Plots of the measured layer thicknesses
according to the QCM show the behaviour of the thickness correcting soft-
ware (Figure 7). The correcting process began after the third layer of each
material and immediately started making improvements. This process is the
newest version of the software which considers the nominal layer thicknesses
in addition to the nominal total thickness. The measured values (taken from
the crystal cold states) and nominal values are about 1 Å apart by the end
of the coating, as is the total desired thickness.

Figure 8 shows three samples. The sample on the left was made prior to
the installation of the second e-gun, though it used an early version of the
thickness-correcting software. The middle sample was made with the same
recipe but with the additions of the second e-gun and updated thickness-
correcting software. The right sample was also made with the second e-gun
and updated software, but it used a different recipe designed to be optically
equivalent to the first. Despite being a different coating recipe, the middle
and right samples are more similar in colour, indicating that the nominal
thicknesses are correct. Samples made prior to the upgrades, even if nomi-
nally identical, showed very different colours.
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Figure 8: Optically equivalent coatings on 2” Si substrates. The coating on
the left was made before the addition of the second e-gun. The middle and
right coatings are far better optical matches

The coatings described in Tables 2 are part of a set of prototypes made with
the showed up-to-date software and hardware systems.

High Index Number of Layers Nominal Thickness Total Thickness
(nm) (nm)

SiO2 76 1.3 125.4
TiO2 2

SiO2 82 1 123
TiO2 2

Ta2O5 68 1.4 115.6
TiO2 2

ZrO2 62 1.7 114.7
TiO2 2

Al2O3 78 1.1 120
TiO2 2

High Index Number of Layers Nominal Thickness Total Thickness
(nm) (nm)

Al2O3 78 1.1 120.9
SiO2 2

Table 2: Prototype samples derived from nanolayer optimization algorithm.
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Structural, compositional and morphological

characterization of the films

The work done in the frame of the EGO AdV+ fellowship has also been
focused on the structural and compositional characterization of the deposited
films. In particular, the atomic force microscopy (AFM), X-ray diffraction
(XRD), X ray reflectivity (XRR), Raman spectroscopy (RS) and transmission
electron microscopy (STEM) facilities was available to the UniSa Virgo/ET
Groups, that work in close collaboration with the UniSannio Colleagues, as
detailed below.

Instrumental facilities

AFM images have been acquired with a Nanowizard III, equipped with Vor-
tex electronics from JPK (Berlin, DE), in the standard tapping mode tech-
nique, using a SCM-PIT-V2 tip from Bruker (Billerica, MA, USA). The can-
tilevers used were characterized by means of force curve spectroscopy and
thermal methods, resulting in a resonance frequency and elastic constant
of f0 ≈ 75kHz and k ≈ 3N/m, respectively. The surface morphology was
analyzed by a field emission scanning electron microscope (FESEM) from
ΣIGMA Zeiss, with a nominal resolution of 1.3 nm at 20 kV. The high-
resolution SEM micrographs have been acquired using an InLENS detector
with an acceleration voltage of 10 kV, a working distance of 5 mm and a beam
current of 80 µA. The film composition X-ray microanalysis was performed
by energy dispersive spectrometry (EDS) using an Oxford-Inca Energy 300
system to check chemical composition and absence of contamination in as
deposited and annealed films. In order to study the structural properties, X-
ray diffraction analysis was performed on as-grown and annealed nanolayers.
All the samples have been analysed using a diffractometer from Bruker to
check the emergence of crystallinity as a function of annealing temperature.
X-ray analysis with a high-resolution Philips X-Pert MRD diffractometer was
also carried out using monochromatic Cu − Kαl radiation with wavelength
of 0.154056 nm. The diffractometer was equipped with a four crystal Ge220
asymmetric monochromator and a graded parabolic mirror positioned on
the primary arm which reduces the incident beam divergence to 0.12 arc-sec.
Post deposition analyses, based on X-ray reflectivity (XRR), were performed
to confirm the effective thickness of the investigated samples, together with
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profilometry, by using Alpha-Step D-600. A Raman Spectrometer, in the
backscattering geometry, was used to exploit the structural and vibrational
properties of the investigated samples. A near infrared laser, with a wave-
length of 785 nm, was used as the excitation source.

Amorphous to crystalline transition studies

During the research activity carried out in this project, the amorphous-to-
crystalline transition of thin films during post-deposition annealing was thor-
oughly investigated, as a function of both film thickness and of the maximum
annealing temperature (between 250 and 1000°C)[21]. Crystallization upon
annealing is a common feature of most candidate optical materials proposed
so far (the only exceptions being likely Silica and Alumina), the only differ-
ence being the temperature at which crystallization occurs. However, it has
been known for long that either doping with a stable glassy material (e.g.,
Silica) or reducing film thickness reduction down to a few nm, effectively
increases the annealing temperature at which crystallization sets in. For
brevity we shall present here only the results for Silica-Titania (high-idex)
and Silica-Alumina (low-index) nanocomposites.

The annealing facility

The as deposited samples have been heat treated in air. The annealing
treatments were carried out in a Carbolite muffle furnace (model RHF 15
- Tmax 1500°C) and in a ”home made” furnace where the heater is placed
in a stainless-steel chamber. Both furnace are controlled by a proportional-
integral-derivative (PID) system. The samples were heated with a rate of
3°C/min, up to a temperature of 250, 300, 400, 450, 500, 600, 800, 1000°C,
and left at fixed T for 12 h. Finally, they were cooled down to room temper-
ature with a rate of 1°C/min. In Figure 9 are reported the two system used
for the annealing procedure.

Crystallization indicators

Both XRR and RS were used to detect the onset of crystallization. XRD
measurement and Raman spectroscopy of a nanolayered TiO2/SiO2 com-
posed of 76 layers as grown are reported in Figure 10. Both spectra show
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Figure 9: (a) Carbolite muffle furnace (model RHF 15) and (b) ”home made”
furnace.

only the peaks of the crystalline Si substrate, demonstrating that the de-
posited film is amorphous. In Figure 11 Raman spectroscopy of the same
a nanolayered as grown and at two different annealing temperatures, 500°C
and 700°C. At 700°C a peak related to the crystallization of TiO2 appears.
The same type of study was conducted on the other deposited nanolayered,
with high index, and all the results obtained are summarized in Table 3.
It is possible to conclude that the onset of crystallization occurs between
temperatures of 500°C and 700°C.

The same type of analysis was also performed on the nanolayer with low
refractive index, Al2O3/SiO2, in this case the crystallization temperature is
higher. Figure 12 shows the X-ray diffraction spectra at different temper-
atures, at 1000°C the diffraction peaks of the crystallization of Al2O3 are
observed. The details of the structure of this nanolayer are shown in Ta-
ble 4. As expected, in view of the glass-forming nature of both materials,
Silica/Alumina nanocomposites remain amorphous up to extremely high an-
nealing temperatures (> 700°C).
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Figure 10: (a) XRD measurement and (b) Raman spectroscopy of a nanolay-
ered TiO2/SiO2composed of 76 layers as grown. Both spectra show only the
peaks of the crystalline Si substrate.

Figure 11: Raman spectroscopy of a nanolayered TiO2/SiO2composed of
76 layers as grown and at two different annealing temperatures, 500°C and
700°C.
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High Index Number of Layers Layer Thickness Cryst. T
(nm) (°C)

SiO2 76 1.3 500-700
TiO2 2

SiO2 82 1 500-700
TiO2 2

Ta2O5 68 1.4 500-700
TiO2 2

ZrO2 62 1.7 500-700
TiO2 2

Al2O3 78 1.1 500-700
TiO2 2

Table 3: Crystallization onset of High index nanolayers

High Index Number of Layers Layer Thickness Cryst. T
(nm) (°C)

Al2O3 78 1.1 700-1000
SiO2 2

Table 4: Crystallization onset of Low index nanolayer Al2O3/SiO2.

Morphological/Structural Characterization

Prototypes of non-crystallized quarter-wavelength thick films where char-
acterized in terms of their morphological, structural and optical properties
using our AFM, XRR, and STEM facilities. As an illustration, here we shall
focus on nanolayered Silica/Titania prototypes consisting of 38 TiO2 and 38
SiO2 layers (alternating), and nanolayered Silica/Alumina prototypes con-
sisting of 39 SiO2 layers and 39 Al2O3 layers. Both films where a quarter
of wavelength thick at 1064 nm, in correspondence of their nominal design
index. These configurations were identified as the non-crystallizing designs
featuring the thinnest feasible layers of the two materials and the largest
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Figure 12: XRD spectra of a nanolayered Al2O3/SiO2 composed of 78 layers
two different annealing temperatures, 700°C and 1000°C

optical contrast.

AFM Topography

Figure 13 displays the tapping-mode AFM topography with a scan area rang-
ing from 10 µm x 10 µm to 20 µm x 20 µm, of the Silica/Titania (76 layers)
sample as function of the annealed temperature (Ta). These topographies
indicate a surface roughness that changes as the annealing temperature in-
creases. By increasing Ta up to 700°C the surface preserves its flatness (with
an RMS lower than 1 nm), whereas it becomes corrugated, as formed by
small faceted grains, upon annealing at 1000°C. Thus, the RMS roughness
jumps from 1 nm to 4 nm. AFM measurements were also carried out for the
sample of 78 layers of Al2O3/SiO2.

Figure 14 display the temperature evolution of the topography showing a
surface that stays unchanged up to 700°C, while is profoundly modified by the
annealing at 1000°C. This result is further confirmed by the RMS roughness
which stays lower than 2 nm up to 700°C, and then increases above 10 nm
at 1000°C.

X-RAY Reflectivity

Using XRR it was possible to estimate the thickness of the individual layers,
and the roughness of the interfaces between adjacent layers. Figure 15 shows
the measurements and pertinent fit, and Table 5 resumes the results. The
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Figure 13: Tapping mode AFM topography of as-deposited nanolayered
TiO2/SiO2 film at different annealing temperatures. The color scale ranges
from 0 to 10 nm.

Figure 14: Tapping mode AFM topography of as-deposited nanolayered
Al2O3/SiO2 film at different annealing temperatures.
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Figure 15: XRR measurement of a TiO2/SiO2 film composed of 76 layer and
relative fit.

latter are in agreement, within the experimental errors, with the thicknesses
measured by the OAC-75RF QCMs during deposition; and the estimated
interface roughness is nicely low.

Thickness Roughness
d(nm) σ(nm)

Si substrate 0.6± 0.3
TiO2 2.10± 0.09 0.4± 0.1
SiO2 1.4± 0.1 0.4± 0.1

Table 5: Estimated thicknesses and roughness of the nanolayered film con-
sisting of 76 layers of TiO2 and SiO2 obtained by XRR measurements

The same type of measurement was also carried out on the other nanolay-
ers, both those with High Index and Low Index ones, but their analysis is in
progress.
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Figure 16: (a) STEM image of 76-layer TiO2/SiO2 sample showing well-
defined nanolayers with low interdiffusion. (b) Line profile from the STEM.
Blue peaks represent intensity with background removed. The yellow line
corresponds to the roughness.

STEM Analysis

To complete the investigation on both samples periodicity and thicknesses,
cross sectional analyses have been performed by means of a scanning trans-
mission electron microscope (STEM). The STEM image acquired on the 76
layers, along a scan area of 390 nm x 95.6 nm, is showed in Figure 18 (a).
Clearly, all the 76 layers are correctly formed, as they can be counted and
numbered. Moreover, the analysis of the STEM image can be used to eval-
uate the periodicity, the thicknesses of each single layer, as well as the total
one, to be compared with the one measured by XRR. Figure 18 (b) shows the
depth profile measured along the dashed line traced in panel (a). After the
first region corresponding to the air the fabricated nanostructures become
visible counting a number of 38 TiO2/SiO2 doublets with a total thickness
of 143.16 nm. Currently the STEM analysis has been carried out only on
this nanolayer, but analyses have also been scheduled on the other samples
at the University of Salerno.

Optical Properties

Optical Ellipsometry characterization of the above-mentioned prototypes was
performed, in the frame of the VCRD by the ET/Virgo group of INFN-
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Genova by Michele Magnozzi. The measurements are reported in Figure
19. Blind retrieval of the individual layers thicknesses and indexes is blurred
by a very large reconstruction error. On the other hand, using the layer
thicknesses estimated from XRR and STEM measurements, the layer index
spectra fit well the nominal values obtained from mixture theory. In Salerno
we built an optical characterization setup wich follows a different scheme,
and it is illustrated in details in following section.

Optical Characterization

Generally, in composite structures, for the calculation of the equivalent re-
fractive index, the Drude formula or mixture formula is used, which however
cannot be used for a nanostratified structure. In fact, it can be demon-
strated that a multilayer medium composed of isotropic layers with a much
smaller period than the wavelength is equivalent to a uniaxial homogeneous
anisotropic medium with optical axis normal to the surfaces [22]. Then the
multilayer can be modeled as a single uniaxial anisotropic medium with ordi-
nary and extraordinary refractive indexes that can be calculated analytically
with a certain degree of approximation in the limit where the layers are
thin enough. The calculation of the ordinary and extraordinary refractive
indices, however, requires knowledge of the refractive indices thicknesses of
the constituent materials.

The technique proposed albeit presents some theoretical glitches has been
verified that works well under certain assumptions. In addition, this tech-
nique has the advantage of being easy to implement in a laboratory, with the
drawback of being able to apply it to a single wavelength.

It was developed by Abelès [23] in 1949, and since then, research on
it has been ongoing [24] [25]. As a result, its key characteristics are well
understood. The technique is based on the principle for that p-polarized
incident light, when it is incident at the Brewster angle of the film, entirely
transmits through the surface of the film, as if the film is not being ”seen”.

As a result, the Brewster angle is the angle for which the transmittance
spectrums for p-polarized incidence of the film and of the substrate alone
cross.

The ray, in fact, undergoes the effects of the film medium, namely, it
is bent by refraction, but it does not experience energy loss and does not
bounce back and forth in the film as is typical.
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(a)

(b)

Figure 17: Ellipsometry spectra (markers, green) and best-fit simulations
(lines, red) of TiO2/SiO2nanolayered coating.
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Figure 18: Model of Multilayers structure under test

Let us consider a structure consisting of two homogeneous dielectric half-
spaces with refractive indices of n0 and n2, respectively, and a thin layer with
refractive index n1 sandwiched between them (see Figure 18). The substrate
is the half-space to the bottom (with refractive index n2), while the vacuum
is the half-space to the top.

Let a monochromatic plane wave impinge with an incidence angle θ0 on
the coating from the vacuum, part of this wave will be transmitted inside the
film and will be incident on the interface with the substrate with an angle of
incidence θ1.

Assuming that the substrate is much thicker than the penetration depth
it can be assumed to be semi-infinite, so that in the substrate there will be
only the transmitted wave that propagates endlessly with the angle θ2.

The field reflection coefficient for this structure can be found in many
textbooks (e.g., refs. [26]), and is sometimes referred to as the Fresnel-Airy
formula:

Γ =
Γ01 + Γ12e

−2iδ1

1− Γ01Γ12e−2iδ1
(2)

where

Γij(θi) =
tan(θj − θi)

tan(θj + θi)

is the polarization-dependent Fresnel coefficient and

δ1 =
2π

λ
n1d1 cos θ1

The fraction of light that is reflected is described by the Fresnel equations
and depends on the incoming light’s polarization and angle of incidence. The
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Figure 19: Schematic of the reflection at Brewster’s angle incidence

Fresnel equations predict that light with the p-polarization (electric field
vector lying in the same plane defined by the incident ray and the vector
normal to the surface) will not be reflected if the angle of incidence is the
Brewster’s angle

θB = θ0 = tan−1

(
n1

n0

)
(3)

It can be shown that, at the Brewster’s angle, the Fresnel reflection coef-
ficient for the interface between the film under test and the substrate is equal
to the Fresnel reflection coefficient at the Air-Substrate interface. In terms
of reflectance, it can be said that, at the Brewster angle, the reflectance of
the entire system under test (Air-Film-Substrate) is equal to the reflectance
of the structure composed of Air-Substrate:

|ΓB|2 = |Γ02B|2 (4)

Experimental Validation

In order to experimentally validate the Experimental Method an optical setup
to measure angular reflectance spectra of deposited samples has been built
and it is shown in Figure 20.

A laser source, at a wavelength of 632.8nm, passes through a polarizer
(which only transmits the p-polarized waves to identify the Brewster angle)
and a 100µm pin-hole with the purpose of conveying the incident wave and
having a collimated ray. The emerging wave is incident on the sample placed
on a rotator with a graduated ring that allows you to measure the reflected
power transmitted through a photometer as the angle varies.
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Figure 20: Measurement setup for angular characterization

Therefore, it was possible to obtain the refractive index of the film under
consideration by measuring the reflectance of the substrate (Air-Substrate
interface alone) first, and measuring the reflectance of the system composed of
Air-Film-Substrate afterwards. Then, with a Matlab routine, the two curves
of the reflectance were reconstructed as the angle of incidence changed; they
were superimposed and the intersection between the two curves was found,
which occurs precisely in correspondence of the Brewster angle.

Finally, by exploiting the inverse equation of the definition of the Brewster
angle, it was possible to know the refractive index of the film under test
provided that the substrate refractive index is known with a certain accuracy.

Calibration of the measurement setup

In order to calibrate the measurement setup described in the previous sec-
tion, it has been tested the efficiency of the setup by measuring the angular
reflectance spectrum on a known film made of a layer of TiO2 200 nm thick
deposited on a silicon substrate 2 mm thick, as illustrated in Figure 21. Af-
ter retrieving the refractive index of the TiO2 layer by means of the Abelès
Method it has been compared against a reference value [27].

Characterization of TiO2 layer

The angular reflectance of the silicon substrate alone were measured along
with the reflectance of TiO2 layer deposited on the same silicon substrate
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Figure 21: Schematic of TiO2 layer on Si substrate.

Figure 22: Measured reflectance of: TiO2 layer on Si substrate (red curve)
and substrate alone (blue curve).

(see Figure 22). Following the Abelès Method it has been found an intersec-
tion of the two curves at angle θ = 65.66°, making an interpolation of the
measurement data. Using the equation (3) the refractive index of the thin
film titania layer has been found to be nfilm = 2.21±0.07, which is consistent
with the reference value [27]. The uncertainty in the value of nfilm is due to
the accuracy of the measurement setup which is ±1°.

The angular reflectance calculated with the nfilm value has been super-
imposed to the measured one finding an excellent agreement, as depicted in
Figure 23. The reflectance of the structure is calculated using the Transmis-
sion Matrix Method [28].

Characterization of TiO2/SiO2 Nanolayers

TiO2/SiO2 NLs deposited on Si substrate by using IAD have been optically
characterized by means of Abelés Method. The number of layers, the nominal
thickness, dnom, (i.e thickness set during the deposition phase) of the single
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Figure 23: Comparison between the measured reflectance of TiO2 layer on Si
substrate (red curve) and the reflectance of the equivalent layer (blue curve).

layer and the total nominal thickness of the coating are shown in Table 6.
The results of these characterizations are summarized in the following Table 7

N* Layer Thickness
SiO2 TiO2 Coating

76-layers 13 Å 20 Å 125.4 nm
82-layers 10 Å 20 Å 123 nm

Table 6: Parameters of TiO2/SiO2 nanolayers: number of layers, nominal
thickness, dnom, (i.e thickness set during the deposition phase) of the single
layer and total nominal thickness

where θB is the Brewster’s angle, neq the equivalent refractive index, dfit is
the thickness of the equivalent layer falling under the range of uncertainty
which best reproduce the measured reflectivity, MSE% is the Percentage
Mean Square Error between the measured reflectivity and the simulated one
with equivalent layer parameters.

Figure 24 shows the schematic of the structure under test, Figure 25a and
Figure 25b the Angular reflectance spectrum and the application of Abelès
Method of the 76-nanolayers and 82-nanolayers, respectively. Figure 26a and
Figure 26b show the measured spectrum reflectivity and the one simulated
by a Matlab routine of the nanolayer structure made of equivalent layer with
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Layer θB neq dfit MSE%

76-layers 64.7 2.1155 116.15 nm 4.20× 10−3

82-layers 64.8 2.1251 112.60 nm 1.49× 10−3

Table 7: Parameters of equivalent layer of TiO2/SiO2 nanolayers: Brewster’s
angle θB, equivalent refractive index, neq, depth of the Abelés equivalent
layer dfit and Percentage Mean Square Error, MSE%, between the measured
reflectivity and the simulated one with equivalent layer parameters.

Figure 24: Schematic of TiO2/SiO2 nanolayer structure.

(a) (b)

Figure 25: Measured reflectance of: TiO2/SiO2 nanolayers (red curve) and
substrate alone (blue curve). (a) 76 layers; (b) 82 layers.

neq and dfit reported in Table 7. The dfit value of the 76-nanolayers and 82-
nanolayers is consistent with the x-ray measurements of the nanolayers made
by the collaboration, dXRD = 110±2nm and dXRD = 118±6nm, rispectively.
It is important to point out that the control of thickness is crucial to reach
the desired optical properties of the prototype. In fact, it is possible to see
that small variations of thickness may cause remarkable differences in the
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(a) (b)

Figure 26: Comparison between the measured reflectance of TiO2/SiO2

nanolayers (red curve) and the reflectance of the equivalent layer (blue curve).
(a) 76 layers; (b) 82 layers.

refractive index of the nanolayer.

Characterization of TiO2-based Nanolayers

NLs formed by alternating TiO2 with Ta2O5, Al2O3, and ZrO2 are analyzed
by adopting the same strategy as illustrated in the previous section. The
oxides are characterized by a higher refractive index compared to SiO2 at
wavelength of 1064nm, wich is the operation wavelength of the laser actually
used in GWs interferometer. Indeed, the refractive index are:

� nT iO2 = 2.3894

� nTa2O5 = 2.1200

� nAl2O3 = 1.6773

� nZrO2 = 2.1517

� nSiO2 = 1.4636

The nominal thickness of low- and high-index material layers constituting
the analyzed NLs are reported in the Table 8 along with the total thickness
of the NL coating.
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No. Layer Thickness
L-index H-index Coating

62-layers ZrO2 TiO2

17 Å 20 Å 114.7 nm

68-layers Ta2O5 TiO2

14 Å 20 Å 115.6 nm

78-layers Al2O3 TiO2

11 Å 20 Å 120.9 nm

Table 8: Parameters of TiO2-based nanolayers: number of layers, nominal
thickness, dnom, (i.e thickness set during the deposition phase) of the single
layer and total nominal thickness

Measurements of the reflectance spectrum have been conducted on such
NLs finding, for each of them, the value at which the reflectivity spectrum
matches the one of the substrate alone, see Figures 28.

The values of the angles at which it occurs are reported in the third
column of the Table 9. The calculated equivalent refractive index is reported
therein.

L-index H-index θB neq dfit MSE%

ZrO2 TiO2 66.3 2.2781 102.15 nm 1.13× 10−2

Ta2O5 TiO2 66.6 2.3109 105.40 nm 2.52× 10−2

Al2O3 TiO2 64.3 2.0778 115.55 nm 6.40× 10−2

Table 9: Parameters of equivalent layer of TiO2-based nanolayers: Brewster’s
angle θB, equivalent refractive index, neq, depth of the Abelés equivalent
layer dfit and Percentage Mean Square Error, MSE%, between the measured
reflectivity and the simulated one with equivalent layer parameters.

Once the refractive index of the equivalent layer has been calculated the
reflectance spectrum is then compared with the measured one using a thick-
ness dfit which provides the curve the minimum MSE%. The value of dfit
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Figure 27: Schematic of TiO2-based nanolayers.

– which always falls into the uncertainty range of the thickness of the NLs
deposited – and the MSE% are reported in the Table 9.

As it can be seen from Figures 29 there is an excellent agreement between
the simulated curves using the parameters obtained by the Abelès Method
and the measured ones.

Mechanical Losses and Thermal Noise

Parallel to the activity of deposition and morphological and structural charac-
terization, a thermal noise measurement system, QDPI, Quadrature Differen-
tial Phase Interferometric, is being developed at the University of Salerno 30.

Conclusion

Ultrathin (nm-scale) layered coatings can be produced with e-beam deposi-
tion with angstrom-level precision. Our results, based on AFM, XRD, XRR,
RS, STEM and optical characterization encouraged further investigation into
the properties of nanolayered optical films for gravitational wave detectors
and other extreme metrology applications.
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(a) (b)

(c)

Figure 28: Measured reflectance of the nanolayers (red curve) and sub-
strate alone (blue curve). (a) TiO2/ZrO2 NLs; (b) TiO2/Ta2O5 NLs and
(c) TiO2/Al2O3 NLs.
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(a) (b)

(c)

Figure 29: Comparison between the measured reflectance of the nanolay-
ers (red curve) and the reflectance of the equivalent layer (blue curve).
(a) TiO2/ZrO2 NLs; (a) TiO2/ZrO2 NLs; (b) TiO2/Ta2O5NLs and (c)
TiO2/Al2O3 NLs.
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Figure 30: QDPI, Quadrature Differential Phase Interferometric, at the Uni-
versity of Salerno.
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