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Abstract

The use of amorphous, SiO,-TiO, nanolayered coatings has been proposed recently for the mirrors of 3"%-generation
interferometric detectors of gravitational waves, to be operated at low temperature. Coatings with a high number of low-
high index sub-units pairs with nanoscale thickness were found to preserve the amorphous structure for high annealing
temperatures, a key factor to improve the mechanical quality of the mirrors. The optimization of mirror designs based
on such coatings requires a detailed knowledge of the optical properties of sub-units at the nm-thick scale. To this aim
we have performed a Spectroscopic Ellipsometry (SE) study of amorphous SiO2-TiO3 nanolayered films deposited on Si
wafers by Ton Beam Sputtering (IBS). We have analyzed films that are composed of 5 and 19 nanolayers (NLs and NLig
samples) and have total optical thickness nominally equivalent to a quarter of wavelength at 1064 nm. A set of reference
optical properties for the constituent materials was obtained by the analysis of thicker SiO5 and TiOs homogeneous
films (~ 120 nm) deposited by the same IBS facility. By flanking SE with ancillary techniques, such as TEM and AFM,
we built optical models that allowed us to retrieve the broad-band (250-1700 nm) optical properties of the nanolayers in
the NL5 and NLjg composite films. In the models which provided the best agreement between simulation and data, the
thickness of each sub-unit was fitted within rather narrow bounds determined by the analysis of TEM measurements
on witness samples. Regarding the NL; sample, with thickness of 19.9 nm and 27.1 nm for SiOs and TiO, sub-units,
respectively, the optical properties presented limited variations with respect to the thin film counterparts. For the NLqg
sample, which is composed of ultrathin sub-units (4.4 nm and 8.4 nm for SiOy and TiOs, respectively) we observed a
significant decrease of the IR refraction index for both types of sub-units; this points to a lesser mass density with respect
to the thin film reference. The results are discussed in the light of the existing literature on nanofilms of amorphous
oxides.
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1. Introduction

The first, direct observations of gravitational waves (GW) [1, 2, 3] has crowned with success decades of research

on detectors (GWD) based on long-baseline Fabry-Perot interferometers. On the other hand a definite improvement of
sensitivity is even more desirable to optimize the performance of GWD in future, 3"?-generation experiments.
The dominant noise source impacting the performances of the present GWDs, which lies in the range between a few tens
and a few hundred Hz, has been identified in the thermal noise of the multilayer coating of the interferometer mirrors
[4, 5, 6]. These coatings are currently composed of alternating layers of low and high refractive index glassy oxides,
namely Ti-doped TasO5 and SiOs, and are designed to have the maximum reflectivity at the wavelength of the GWD
laser, that is 1064 nm [7]; the constituent materials were selected to achieve the lowest optical and mechanical losses
(and hence the lowest noise, on account of the fluctuation-dissipation theorem). Efforts are underway to further optimize
this design [8]. At the same time new materials and new coating designs are under active scrutiny [9, 10]. Promising
developments regard crystalline semiconductor materials, Si samples [11] or MBE-grown ITI-V multilayer coatings on Si
[12, 13], which are endowed with extremely low mechanical losses and high reflectivity.

In order to reduce thermal noise, 3"%-generation GWD will operate at cryogenic temperatures [14]. However, the
TasO5 sub-units of the coatings presently in use are significantly affected by low-temperature mechanical losses [15].
TiO; is an appealing high-index material substitute, featuring low mehanical losses down to a few K. On the other hand,
it is prone to cystallization (which spoils both its optical and mechanical qualities) upon post-deposition annealing. This
occurs in a thickness dependent way: thinner and thinner TiO; layers tolerate higher temperatures without crystallization
[16]. A nanolayered structure has been proposed recently consisting of a stack of several pairs of SiO3-TiOy sub-units
[17, 18, 19]. By adjusting the SiO2/TiO2 volume ratio, the stack can be designed to obtain a fine tuning of refractive
index, and can be profitably used as a “metamaterial” substitute for the Ta;Os5-based material presently in use. Recent
checks on the nanolayered films confirm the absence of definite peaks in mechanical losses measurements at cryogenic
temperatures [20].

Due to physical reasons and for fine aspects related to the growth modalities [21, 22, 23] the optical properties of sub-
units at the very nanoscale thickness may be significantly different from those of of customary optical films, with typical
thickness ~ 100 nm, and from those of the bulk materials. In order to optimize the design of mirrors employing the
composite nanolayers technology it is therefore necessary to quantify these differences, under the conditions of fabrication
typical of these particular multilayers.

This paper is focused on the optical characterization of nanolayered SiO5-TiOs films deposited on silicon wafers by ion
beam sputtering [17], performed by Spectroscopic Ellipsometry (SE). The SE measurements have been performed from
UV to NIR (250-1700 nm), thus covering a wide spectral region encompassing the wavelength of 1064 nm presently used
in GWD (including also 1550 nm proposed for future GWD detectors). All tested prototypes were designed to have the
same nominal effective refraction index, and the same optical thickness (one quarter of wavelength at 1064nm). Our main
aim was to address the case of nanolayer film prototypes with 19 sub-units, denoted for brevity NLjg, that tolerated
annealing at relatively high temperature without showing crystallization [17] and could be accordingly a high-index
material candidate for the GWD mirror coatings.

The SE analysis presented two challenging issues related to the sub-units composing the coatings: their ultrathin
thickness (a few nm) and their rather high number. The interlacing of these two aspects entails subtle correlations among
the SE fitting parameters, i.e. the actual thickness and refractive index of the nanolayers. Previous SE experiments
of Si05-TiO2 multilayers with “thin” sub-units provided a useful database [24, 25]. However, we also needed reference
values for SiO5 and TiO, films grown under the same (fiducial) conditions adopted for the multi-nanolayered composite
films. In this respect, two films of SiO2 and TiOs, about 120 nm thick, provided the necessary reference. In addition,
ancillary to the analysis of the NLi9 sample, we also considered another quarter-wave multilayer with five sub-units,
denoted as NLj5. For this sample the SE analysis is simpler as sub-units are a few tens of nm thick. The NLj5 coating
showed crystallization after annealing and hence it is not suitable for GWD mirror fabrication; nevertheless it proved
useful in the perspective of this work, since it represented an intermediate system between the thin-film reference case
and the thinnest (nm-scale) nanolayers of NLjg.

Our estimate of the broad-band optical properties of the multilayer coatings relies on two basic ingredients: first, the use
of TEM on witness samples to obtain independent measurements of sub-units thickness and of AFM to check surface
roughness; second, the use of viable approximations introduced in the optical models which represent the sub-units.

Our analysis points to the fact that optical properties of sub-units with nanoscale thickness are significantly different
from those of the thin films and bulk materials references. An extended discussion of existing literature will help to
rationalise these findings, which represent a useful feedback for the design and fabrication of the multilayer mirrors. To
our knowledge, this is the first time that a SE analysis of a multilayer coating with a high number of ultrathin sub-units
is attempted. Beyond their importance for 3"¢-generation GWD mirrors, the nanolayered systems analyzed in this work
offer the opportunity to study the optical properties of highly uniform layers of materials which are strategic in many
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Figure 1: (A) TEM image of the NLs coating (witness sample with protection layer). The protection layer is not present in the samples used
for ellipsometry measurements. (B) Representative Raman spectra of the NLs coating. S = substrate peaks. The spectra emphasize the
difference between the as-deposited amorphous film (black line) and the film annealed to 300 °C (dotted line) which shows peaks related to
the crystalline phase (C peaks) . (C) structure of the optical model used for the analysis of the multilayer samples, on the example of NLs .
From bottom to top: Silicon substrate (Si), Native Oxide (I), TiO2/SiO2 layers (H/L), and surface roughness (R).

technological contexts, at the nanoscale and under the particular “sandwiched” conditions typical of multilayer coatings.

2. Materials and Methods

The coatings were deposited by Ion Beam Sputtering on 1x4 cm? substrates, which were cut from a one-side pol-
ished Si wafer (@ 47, thickness 525425 um, surface roughness 0.15+0.02 nm, orientation (100), p-type with B-doping
concentration of 1016 /cm3, resistivity ~1-10 Ohm c¢m) covered by native oxide. After the deposition, the central area of
the wafer was cut into 3 pieces, each 1x1 cm?. In each coating, the deepest sub-unit composed of TiO, is covered by a
number of SiO5-TiO5 pairs; the sub-unit at the top of the stack is TiO5. Witness samples, coated with a SiO5 protection
layer, were used for TEM measurements [17]. The actual thickness of the SiO5 and TiO2 sub-units as measured by TEM
were respectively 19.9 nm and 27.1 nm for NLj, and 4.4 nm and 8.4 nm for NLjg. The structure of the NL5 coating is
shown in Fig. 1. H and L denote high-index (TiO2) and low-index (SiOs) sub-units.

SE measurements on un-annealed, as-deposited samples have been performed with a J.A. Woollam M-2000 spectroscopic
ellipsometer (674 points in the 250-1700 nm spectral range), at room temperature in free air, at three angles of incidence
(60° - 65° - 70°). The size of the beam spot measures several mm?. For the data analysis we used the WVASE software;
we looked for the best agreement between the experimental and calculated (¥, A)-spectra by running an algorithm that



minimizes the Mean Squared Error (MSE) function defined as [26]:

N 2
\I]ewp \Ilcalc At_iwp Acalc
wse - 43 (Mr ) ¢ ()]

i=1 \I/’L A’L

where 037 and 0\’ are the standard deviations of the acquired ¥ and A. The parameter A is defined as:
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where L is the number of points, and M is the number of fitted parameters.

The analysis of the SE spectra of the multilayer samples involved precursor steps. First, we characterized the bare
substrate (Si covered by native SiOs); then, we considered two samples coated with SiOs and TiOy thin monolayer films,
for reference; finally, we built an optical model for multi-nanolayered samples, addressing sequentially the NLs and NLqg
samples. In such model, the parameters of the substrate were fixed to the results of first step, and the parameters of the
SiO5 and TiOs sub-units were fitted to the experimental data by using the results obtained on the reference thin films
as the starting point.

We tried different models to check the dependence of the results on the choice of the model structure, and we
checked for possible sample non-idealities (such as a limited thickness non-uniformity) to evaluate the influence of such
characteristics on the fit results.

The SE measurements were flanked by TEM and AFM with the aim of obtaining independent information about
the sub-units thickness and surface roughness, respectively. Raman spectroscopy measurements were used to check the
sub-units phase (amorphous or crystalline). Representative TEM and Raman measurements are reported in Fig. 1.

3. Data analysis

3.1. Substrate

The substrate was modelled as a two-layer stack, representing Si (bottom) and native SiO» (top). For SiOs we used
tabulated data [27], while for Si we used a parametrized model with six oscillators (so-called Parametric-Si model in
WVASE). Our approximation of flat surface for this model was validated by AFM measurements, which indicated a
surface roughness less than 0.2 nm. The agreement between simulated and the experimental data (not shown here) was
satisfactory (MSE = 2.4); the calculated SiO4 thickness, about 2 nm, was in line with expectations for native oxide and
consistent with TEM measurements.

3.2. Monolayer films

These films have been modelled as a stack of four layers: the Si substrate, the native SiO, layer, the deposited
layer (SiO2 or TiOs) and the surface layer. The optical properties of substrate and native oxide layer resulted from
the analysis of the uncoated samples. The surface layer, for simplicity, was modelled through the well-known roughness
layer, a Bruggeman Effective Medium Approximation (B-EMA) model with 50-50 % fractions of coating and so-called
voids [28, 29].

3.2.1. Si0s films

Library data for the SiO» optical properties gave only qualitative agreement with the measurements (MSE a 60— 70).
We opted for parametric models commonly used for transparent layers. Models such as the Cauchy or the Two-Pole
model gave closely similar outcomes. In the Cauchy model the refractive index was calculated as n(\) = A+ B/\24C/\*
and the extinction coefficient was set to zero. The three parameters A, B and C along with the thickness of the SiO9
film were set as adjustable parameters. Main fit results for this sample are reported in Table 1. As can be seen in Fig.
2-A, the fitting procedure resulted in a good agreement with the data (MSE=12.0). The resulting thickness of the SiOy
layer was 126.5 nm, a value that is compatible with the estimate of 129 + 1 nm derived by TEM for the sum of the
coating thickness plus the native oxide thickness. The inclusion of the roughness layer had negligible influence on the fit
quality and optical properties of the films and, for this reason, it was abandoned. The calculated value of the refractive
index n at 1064 nm was 1.480.
We also tested the Cauchy — Urbach model, that complements the Cauchy interpolation formula with an extinction
coefficient which exponentially decays with A. Fit improvements were negligible and the calculated absorptions, below
the experimental sensitivity (less than 10~2), were regarded as fictitious. The thickness non-uniformity for this sample



was “rejected” by the fit algorithm (i.e., its calculated value was 0.0%). The Two-Pole model provided fit values very
close to those obtained with the Cauchy model (MSE = 13.2; n@1064 nm = 1.479).

From our analysis, we concluded that the uncertainty on the value of the refractive index for the SiO reference thin
film in the IR range was in the order of 1073.

3.2.2. TiOy films

The optical properties of the TiO2 layer were modelled using the Cody-Lorentz (CL) expression in the Kramers-
Kronig-consistent form proposed in Ref.[30], which is often used to model the profile of the fundamental absorption
threshold of amorphous, wide-gap semiconductors [31, 32, 33, 34]. The CL formula provides a parametrized expression for
the imaginary part of the dielectric function (e2) by analysing the “deviations” of the electronic structure of the amorphous
material from the crystalline state, and “partitioning” the photon energy range around the absorption threshold into
three analytically connected regions: below, across, and above the optical gap. Below the gap the 5 has the shape of
an Urbach-like exponential adsorption tail [35]; at photon energies slightly greater than E,, the model assumes that
go x (E — Eg)z; while well above the gap, the model includes a Lorentzian oscillator.

By fitting the model to the data, we obtained the results reported in Fig. 2-B and Table 1. The MSE (16.5) was
somewhat higher than in the case of the SiOs monolayer sample. The estimated thickness of the film and roughness
layer were 119.3 and 1.6 nm, respectively, compatible with the values of 121 =1 based on TEM measurements and with
AFM roughness of around 2 nm. If the spectral range of our analysis is confined to the transparent region (400-1700
nm) the agreement with the data improves, MSE=11.7, with tiny impact over the resulting n of TiO2 in the IR range.
These findings would suggest to assign at least part of the disagreement between data and simulations in the full range to
some inadequacies of the CL model in the deep UV range. We checked the alternative model proposed by Bundesmann
and coworkers [36], who used two Tauc-Lorentz oscillators to describe the absorption region; however, we always obtained
results very close to those presented in Tab. 1, without any clear fit improvement. Attempts to improve the quality of
this fit by including non-idealities (such as thickness non-uniformity, vertical grading and intermixing between native
SiOy and TiOs) also proved unfruitful.

3.3. Multilayer coatings

The fitting of SE data of multilayer coatings independently from TEM values provided the order of magnitude for
the sub-unit thickness. However, correlations between parameters prevented us from obtaining simultaneous, accurate
information on the sub-units thickness and optical properties for both TiOs and SiOs materials.

In order to soften the impact of parameter cross-correlation, we used the simplest structure for our models by imposing
the same optical properties for sub-units of the same material, thus reducing considerably the parameters to be fitted.
After examination of TEM images we also assumed sharp interfaces between the sub-units.

As a first attempt, for both types of coating examined, the optical properties of SiO5 and TiO5 sub-units were set to
the reference values obtained for the monolayer films. The thickness of each sub-unit was set to the value obtained from
the analysis of TEM images, leaving as free parameter only the surface roughness layer thickness. For this basic model
the agreement with the experimental data was not satisfactory (MSE=76.5 and 332 for the NL5s and NL;g samples,
respectively). We then moved to models of increasing flexibility that are described hereafter.

3.3.1. NLs coating

In a second model, the thickness of each sub-unit was left free to vary within the range of uncertainty of the
TEM measurements (£0.25 nm), still assuming the thin film optical properties. The fit to the data showed a limited
improvement (MSE = 42.5). The discrepancy between data and simulations had therefore to be in part associated to
difference of the optical properties of the sub-units with respect to the corresponding monolayers reference.

In order to clarify this point, we admitted fit adjustments of the optical parameters of the two materials, while the
thickness of each sub-unit was set to the value provided by TEM. In this case the MSE improved to 20.3. The low value
of the roughness layer thickness, 0.9 nm, was in good consistence with AFM. Both the TiO5 and SiOs optical properties
showed variations with respect to the thin film references. The TiOz energy gap moved from 3.165 to 3.145 eV; however
the IR refractive index presented only a very limited change (from 2.320 to 2.318 at 1064 nm). The n@1064 nm of SiO»
passed from 1.48 to 1.51. Conceivable non-idealities, such as a small thickness non-uniformity, did not provide any clear
improvement to the agreement with the experimental data and had a negligible impact on the calculated parameters
such as the refractive index and energy gap.

Finally, in a last refinement of the model, the thickness of each sub-unit was again left free to vary within the range
of uncertainty of the TEM measurements (£0.25 nm). The MSE showed a residual improvement from 20.9 to 18.8. The
comparison between these best-fit simulations and data is shown in Fig. 2-C. The optical parameters of TiOs2, as well
as the surface roughness, remained substantially unaltered with respect to the results of the previous model, while a
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Figure 2: Ellipsometry spectra (markers, black) and best-fit simulations (lines,red). A: SiOz thin film; B: TiO2 thin film; C: NLs multilayer
coating. See text for the description of employed models. The dotted vertical line in all panels indicates the 1064-nm wavelength.
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Figure 3: Ellipsometry spectra (markers, black) and simulations (lines, red) for the NL1g multilayer coating. A: the thickness of each sub-unit
was set to the TEM value, and the optical properties of TiOg and SiOg were those retrieved from the NLjs coating. The thickness of the
roughness layer was the only fit parameter (MSE = 320). B: as in A but the optical properties of TiO2 and SiO2 were fitted (MSE=29.4).
C: Best-fit model. As in B but the thickness of each layer was fitted within the TEM experimental uncertainty (MSE = 16.0).



Sample Free Parameters n@1064 nm MSE
SiO5 thickness

SiO5 thin film Si0, Cauchy parameters 1.480 12.0
. . TiO4 thickness
TiO;, thin film TiO, CL parameters 2.320 16.5
surface roughness .
. Si0Oy Cauchy parameters 1.50 (8i0-)
NL;5 multilayer . 18.8
TiOy CL parameters 2.32 (TiO,)
sub-units thickness* ' 2
surface roughness .
. Si0Oy Cauchy parameters 141 (8i0)
NL19 multilayer TiO, OL R 16.0
104 parameters 2.98 (TiOy)

sub-units thickness*

Table 1: Fit results of the SE spectra for the SiO2 and TiO2 thin films and multilayers. For each sample, only the results of the best-fitting
model are reported; other models are discussed in the text.* fitted within the TEM uncertainty.

slight decrease of the refractive index of SiO2 was noted, with n@1064 nm from 1.51 to 1.50 (see Table 1). The optical
properties (n and k) resulting from the best fit are shown in Fig. 4, compared with thin film reference.

3.3.2. NLqig coating

First we note that the fit to data did not improve significantly (MSE = 320) by substituting the reference optical
properties with those retrieved from the NLj coating. Discrepancies between simulations and data can be appreciated
in Fig. 3-A, most notably for ¥ data. Maintaining the reference optical properties and fitting the thickness of each
layer within the TEM experimental uncertainty the agreement showed only a limited improvement (MSE = 155). Thus
we allowed the optical properties of TiO5 and SiOs to be fitted, and the agreement with data significantly improved
(MSE = 29.4), as it can be appreciated in Fig. 3-B. However the fit was still not satisfactory, especially in the region
between 800 and 1200 nm. Finally, we fitted the optical properties of TiOy and SiO5 as well as the thickness of each
sub-unit, within the TEM experimental uncertainty; a definite improvement of the MSE (16.0) was obtained as it is
shown in Fig. 3-C. The surface roughness layer thickness was 0.9 nm, compatible with AFM measurements. Looking at
the calculated optical properties of TiO, and SiOs, reported in Fig. 4, we noticed clear variations with respect to the
monolayer reference (see also Table 1), most notably for SiOs, for which we found n = 1.41 at 1064 nm. The energy
gap of TiO, shifted to E; = 3.21 €V and n at 1064 was nm =2.28. The optical properties (n and k) resulting from
the best fit are reported in Fig. 4. We point out that the inclusion of non-idealities in the model resulted in a slightly
better agreement (with 5% thickness non-uniformity, MSE=13.7) without implying significant variations of the optical
properties. Also the surface roughness remained unaltered at 0.9 nm.

4. Discussion and concluding remarks

Our analysis of SE data on multi-nanolayered amorphous coatings relies on two basic ingredients: (i) a characteriza-

tionof amorphous SiO5 and TiOq thin films deposited under similar growth conditions and (ii) the ancillary analysis of
TEM and AFM measurements on witness samples.
The determination of reference optical properties carried out on coatings about 120-130 nm thick clearly played a pivotal
role. For these samples, viable optical models (i.e. the Two-Poles or Cauchy models for SiOs and the Cody-Lorenz
model for TiOs) reproduced accurately broadband SE data with some disagreements limited to the deep UV range, and
provided the IR refractive index with an uncertainty in the order of 1073. The thickness of thin films determined by
ellipsometry was fully consistent with the values derived from TEM measurements obtained on witness samples.

The reference optical properties of the thin films, reported in Fig. 4, were consistent with the literature reporting
on similar samples. Regarding SiOs, the dispersion of n (top panel, red line in Fig. 4) is fully compatible with many
reports for silica films produced by IBS methods [25, 37, 38, 39, 40]. The refractive index values are relatively high
and indicate a relatively dense layer [41, 42]. Regarding amorphous TiO3, it is clear from the literature that the optical
properties depend on the microstructure and morphology of films, which are in turn influenced by the growth method,
growth parameters and post-deposition treatments [28, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54]. Though a tight
comparison of our results with the literature is not straightforward, we note that the optical gap found here for thin

8



1
| —TF
| -—-— NL5 —]
1
L e NL,q
-l ------ il
1
I
"0 ! —
* 1
"t,‘. |
ees ol
1
1

K=0

135001

500

10

00 1500

Wavelength [nm]

. lr------------

300 . 400 -

B

500

1000

1500

Wavelength [nm]

500 1000 1500
Wavelength [nm]

0.4
0.0

Figure 4: Calculated optical properties for SiO2 and TiO2 monolayer thin films (TF), 5-layer coating (NLs) and 19-layer coating (NLg).
Top: calculated SiO3 refractive index Bottom: calculated TiOg refractive index and extinction coefficient.The dotted vertical line in all graphs

indicates the 1064-nm wavelength.



films is slightly smaller than the values (in the range 3.2-3.3) reported for high-density films [36, 49, 55, 56, 57]. Many
articles in the literature comment on the value of the refractive index of TiO5 at 550 nm. Values of n at 550 nm in the
2.4-2.5 range were reported in recent [36] as well as early works [58, 46], for coatings produced by several types of ion
beam sputtering methods. The values we found at 550 nm, around 2.44, are fully compatible with the literature values
reported for ion-beam sputtered TiOs films. Other works reported higher values, e.g in the 2.50-2.56 range [57, 59, 60]
or lower values, in the 2-2.3 range, for film obtained by evaporation methods [49]. Several groups have commented about
the correlation of the index of refraction with the coating density, applying the Clausius-Mossotti or Lorentz-Lorenz
equations [46, 49, 60, 61]. This aspect was thoroughly reviewed by Bundesmann and coworkers [36]; according to data
reported in Fig. 11 of Ref.[36], the density of our film should be estimated ~ 3.5 g/cm?. Having compared our results
with the existing literature, we could be confident on a set of reference optical properties to be employed for the analysis
of nanolayered coatings with decreasing sub-units thickness.

While for thin films TEM was used a posteriori as a useful check of the SE analysis results, for the multilayers
TEM measurements fed the SE analysis a priori by (i) helping to introduce viable simplifications in the optical models
and (ii) setting reference values and proper uncertainty limits for the thickness of sub-units. TEM thus provided an
effective means to “solve” physical and mathematical correlation issues among thickness and optical parameters in the fit
procedures. Based on modelling steps of increasing complexity, the analysis showed that the optical properties of TiOo
and SiO3 in the multilayer coatings are different from the thin film reference, as it is shown Fig.4.

Differences appear relatively small in the case of NLj, whose sub-units are still relatively thick (few tens of nanome-
tres). The optical properties of the TiO5 sub-units showed a slight deviation from the thin-film reference values only in
the absorption threshold region (in the UV range), while IR properties were practically unchanged. For SiOs sub-units,
instead, the fit provided a change of dispersion with an IR increase of about 2%, larger than the model uncertainty of
1%. This finding appears consistent with the results of previous works which studied the optical properties of SiO; as a
function of decreasing thickness [22, 23]. Ref.[22] reported a few % increase of refractive index going from 160 nm down
to 20 nm film thickness. Cai et al.[23] reported a slight increase of the refractive index for thickness in the 60-10 nm
range while films thicker than 60 nm showed values close to bulk SiOs. Refs.[22, 23] assign the effect to compressive
stress.

For the NL1g multilayer coating, whose sub-units thickness falls below 10 nm, we found appreciable deviations of the
optical properties from the thin film references. In particular we observed a decrease of the IR index for both types of
sub-units, as reported in Fig.4.

For the TiOy sub-units, the complex refractive index values can be compared with those recently obtained in ref.[62]
for films with thickness in the 2-20 nm range. An overall decrease of the refractive index for decreasing thickness was
observed in that work; our data are compatible with this finding as we noticed an analogous trend going from the NLjg
to the NLjg coating - that is, by reducing the thickness of the TiOs sub-units (see Fig. 4, bottom). Such trend was
assigned by Shi et al. to a density variation which is due to the increased percentage of volume occupied by voids that
occurs when the film thickness is reduced [62].

Concerning the ultrathin SiOs films (thickness <10 nm), the literature shows diverse trends. Refs.[63] and [21] reported
an increase of n when decreasing the thickness from 8 to 2 nm. Ayupov et al. [64], on the other hand, observed an overall
constant value of n for thickness in a similar thickness range. The already mentioned paper by Cai et al.[23] provides
hints to explain these apparently contradictory findings, by indicating a correlation between the refractive index and
the processing conditions that affect the film morphology. The trend reported by Refs.[63] and [21] was obtained also
by Cai et al. for slow growth rates. Faster deposition rates induced a more granular morphology, resulting in a sharp
drop of the refractive index for film thickness below 10 nm. In this respect, the paper reported a decrease in n from
1.48 to 1.37 at 550 nm. In our case, the AFM and TEM measurements of the NLig coating did not show an evidently
rough morphology; consequently, the thickness of the surface roughness layer in the SE model was rather low, below
1 nm. We note that our models, while firmly backing on TEM measurements, have been based on the assumption of
sharp interfaces between sub-units. However, even a minimum amount of disorder, with possible formation of nano-voids
or mixing effects at the interfaces, is expected to affect the global optical properties of a multilayer system with many
interfaces such as the NLjg coating [65]. The presence of some amounts of voids shouldn’t be excluded at the very
nanoscale, also in view of our previous experiments on other amorphous oxides [32]. In this respect, we note that the
last step of the SE analysis of multilayer coatings, that provided the best agreement with the data, included the fitting
of the thickness of each sub-unit within bound limits set by the TEM experimental uncertainty. This passage didn’t
improve too much the MSE and had scarce effect on optical parameters in the case of the NL5 coating. For this coating
indeed, the relative uncertainty on TEM thickness is rather low, in the order of 1-2 %. The picture changes for the NLg
coating. Here, especially for the the SiO2 units, the constraints set by TEM are less stringent. On the one hand this
fact provided more flexibility in the fitting process; on the other hand the approach may mask other factors, like e.g. a
limited interface disorder.

In conclusion we showed that, thanks to the information on the coating morphology coming from auxiliary methods
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such as TEM, and pivoting on reliable thin-film optical references, it has been possible to apply SE to deduce important
information on the optical properties of a very peculiar layered system such as NLjg, a multilayer coating with sub-unit
thickness at the very nanoscale (<10 nm). In particular, we found that the optical properties of the sub-units are quite
different from the ones in the thin-films references, especially in the case of Si05. We remark the role of the NL5 system
as a necessary, intermediate step in our analysis flow between the thin-film references and the nano sub-units of NLjg.
The output of our analysis indicates that in order to improve the reliability of the analysis of SE data for multi nano-
layered, amorphous oxide systems, an even better knowledge of the interface morphology would be important, which is a
hard task for this type of system. However, if we intend the optical properties determined for the NL;g coating as a set
of effective properties which include the effect of interfaces, the current status of the analysis suggests that the growth
conditions for this special kind of multilayers should be optimized if optical properties more similar to reference thin film
values are desirable. This is an important take home message for the film fabrication in view of eventual applications to
mirror technology.
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