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Abstract:

In this work, a structural characterization of sputtered silica films was carried out using Raman
spectroscopy. Due to the low cross-section and the thinness of the silica layer, its Raman
signature is dwarfed by that of the glass substrate and is therefore difficult to extract.
Overcoming these limitations represents an experimental challenge and requires the
development of specific analysis strategies. For this purpose, an integrated approach for
extracting and interpreting the Raman signature of amorphous silica films deposited on a
soda-lime glass substrate was developed, based on three distinct methods: delamination of
the sputtered silica film, creating a reflective mask substrate by depositing a metallic silver
coating on the glass substrate and applying a numerical signal analysis (Non-negative matrix
factorization) to the multidimensional dataset acquired through depth profile acquisitions on
silica films directly deposited on a glass substrate. The reliability of each proposed method is
demonstrated for the extraction of the silica thin film Raman spectra. These various methods
can be easily extended to other materials, either crystalline or amorphous. Furthermore, we

discuss the advantages and the limits of each approach.

Applying this methodology allowed us to highlight the structural differences between
sputtered silica thin film and bulk vitreous silica glass (v-SiO2). Magnetron sputtering film

deposition is shown to form dense silica glass layers, with an estimated densification ratio,



measured by x-ray reflectivity, equal to 7%. At the medium distance range, the network
connectivity change in v-SiO; is expressed by an unusually high population of three-membered
rings leading to a more compact structure. The short-range order transformation was also
studied by deriving the intertetrahedral angle decrease. The present results could be a step

towards advanced investigation to gain insights into the structure of films at the atomic level.

Keywords: Magnetron sputtering; Thin films; Silicon oxide; Densification; Raman

spectroscopy; Deconvolution



1. Introduction

Owing to their optical and chemical properties, silicon dioxide-based thin films are widely
used materials for many applications in optics [1]-[2], micro-electromechanical systems [3]-
[4], microelectronics as gate insulators [5]-[6], photovoltaics as a passivating layers [7]-[8] and
as a chemical diffusion barrier for functionalization of float glasses [9]-[10]. Silica films can be
grown by several deposition processes, including sol-gel method [11], ion-assisted deposition
(IAD) [12], thermal oxidation [13], physical vapor deposition (PVD) [10] and chemical vapor
deposition (CVD) [14]. Depending on the deposition method, the resulting films exhibit quite
different macroscopic properties due to the number of interrelated process parameters and
due to the increased surface to volume ratio with decreasing film thickness, from a few
microns (e.g. sol-gel technique) to a fraction of a nanometer (e.g. PVD).

The elaboration of SiO; films results usually in an amorphous material [15], a-SiO», with subtle
structural differences linked to the fabrication methods and the applied growth conditions.
The change of the microscopic structure may lead to different dielectric [16], optical [17] and
mass-density [18] properties of the films. Conventionally, vitreous bulk silica glass (v-SiO>)
structure is as a corner-sharing SiO4 tetrahedral network arranged in non-planar rings (Si—O—
Si), of various shapes and sizes [19], with n the number of SiO4 tetrahedra involved within a
ring. The n distribution, characterizing the medium-range order of vitreous silica (v-SiO2),
varies from 3 to 10-fold rings with the most probable ring being six-membered [20]. This
relatively open structure leads to a free volume fraction greater in silica than in other network
glasses, such as GeO; [21]. This allows a high densification, up to ~20%, under certain
conditions (pressure, temperature, irradiation). In response to these external stresses, the
fraction of small 3 and 4 fold rings [22] greatly varies with compression [23]-[24]-[25], thermal
quenching rate [26] and neutron/electron irradiation [26]-[27]. There are much technological
and fundamental interest in gaining a deep understanding of the structural features of silica
thin films. Unlike bulk glass, for which many techniques are widely used to determine the
structure [28]-[29]-[30]-[31], the structural analysis of amorphous thin films is challenging due
to the weak signal of disordered materials and due to the small film thickness, resulting in
possible overlap of signals from the thin film and the substrate. For instance, the structure of
a-SiOz thin films has been investigated using Grazing-Incidence Wide-Angle X-ray Scattering
and Small-Angle X-ray Scattering measurements revealing that the fabrication process

(specifically the oxidation conditions) affects the short range order [32]. From a fundamental



point of view, a recent study by direct imaging of monolayer SiO: films has confirmed the
Zachariasen’s model of a continuous random network that has been used for 80 years to
describe the glass structure of SiO; and other oxide glasses [33]. Among the available
techniques, Raman scattering spectroscopy is an appropriate tool to gain insights into the
structure at the atomic level of materials, including glasses [31]-[34]-[35].

For film structure investigation, thick films up to the micrometer scale allowing depth profile
with confocal Raman microscopy [36]-[37] or materials with a high Raman cross-section are
mostly investigated to get an exploitable Raman signal [38]-[39]-[40]. For instance, this
technique is frequently used to investigate amorphous thin films with high-intensity Raman
answer, in particular silicon, carbon [40]-[41]-[42]-[43] and chalcogenides [44]-[45]. For thin
films (<1 um), specific substrates (fluorides) with a low Raman background signal can be used
[46]-[47] and, in some specific cases, surface-enhanced Raman scattering has a beneficial
influence on the thin film signal intensity [48]-[49]. However, some practical applications
require to deposit an amorphous silica thin film onto a silicate glass substrate. In this case, it
is highly challenging to obtain an accurate Raman spectra of the layer due to the similarity
between the two Raman signals. This makes the subtraction of the substrate background
difficult and leads to inconsistent or inaccurate results [50]. In consequence, the number of
Raman structural investigations on amorphous silica thin film (<1 um), that has additionally a
low Raman cross-section [51], is very limited [52]. To overcome these problems, a particularly
attractive solution is the use of statistical methods that were developed as an alternative
approach to classical analysis of Raman spectra relying on the spectral decomposition by a
sum of Gaussian or pseudo-Voigt functions. Recently, the non-negative Matrix Factorization
(NMF) technique [53]-[54]-[55] has gained huge attention in many applications. It was used as
a powerful tool for deconvolution of Raman spectra of bulk glasses. Indeed, coupled with
chemical composition analysis, NMF has been applied to isolate the specific signatures of
different components in binary [56] and ternary [57] glasses. The extraction of the
polymerization degree from the Raman spectra deconvolution has offered insightful
information on the connectivity of the silicate network along compositional profiles [57].

In the present work, we tackle the problem of Raman structural characterization of silica thin
films having a low Raman signal. We present three approaches to obtain the Raman spectrum
of thin silica film (<1 um). The first two methods aim to eliminate the glass substrate signal

and to record exclusively the characteristic Raman spectra of the silica film. The first



developed technique is based on a specific sample preparation that consists in separating the
silica layer from the substrate, using a recovering process without altering the film structure.
The second approach consists in the preparation of a specific substrate, a reflective mask
substrate, by depositing a silver coating between the glass substrate and the silica film. Finally,
the last approach is based on the application of the NMF technique. This multivariate data
analysis, without any sample preparation, is applied on the Raman depth acquisitions of silica
film directly deposited on a glass substrate. The comparison of these three methods to each
other allows us to confirm their feasibility as similar thin film Raman spectra are obtained. This
structural characterization reveals considerable differences between v-SiO, glass and

sputtered silica film.

2. Sample preparation
As illustrated in Table 1, to investigate the silica film structure, three different systems were
prepared in the present work. They are described in section 2.1 and 2.2. The substrate used

for all coating depositions is a commercial soda-lime silicate glass (Planiclear®).

Glass substrate + 20 nm
Glass substrate + SiO2+2 nm NiCr + 50 nm | Pieces of the recovered
Samples o
100-1000 nm silica film Ag +4 nm AZO + silica film
100-1000 nm SiO-
Sputtered silica film
Sputtered silica film AZO
lllustration Ag layer
NiCr
i Sio
Images Glass Substrate 2
. Glass Substrate

Table 1: Summary of the three approaches used to prepared silica film samples.



2.1. Silica film deposition
Silica glass films with thicknesses ranging from 100 nm to 1000 nm were deposited by cathodic
magnetron-sputtering, a Physical Vapor Deposition (PVD) process, at room temperature and
under reactive atmosphere at 0.2 Pa in (Ar: 20 sccm/ Oz: 24 sccm) plasma. To determine the
required O; flow rate, the hysteresis curve for the system was obtained before deposition.
The gas flow rates were monitored using mass flow controllers. A planar metallic target of
silicon (Si), containing some Al contaminations, was operated in direct current (DC) at a
frequency of 100 kHz and 4.0 psec off time, for silica films deposition. Glass substrates were
scrolled under the Si target with a deposition rate of 0.045 m.minat a power of 3000 W. The
residual pressure was 107 mbar. Before deposition, the silicon target was pre-sputtered for
15 min to remove surface contamination. As seen in Table 1, silica layers were deposited both
on a commercial Saint-Gobain Planiclear® flat glass substrate with a thickness of 2 mm and on
a glass substrate pre-coated with a silver layer of 50 nm thickness deposited on a SiO; (20 nm)
/ NiCr (2 nm) stack as a seed layer to enhance silver adhesion. Table 2 presents the
experimental parameters used for the deposition of the different films. Furthermore, the Ag
layer was capped with a thin Al-doped zinc oxide (AZO) layer (4 nm) to prevent silver oxidation
during the silica deposition and to maintain its performance in reflection, which is directly
related to its conductivity. This substrate will be called “a reflective mask substrate”. The Ag
layer is used as a reflecting coating that masks the Raman signal of the glass substrate to
obtain only that of the sputtered silica film. Before deposition, the glass surfaces were cleaned
with RBS™ 50 solution, a special liquid alkaline detergent for glass, rinsed with deionized

water and dried using N> flux.

Target Si Ag NiCr AZO
Power (W) 3000 500 500 1300
Pressure (Pa) 0.2 0.8 0.2 0.2
Ar flow (sccm) 20 150 50 40
0 flow (sccm) 24 0 0 0

Table 2 : Parameters used in direct current (DC) magnetron sputtering of SiO,, Ag, NiCr and AZO.



2.2. Silica film recovering process
With the aim of investigating the thin film structure and avoiding any interference from the
substrate signal, a film recovering method was developed to isolate the sputtered silica layer.
For this purpose, the previous “reflective mask substrate” including a 50 nm thick silver layer,
was used to receive the coating of silicon dioxide (1000 nm) (Figure 1). The sacrificial metallic
Ag layer is dissolved, by immersion in 6M reagent nitric acid and the silica films are floated off
the solution. An important condition in this process is that the silica film must have an
excellent chemical durability to tolerate acid treatments. Due to its high Si-O bond energy
(4.5 eV) [58], silicate materials are known to be resistant to chemical attack [59] and therefore
satisfy the above condition. As shown in Figure 1, after the silver-AZO acid dissolution, the
nitric solution with pieces of floated silica is decanted and the major part of the acid liquid is
removed. The flakes and acid mixture were washed several times with deionized water to
remove all traces of nitric acid and dried in ambient air more than 12 hours after removal of
the maximum residual water. The pieces of recovered silica film have different sizes ranging
from approximately 1 to 3 mm, with an estimated thickness of 1000 nm. With this process,
approximately 75% of the deposited material was recovered. This latter was used for the

Raman analysis. Crushed powders were prepared for XRD analysis.

Sputtered silica film

A20 Ag film
Ag layer

NiCF dissolution

SI0,

Glass Substrate

B

Starting system Flake acid-mixture Flake + water Recovered film

Figure 1: Steps for the recovering of the sputtered silica film by nitric acid attack of a sacrificial silver layer.

3. Characterization of silica films

3.1. In-depth composition
To control the composition and the depth homogeneity of the sputtered silica film, ToF-SIMS

(Time-of-Flight Secondary lon Mass Spectrometry) characterization was carried out using a



ION-TOF instrument (GmbH, Munster, Germany) that enables the monitoring of the
composition and the spatial evolution of several elements within both the coating and the
bulk glass substrate by depth-resolved measurements. This analysis was performed using an
alternated sputtering for sample erosion and for sample measurement. A 25 keV pulsed Bi*
ion beam, generated by a liquid metal ion gun, was used for the analysis. The probed area was
100 x 100 um? at the center of the sputter crater 400 x 400 pm? performed by the Gas Cluster
Source generating 20 KeV oxygen cluster (O2) of 1500 atoms. The use of this source gives the
possibility to reduce both surface charging and the artifacts due to alkali ion migration [60]
[61] in comparison to the traditional oxygen and cesium ion sputtering sources. Furthermore,
an additional electron flood gun was used in order to neutralize the surface potential during
acquisition. Positive monoatomic ions were collected by ToF mass spectrometer for which the

mass resolution (Am/m) is about 6000.

3.2. Thickness, density and amorphicity evaluation
Films thicknesses (100-1000 nm) were measured with stylus profilometry (Dektak XT, Bruker)
using an edge created by partially masking the clean glass slide before deposition. Once the
film is deposited, the mask, along with the overlaying film, was removed with a cotton swab
dampened with ethanol. In addition to the profilometry technique, the thickness of a 150 nm
silica film was double-checked by Dektak measurement of ToF-SIMS craters and by X-ray
reflectometry analysis. Furthermore, based on the specular reflectivity, the density of the film

was also determined.

Finally, the amorphous nature and the trace presence of crystalline impurities of the as-
deposited silica film and the recovered one (without the substrate) were examined
respectively by grazing incidence X-ray diffraction (GI-XRD) and by classical X-ray diffraction
(XRD) in Bragg-Brentano configuration for 6/26 scan. Both XRD measurements were
performed on a PANalytical X'Pert Pro X-ray diffractometer (Amelo, Netherland) with Cu-Ka
radiation (A=1.54065 A). Contrary to the regular XRD analysis for which the conventional Bragg
Brentano configuration was used, the GI-XRD measurements were performed in the grazing
incidence geometry to minimize the contribution related to the substrate. The instrument was
operated in a step-scan mode with increments of 0.016° 26 and in the angular range

3°<26<120°.



3.3. Structural characterization by Raman spectroscopy

Raman spectra were recorded in back-scattering geometry using a Renishaw® InVia™ Qontor®
spectrometer with a solid-state green laser (532 nm) and an initial power of 50 mW. Spectra
were recorded with a CCD detector (Peltier cooled charge-coupled device) in confocal
configuration with a x100 objective and grating with 2400 lines per mm. The instrument
configuration restrains the analyzed volume to 1 um?3 in case of silica based material and
allows a spectral resolution of 1.2 cm™. The spectra were recorded in the range from 100 to
1300 cm and corrected by removing cosmic rays using the Nearest Neighbor algorithm.
Baseline correction consisted of subtracting the minimum of the spectra over all the spectral
region. Finally, all spectra were normalized to unit area over the same spectral range. To
improve the signal-to-noise ratio of Raman acquisitions in slice mode, the spectra were
denoised by PCA treatment, used as a noise filter.

Raman analysis was carried out on the three previously described systems (section 2): (a)
recovered silica film, (b) “reflective mask substrate” + silica film and (c) glass substrate + silica
film. A summary of the different analyzed samples and their Raman acquisition parameters
are gathered in Table 3. The acquisition mode and time have been adapted to the different
samples. To obtain a representative signal for the pieces of recovered silica film, three spectra
measured at three different areas have been averaged. For the silica film on reflective mask
substrate, Raman mapping scans were recorded to verify the spectral homogeneity of the
sample and the spectra average is retained. For a consistent Raman collection volume, an
autofocus device (LiveTrack) was used to continually adjust the height of the motorized
microscope stage to maintain perfect focus during scanning. Finally, in order to optimize the
separation of the Raman response of thin films deposited directly on a glass substrate using
NMF regression, high-resolution Raman “slice” (along X and Z axes) mappings were carried
out by changing the focused focal plane along Z (depth) with a step of 0.1 um and along X
(lateral) with a step of 1 um. Figure 2 illustrates the slice profile measurements of this system
that was acquired from -10 um (within the substrate) to 3 um (in the air above the film) with
0 um corresponding to the estimate of the film-air interface. The latter was determined by
focusing on the sample surface through the microscope objective. For each focused depth
point, a mapping along a horizontal line (X-axis) along 80 um was acquired to evaluate the film

homogeneity. Spectral acquisition time of 5 seconds offers a good compromise between a



sufficiently high resolution and total acquisition time. The collected “slice” mapping presents

a data set of 10 610 spectra.

Samples Glass substrate + Reflective mask Pieces of the
Factors silica film substrate recovered silica film
Soda-lime glass + 20
Substrate Soda-lime glass nm SiO2+ 2 nm NiCr + No substrate
50 nm Ag + SiO;
Silica films thickness
100 - 1000 nm 100 - 1000 nm 1000 nm
(nm)
Raman mode Slice Mapping Simple acquisition
Raman exposure time of
6 100 100
one acquisition (s)
Total acquisition time 15 hours 2 hours 300 seconds
Table 3: Summary of the different samples and Raman modes characterization.

jecti = Laser: A=532nm
100x * Mode: Slice

Z
E_“ Stage mouvement
Silica film STm X
Thickness= 200 nm-1um i
Glass —_10.1 pm
substrate

Figure 2: Slice profile acquisition on amorphous silica film deposited on a glass substrate. The laser is focused on different

focal planes (Z), from 3 um above the film surface (Z=0 pm) to -10um below the surface.
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4. Results

4.1. ToF-SIMS analysis
In order to check the composition, and more precisely, the presence of impurities within the
sputtered silica film, the in-depth composition of the as-deposited film (150 nm) on a soda-
lime glass was evaluated by ToF-SIMS. Figure 3 presents the resulting SIMS profile of several
elements (isotopes) of interest present within the glass substrate and the layer (i.e.: 22Si*,
Na*, 40Ca*, 24Mg*, 39K*, 27Al*, 120Sn*). The used glass substrate (Planiclear®) is produced by the
float production process and leads to an enrichment of tin at the surface of the so-called bath
side [62]. However, the extreme glass surface of the opposite side (called atmospheric side)
on which the different layers were deposited, contains also traces of tin, as it is shown in Figure
3 (black signal). The depth calibration can be performed by calculating the depths of two
different Tof-SIMS craters. The first one stopped at the glass/layer interface determined by
the maximum of 129Sn* signal. The second crater was stopped deeper inside the substrate. As
shown in Figure 3, the determined thickness of the silica layer is around 150 nm, which is in
good agreement with the one measured by stylus profilometry (Dektak). ToF-SIMS method is
a quantitative technique. However, due to the ionization yields that are matrix dependent,
quantification implies, first, signal calibration. Herein, only the profiles of the raw signals of
elements of interest were extracted in order to control the film purity [60]. This analysis
reveals that along the depth profile the film contains only silicon, except some small Al
contamination (around 0.4 wt% Al,03) from the Si target and Na traces on the surface. This
implies the absence of any chemical interaction between the glass substrate and the silica
film. The results of ToF-SIMS analysis demonstrate a good purity and homogeneity of such a

layer.
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Figure 3: ToF-SIMS depth profile of a glass substrate coated with a sputtered silica film of 150 nm thickness. The right
vertical axis is the intensity values of tin ions (black curve). The left vertical axis represents the intensity of other cations

(Si+, Al+, Na+, K+, Mg+, Ca+).

4.2. X-ray reflectometry and Grazing Incidence X-Ray Diffraction
Figure 4 shows the obtained reflectivity data for a 150 nm thick sputtered silica film deposited
on the glass substrate with the corresponding simulated curve, using the electron density, the
interface roughness and the film thickness as fit parameters. The good correlation between
the experimental and the fitted curves indicates that the results should be robust: the
estimation of the silica layer thickness is 148 nm, which is in good agreement with both results
reported by stylus profilometry (Dektak) and ToF-SIMS. Furthermore, assuming that the layer
composition is SiO,, the film density, estimated from the total reflection evaluation, is equal

to2.35gcm?.
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Figure 4: Experimental and simulated X-ray reflectometry data for a silica film deposited on a glass substrate.

The amorphous nature of the sputtered silica film has been examined by means of GI-XRD
measurements on a silica film of 1000 nm thickness deposited on a soda-lime silicate glass and
by means of 8-26 XRD measurements on a recovered film, to ensure that the recovery process
described in section 2.2 does not affect the structural properties of the layer. As shown in
Figure 5, both XRD patterns are consistent with an amorphous signature, as revealed by the
broad feature at 20 = 26° that is characteristic of a diffuse scattering from a disordered atomic
structure. The absence of any sharp Bragg peaks indicates a lack of crystalline order. However,
a low intensity peak at 20 = 38° is detected in the XRD pattern of the recovered film that can
be attributed to (111) plane of pure silver (JCPDS file No. 04-0783). However, the other lattice
planes (200), (220), (311) and (222) of a face-centered cubic (fcc) structure of silver were not
detected contrary to the as-deposited Ag layer. This feature indicates a small residual trace of

silver from the sacrificial sublayer.
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Figure 5: GI-XRD diffractogram of as-deposited silica film (1000 nm) on a glass substrate (red curve) and XRD (6/26 scan)
pattern of the recovered silica coating (blue curve). The insert shows the small Bragg peaks due to a residual signal of the

crystalline Ag sacrificial layer.

4.3. Raman spectroscopy
Raman analysis were carried out both on (a) the recovered silica film and on (b) the 600 nm
thick silica coating deposited on the reflective mask substrate. In accordance with previous
observations [63]-[22]- [24], Figure 6 shows the typical bands identified in the literature for v-
SiO; (red spectra) but with different details (relative bands intensities and positions). First, the
broad intense rocking-band (R-band) at around 475 + 2 cm, is associated to bending motions
of Si-O-Si bonds in large n-membered silicate rings (n > 5). Contrary to v-SiO; glass, this band
shows a pronounced shift to higher wavenumbers in the sputtered silica film. The peaks at
490+ 1cm? and 611+ 1 cm are known as D1 and D2 lines and are assigned to four- and
three-membered rings, respectively [22]7[64]. It is obvious that in our case, the D2 intensity is
much higher than the one observed in v-SiO>. The 810 + 2 cm™ band is related to the Si-O-Si
bending modes. The two weak bands at approximately 1060 +3 cm™ and 1200 + 3cm™ are
attributed to the asymmetric stretching of Si-O-Si bridges in the silica glass network [65].
Figure 6 shows clear and strong similarities between the Raman spectra acquired on the two
different thin-film systems, without any additional bands from the substrate. This proves the
reliability of the two developed approaches for the extraction of a characteristic Raman signal

of the silica film.
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Figure 6: Comparison of Raman spectra obtained on bulk v-SiO,, on a recovered silica film and on a silica film deposited on

a reflective mask substrate.

As described in section 3.3, confocal Raman microscopy depth profile measurements along Z-
axis were also acquired on a 600 nm thick sputtered silica film deposited on a glass substrate
from -10 um to 3 um with a step of 0.1 um (Figure 2). Figure 7.a presents the denoised Raman
spectrum obtained along the substrate and the silica coating. The noise part of the raw data
was removed by PCA treatment used as a noise filter. Note that the analyzed film thickness is
smaller than the spatial volumetric resolution (~1 um3) of the Raman laser.

As expected, the Raman signal evolves along the depth profile since the signatures of the thin
film and of the glass substrate are both superimposed with a different ratio depending on the
probe depth. For comparison, the Raman spectra of a bare glass substrate is shown in Figure
7.c, exhibiting the typical features of silicate glasses [34]-[35]. The broad band between 300
and 700 cm™ is associated with the bending modes of SiO4 tetrahedra. The small band at 800
cmtis attributed to O-Si-O symmetric stretching. The broad band between 900-1300 cm™ are
associated with stretching modes of SiO4 tetrahedra due to silicon motions involving various
Q" species (n is the number of bridging oxygen around a tetrahedrally coordinated silicon
atom).

The main features of the depth profile measurements shown in Figure 7.a are obviously similar
to the glass substrate spectra (Figure 7.c.). This indicates that the depth profile spectra are

largely dominated by the contribution coming from the substrate. The weak contribution of
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the silica coating is explained by the film thickness, smaller than the volumetric Raman
resolution. This geometry results in spurious integration from the glass substrate signal even
when the laser is focused on the film surface.

The main Raman spectra evolution are localized in the upper profile area (~ 0.5 um) when
getting closer to the silica film. These are clearly noticed from the colormap presented in
Figure 7.b, emphasizing the variation of the Raman intensity at each wavenumber point. A
significant intensity increase of the low Raman band around 520 cm is visible and a lower
intensity at high wavenumbers (~1100 cm™) points out a decrease of the glass substrate

contribution.
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Figure 7: Raman spectra recorded according acquisition conditions described in Figure 2. (a) Selected Raman spectra along
a depth profile of a 600 nm thick silica film deposited on a glass substrate. For visualization purposes, the spectra have
been arbitrarily shifted along the ordinate axis (b) the colormap surface projection illustrating the Raman intensity

variations for each wavenumber along the depth profile. (c) Raman spectra of the pristine soda-lime silicate glass substrate.
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5. Discussion

5.1. Optimizing the extraction of the Raman signal signature of the
sputtered silica film

As shown in part 4.3, the Raman spectra obtained using a specific reflective mask substrate or
a recovered silica film are almost identical, which indicates that they contain the main
characteristics of the thin silica film. No contributions from the substrate or other
contaminations were observed in the Raman spectra. This proves the absence of any chemical
interactions between the silver mask and the deposited silica film (first method) and the
preservation of the structural properties during the recovering process of the silica film
(second method).
The first approach, based on the use of a reflective mask substrate, seems to be a promising
tool for an easy and rapid Raman analysis, as it does not require difficult sample preparation.
Furthermore, the reflective mask substrate approach is efficient for Raman characterization
of relatively thin silica films, down to 100 nm thick. However, a reflective coating prevents
studying interface phenomena between thin films and glass substrate, like chemical diffusion,
that may occur during thermal treatments or even during film deposition in industrial
processes.
The advantage of the silica film delamination method is the recovery of sufficient silica film
material without the substrate. This material can be used for further structural analysis like
NMR and diffraction. Unfortunately, this approach has two fundamental drawbacks. First, it is
a more time-consuming methodology and it cannot be used for routine analysis. Second, it
cannot be extended to all types of films because some materials do not tolerate acid
treatment, for example Ag-containing layers.
For some practical applications, the amorphous silica thin film deposited directly onto a
substrate material (float glass) is often required. Therefore, we investigated a third
methodology for the extraction of silica thin films Raman spectra using depth profile
measurements. Given the absence of any chemical interactions between the glass substrate
and the silica thin film, as proven by ToF-SIMS results, the acquired Raman spectra on the
surface can be described as a weighted linear combination between the signal from the thin
film and that from the glass substrate. The most simple method to extract the film Raman

signal is thus to subtract the substrate signal that can be acquired from a pristine glass

17



multiplied by a (unknown) coefficient. Figure 8.a presents an attempt of the subtraction
method carried out on a 600 nm thick silica film deposited on the glass substrate. Comparing
the mixed spectra to the substrate spectra, we can notice that there are slight differences
indicating the contribution of the thin film signal. However, a simple subtraction (blue spectra)
does not give a signal similar to that expected for a silica film (Figure 6). Therefore, a 600 nm

film thickness is not sufficient to extract reliable structural features of the silica film.
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Figure 8: (a) Raman spectra for the glass substrate and for the glass substrate + 600 nm silica film and the difference spectra
(blue) between the two signals. (b) Difference Raman spectra obtained after subtraction of the bare glass substrate signal
for a series of different silica film thicknesses. The spectra have been arbitrarily shifted along the ordinate axis for clarity.
As the cross-section is directly proportional to the scattering volume, we tried the same
method with different subtraction coefficients for thicker films (Figure 8.b). It is obvious that
for thicknesses between 300 nm to 600 nm, no discernible signal from the thin film is
detected. From 700 nm thickness, some Raman features from the silica film can be extracted.
The quality of the extracted signal and the features evolve as the film thickness increases. It
remains thereby difficult to distinguish a priori from which thickness one can rely on the
extracted signal. Furthermore, the subtraction of the dominant substrate signal is vulnerable
to the acquisition noise and the choice of the baseline subtraction [50]. This is particularly
important in the present work as the silica films have very weak Raman intensities (due to the
low cross-section of the silica film and its small thickness) that are already dominated by noise
and that overlap with the likewise broad signal of the glass substrate. The error accumulation
due to the noise and the baseline subtraction can result in a significant loss of information and
hinder dramatically the interpretation, even in the best experimental configuration. In

summary, the subtraction method of an arbitrary fraction of the bare glass substrate signal is
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an uncertain and inaccurate analysis protocol that was deemed not suitable for the purpose
of the present work. Therefore, we implemented alternative approaches that must be

favored.

In this investigation, the NMF technique was applied on the depth Raman profiles (Figure 7).
The acquired Raman spectra along a depth profile can be described as a weighted linear
combination of two Partial Raman Spectra (PRS) corresponding to the substrate and the film.
The contribution of each PRS in the spectra can be varied for the different focus points along
the depth profile. Enough statistical Raman spectra points (10610 in the present investigation)
are required to apply the deconvolution procedure based on NMF technique. In practice, NMF
consists in decomposing the spectra datasets (Y) along a depth profile to obtain a unique set

of individual PRS:
Y = Zi(HX)i +e= (ngbstratexsubstrate + H{”mxfilm) + & (1)

The H matrix of weights contains the H; contribution of each PRS defining the matrix X. The
sum is over the measured pointiand € is a residual error. The main advantage of this approach
is to avoid any a priori hypothesis on the true shape or position of each component. The
method is designed with a minimum number of arbitrary parameters. NMF procedure consists
of minimization of the cost function Y;(Y; — (HX);)? with the complementary condition that
both H and X matrices contain non-negative values. The NMF code is adapted from a Python
implementation described in a previous paper [57]. Using NMF regression, two components,
presented in Figure 9, can be determined from the decomposition of the experimental Raman
data set. The Raman spectra of each component show very distinct features (Figure 9.a) and
they have complementary weights along the depth profile (Figure 9.b). The evolution of the
associated weights reveals that component 1 is the dominant one, especially in the region of
negative Z values where component 2 has a null contribution. Inversely, a submicronic region
around Z= 0 um value presents an increasing fraction of component 2, with a maximum
reaching 20%, and a decreasing fraction of component 1. The observed scores evolution of
the first and second NMF components suggests that they correspond to the signature of the
glass substrate and the silica layer, respectively. Note that further increase of component 1
fraction above Z=1.5 um can correspond to out-of-focus contributions that are well known

[66] to occur when focusing in air above the sample surface.
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Figure 9: NMF analysis: (a) First and (b) second NMF components extracted from the Raman spectra data set shown in

Figure 7 for the stack system (glass substrate + 600 nm thick silica film) and (c) their associated components scores along

t

he depth profile.

In order to give evidence to this attribution, Figure 10.a compares the spectra corresponding

to the first NMF component with the Raman spectra of the glass substrate (Figure 8). There is

a remarkable agreement between the two signals, confirming that component 1 can be

unambiguously attributed to the glass substrate. To validate the efficiency of NMF technique

for the extraction of the film Raman signal, Figure 10.b compares the NMF component 2 with

the Raman spectra of silica film determined previously in figure 6. The three spectra from the

different approaches are very similar. This overall excellent agreement confirms that

component 2 can be confidently attributed to the silica layer and that the NMF decomposition
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gives an accurate extraction of the Raman signal for the silica film. However, a slight variation
of D2 band area was observed. This can be associated to a small difference in the plastic shear
strain, probably affected by the surface substrate nature, which highly influences the
proportion of the three-membered rings [67]-[68]-[69]. Considering the literature, the impact

of shear deformation will be discussed further in the structural interpretation part of the silica

film.
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Figure 10: Attribution of (a) the first NMF component to the signature of the glass substrate and (b) the second NMF

component to the signature of the sputtered silica film.

For an extensive test of the performances of the NMF methodology, a series of silica films with
thicknesses from 100 nm to 1000 nm was deposited on a glass substrate and confocal Raman
microscopy depth profiles were acquired before NMF analysis. This investigation allows us to
discuss the minimal silica film thickness necessary to extract reliable NMF components. Figure
11 presents the NMF component corresponding to the silica film for different film thicknesses.
For a reliable interpretation, we will focus on the entire spectral region between 100-1300 cm-
!, Excepting the 100 nm thick silica film, strong similarities exist between the extracted
components and the experimental Raman spectra of sputtered silica film. The determined
NMF signal from the 100 nm thick film presents a large envelope in the high-frequency region
between 1000-1300 cm™. This band is the signature of a parasitic substrate contribution that
presents an intense band between 1000-1300 cm™ (Figure 7.c) corresponding to various Q"
species in the silicate network. The apparition of this band can be explained by the decrease
of the film contribution in the illumination volume (excited volume) of the Raman laser with

the decrease of the layer thickness. However, it does not affect the main silica film Raman
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features at low frequencies. Therefore, we can conclude that down to a thickness of 200 nm,
NMF decomposition allows accurate and workable extraction of the silica film Raman signal,

with no spurious substrate contributions.
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Figure 11: Extracted NMF components corresponding to the Raman signal of silica films with different thicknesses. The

spectra have been arbitrarily shifted along the ordinate axis for clarity.

Compared to some other numerical tools, like for example the principal component analysis
(PCA), NMF presents some clear advantages. Probably the most important one is that NMF
components may usually be directly attributed to some vibrational modes of the sample
materials, whereas the PCA components are usually much more difficult to interpret. Indeed,
NMF prevents the negative components and scores from occurring, which avoids
contradicting physical reality. Then, the derived NMF components can be easily interpretable
[70]-[71]. Furthermore, the NMF technique presents numerous advantages compared to the
two other approaches described in this work: films recovery and use of the reflective mask
substrate. It is a non-destructive method that excels by its simplicity. A rapid Raman
characterization can be done without any sample preparation. Added to that, thanks to this
NMF methodology for Raman investigation, relevant avenues are opened. The most promising
one is the Raman investigation of interface phenomena, particularly the chemical diffusion,
that may occur between the glass substrate and thin films during thermal treatment [10]-[72].

Furthermore, NMF is an interesting tool for other studies like the influence of the substrate
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on the epitaxial structural change of ultra-thin crystalline films [73]. However, despite all these
advantages, NMF has some limits. Unfortunately, spectra film noise and its low signal can
hinder dramatically the stability of NMF in finding the correct film component. It can be
necessary to introduce complementary components to separate noise from film signal. In this
case, it is slightly more ambiguous to determine the exact physical variations of the peaks
(amplitude, position and width), as they can be spread through multiple components. This was
the case of the 100 nm thick silica film for which we have used 3 components to extract silica-

like spectra with some substrate parasitic contribution at high number wavelengths.

5.2. Structural understanding of the sputtered silica film

Thanks to the methodology described above, a reliable structural Raman fingerprint of the
recovered silica film is extracted, offering interesting perspectives to gain insights on the
structural organization of silica films. In Figure 12, we compare the Raman spectrum of the
sputtered silica film to the Raman spectrum of a high pure (99.59%) commercial bulk vitreous
silica glass (Quartzel®) having a density of 2.20 g cm™. Drastic differences are clearly observed
between these two silica materials prepared by different processes. This reveals that the
structure of the sputtered silica film strongly differs from that of a bulk v-SiO,.

As clearly shown in Figure 12, the most significant change concerns the Raman bands between
200-750 cm™. The R-band, associated to the bending motion of Si-O-Si bonds, becomes
narrower and shifts toward higher wavenumbers (475 +2 cm™) within the sputtered silica film.
The change in position and width of this band is directly connected to an evolution of the Si-
O-Si network angle (8) and its distribution [74][24] highlighting a transformation of the short
range order. The ‘defect’ lines D1, initially located at 490 + 1 cm™ merges with the R-band and
is hardly distinguishable. However, the most notable modification observed in the Raman
spectra is the large increase of the D2 line intensity with a slight shift towards higher
wavenumber (611 + 1 cm™) and an obvious line broadening. The D2 broadening and shift,
visualized in the insert in Figure 12, are hypothesized to be caused by the high constrained
three-membered rings [75]-[67]. The average residual stress in the films was assessed by
substrate curvature analyses. The curvature, determined by white light interferometer, puts
in evidence a compressive stress of -280 MPa in the film, that can explain the observed D2
shift and broadening. Being a signature of the specificities of the related stress tensor [68],

the increase of D2 amplitude highlights the effect of the shear stress that facilitates the
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formation of the small three-membered rings [67]-[68]-[69]. The impact of the shear
deformation on the Raman features was confirmed by the simulation of Raman spectra of
silica glass under plastic shear [69] and, more recently, from the experimental and simulation
works [68] comparing Raman features of densified silica glass obtained under fully and
partially hydrostatic process and having similar densification rates. Both studies point out that
the increase of the three-fold ring proportion at the expense of larger rings is favored by shear
stress, as opposed to hydrostatic compression.

The atomic structural organization revealed by the spectroscopic signatures of the sputtered
silica film are induced by two processes: 1) densification and 2) shear deformation that both
involve three-fold membered ring proportion increase and distortion. These observations
prove that the magnetron sputtering is not a purely hydrostatic process but yields shear
deformation, similar to the uniaxial micro-pillar compression [68] or to the femtosecond laser
irradiation [76].

All these observed modifications are similar to previous results attributed to a densification of
the silicate network due to various external constraints: high pressure [23] [24]-[67],
indentation deformation [77], irradiation [28]-[78] or glass thermal history [79]. Therefore, we
can conclude that the sputtered silica film is a dense material having a structural organization
significantly different to that of bulk v-SiO,. This densification implies an increase in the
number of small-membered-rings, in particular the threefold rings [67] and a decrease of the
Si-O-Si intertetrahedral bond angle 0. As it was stated earlier [24] the frequency of the R-band
is associated with the distribution of the intertetrahedral angle in the silica network. By
leveraging the model proposed by Sen and Thorpe (ST) [80], the average change in 6 can be
derived. The ST central force model connects SiO> vibration frequencies (w, cm™) to the bond
angle (8) and the Si-O force constant of the SiO, network [81]. Following this approach, the R-
band shift of 35+1cm? observed in the Raman spectrum of the as-deposited film
corresponds to a decrease of 8 down to 141° compared to 144° for v-SiO,. A small 8 value is
related to stressed networks, mostly in dense structures [82].

In addition to the Raman result, X-ray reflectivity measurements support the densification of
the sputtered silica film with a higher density of 2.35 g.cm™ than the one for bulk v-SiO>
(2.2 g cm3). This densification can be explained by high energy ions bombardment that yields
an increase of the film compactness [83][84]. The film densification outcome is consistent

with previous studies showing that CVD [85][86], IAD [87] and sputtering process [88] yield
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densified silica coatings. Therefore, our approach based on probing the microstructure by
spectroscopic tools reveals the densification features of silica films and offers interesting

perspectives to better characterize the layer structure.
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Figure 12: Comparison of the Raman spectra of the as-deposited silica coating to that of the bulk v-SiO,. The insert

presents the D2 band normalized to its intensity, to emphasize the shifting and broadening of the D2 band.

6. Conclusion:
The structural Raman properties of sputtered silica films have been investigated in the present
work using three approaches: (a) recovery of the silica film, (b) use of a low-cost substrate
mask by deposing a silver reflective coating (50 nm) on the glass substrate surface and, finally,
(c) a multivariate analysis tool based on NMF. Despite all the technical challenges due to the
small thickness of the amorphous films and its low cross-section, well-matched results of the
extracted Raman signals of the silica film have been obtained, proving the reliability of the
proposed techniques. Each of these methods presents different strengths and weaknesses for
the problems at hand. The recovery of a thin film requires an extensive sample preparation
with thick film deposition (1000 nm) but opens innovative perspectives for other
complementary structural studies, such as diffraction and NMR techniques. Using the Ag-
mirror coatings is highly promising for a rapid Raman characterization even for relatively thin

films, down to 100 nm thickness in the present case of silica films. However, it prevents
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studying the interface phenomena between thin films and glass substrate. In turn, NMF
presents many advantages and excels by its simplicity. Its fundamental strength is the rapid
characterization of a thin layer (= 200 nm) without any sample preparation. Furthermore, the
NMF findings can be extended toward relevant perspectives for the application of Raman
spectroscopy on other thin films. One of the perspective opened by this work is the
investigation of interface phenomena, particularly chemical diffusion, that may occur
between the glass substrate and thin films during thermal treatment. For these applications,
given the strengths and weaknesses of each approach, we would suggest a preference
towards Raman depth profiles combined with NMF for further extending Raman investigation.
Thanks to these developed approaches, interesting structural properties of the sputtered silica
film have been brought to light. Structural differences between v-SiO glass and sputtered
silica film have been emphasized. We showed that magnetron-sputtering deposition induces
a silica film densification with a large shear strain. The resulted sputtered silica film is dense
and reorganized in a more homogeneous network in terms of tetrahedral bond angle
distribution, due to the reorganization of SiO4 tetrahedra; similar to that previously observed
in silica glasses densified under pressure or irradiation. The atomic structural organization is
driven by two processes: densification and shear deformation. At the medium distance scale,
the network connectivity is expressed by a change in the ring statistics favoring the formation
of smaller ones, leading to a dense structure. By using Raman measurements and the ST
model, we also highlight the short-range transformation due to the decrease of the Si—O-Si

intertetrahedral angles which can be an important mechanism of the network compression.
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