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Abstract 
We compared the impact of alumina doping on the structure of Al2O3-SiO2 amorphous thin 
films and bulk glasses using Raman spectroscopy and X-ray diffraction. In both thin films and 
bulk glasses, the addition of Al2O3 is accompanied by an increase in the mean Si-O-T angle 
and an evolution of the ring statistics with a decrease in the proportion of small rings. We 
evidenced structural differences between sputtered films and fused bulk glasses. Sputtered 
Al2O3-SiO2 thin films are about 6-7% denser than their equivalent Al2O3-SiO2 bulk glasses. This 
difference is mainly due to a change in ring statistics with the formation of small rings within 
the sputtered thin films. These structural differences in atomic structural organization highlight 
the impact of the synthesis conditions and open the door to further investigation of the 
structure-functional property relationships in sputtered Al2O3-SiO2 thin films. 
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1 INTRODUCTION 
 

Non-crystalline (NC) materials can be prepared by a variety of processing routes that often 
leads to specific properties or structures.1,2 Usually, a highly viscous liquid is rapidly cooled 
down, allowing for the elaboration of bulk glasses. Alternatively, NC thin films can be prepared 
through various methods, including chemical and physical vapor deposition (CVD and PVD), 
chemical reactions such as atomic layer deposition (ALD) or sol-gel methods. Amorphous films 
are scientifically and technologically important materials, with widespread applications due to 
their electrical, optical, magnetic or passivating barrier properties.  

Among amorphous oxide thin films, SiO2 and Al2O3 have received much attention given 
their applications as dielectrics or diffusion barriers.3–7 When combined to form Al2O3-SiO2 
films, the properties change markedly up to 20 mol% Al2O3 while above this content there is a 
slow evolution towards those observed for the amorphous Al2O3 film.8,9 The incorporation of 
aluminum ions, even at a low content, is likely to induce changes in the physico-chemical 
properties of silica and these changes are closely related to the evolution of the glass matrix 
structure. Therefore, a strong relationship between amorphous properties, composition and 
structural organization is expected and needs a detailed understanding to foster the 
optimization of new functional materials. 

Though the SiO2 film structure is very similar to that of silica glass,7 subtle differences 
emerge from experimental studies. In both SiO2 NC materials, short-range order (SRO) is 
essentially identical and corresponds to SiO4 tetrahedra.6,10,11 Each oxygen atom provides a 
corner-sharing linkage between two tetrahedra, forming a continuous random network, as 
originally described by Zachariasen12 and further experimentally verified on 2D-films using 
atomically resolved Scanning Transmission Electron Microscope (STEM).13 The rotational 
angle 𝜃!"#$#!" between Si-O bonds connecting two tetrahedra is a primary indicator of disorder. 
Since a very small energy is required to vary the θ angle,14,15 there is a wide distribution of its 
value that yields the lack of long-range order (LRO) in both NC films and in silica. 

The main structural differences between SiO2 thin films and bulk silica concern the 
medium-range order (MRO) and the organization of the SiO4 tetrahedra, which can be 
described by considering the ring size distribution. The network contains rings of varying sizes, 
the size n being given by the number of Si atoms. Ring statistics have been mostly inferred by 
Molecular Dynamics (MD) simulations.16–21 For both films and bulk materials, about 80% of the 
ring distribution encompasses 5-, 6- and 7-fold membered rings, with a predominance of 6-
membered rings (30-50%). The remaining distribution concerns smaller rings (12-18%) and 
larger rings (less than 10%). Recently, the analysis of the First Sharp Diffraction Peak in 
neutron structure factors has revealed a similar distribution.22 STEM has also allowed a real 
space visualization of the 2D ring network in amorphous SiO2.13,23,24 Raman spectroscopy has 
been widely used to characterize the presence and proportion of small rings, i.e. four- (4-MR) 
and three-membered (3-MR) rings, as they give two sharp bands at 493 cm-1 (called D1) and 
at 602 cm-1 (called D2), respectively. Based on Raman analysis,25,26 as well as simulations,20 
an excess of small membered rings has been revealed in thin films. In particular, D2 band 
intensities in NC films are typical to those observed in densified silica,25,27,28 which is 
corroborated by higher density values in NC films compared to the bulk material.7,25 Therefore, 
the structure of SiO2 films differs from that of silica glass but is similar to that of densified silica. 
This densification affects the 𝜃!"#$#!" angle or the pair distances that can be determined in 
diffraction measurements (notably Si with O second neighbours, Si-O2nd).21, 23 Using the 
central-force model developed by Sen and Thorpe29 and applied to the vibrational spectra of 
glasses by Galeener,30 a relationship connects SiO2 vibrations to 𝜃!"#$#!" and the force 
constant for the Si-O bond, αSi-O. From Raman or infrared spectra,28, 31 a mean 𝜃!"#$#!" inter-
tetrahedral angle of 141° is found for NC SiO2 films compared to 144° for SiO2 glass,32, 33 
consistent with a dense network in thin films.25 Using grazing incidence X-ray diffraction (GI-
XRD),10 Si–O–Si bond angles were also determined for thermally grown SiO2 films, with 
variations from 146.34° to 148.68°, indicating dependence on the fabrication process. 

Contrary to SiO2 that can readily form a glass, Al2O3 is reluctant to be vitrified from the 
liquid state and a pure Al2O3 bulk glass cannot be obtained, even using very high quenching 
rates.34 Therefore, the structure of Al2O3 has only been investigated in thin films. The main 
structural point concerns the Al coordination environment, which was studied using 27Al NMR,5, 
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35, 36 EELS (Electron Energy Loss Spectroscopy),4 or X-ray diffraction.37 Four-fold ([4]Al) and 
five-fold ([5]Al) coordinated Al are dominant (95%), while six-fold coordinated species ([6]Al) are 
minor. The species distribution shows a pronounced similarity with predictions from MD 
simulations38, 39 or experimental observations by diffraction 40 for Al2O3 melts. The fraction of 
[5]Al depends on synthesis methods, with a higher fraction of [5]Al in ALD than in PVD,5, 41 and 
on the synthesis conditions, such as the deposition temperature or thickness.42, 43 Though not 
uncommon to aluminosilicate glasses,44–46 a high content of [5]Al and [6]Al is a major 
modification occurring in compressed glasses.47–49 Their presence in Al2O3 films could arise 
from internal compressive stresses.50 PDF analysis obtained from HE-XRD (High-Energy X-
ray diffraction) has provided dynamic structural features suggesting the formation of an Al2O3 
ALD coating surrounded by an O-rich surface layer.51 Edge-sharing linkages occur between Al 
polyhedra due to the presence of high coordinated Al species and triply coordinated O species, 
[3]O, whose proportion increases as the liquid is cooled down.35,38,39 The significant contribution 
of edge-sharing of polyhedra is considered to increase liquid fragility,39 thereby preventing the 
formation of a bulk Al2O3 glass.  

In aluminosilicates, considering the difference between the Al-O and Si-O bond lengths 
(dAl-O = 1.76 Å > dSi-O = 1.62 Å),52 the size of an AlO4 tetrahedron is larger than that of a SiO4 
tetrahedron. Therefore, the substitution of Si by Al changes the network organization. Al2O3-
SiO2 films have been relatively understudied compared to their glass counterparts,44 for which 
most of the structural studies involve compositions rich in alumina.53–61 Al coordination in films 
prepared by rf sputtering with 3.2 to 87.1 mol% Al2O3 was investigated by Al Ka X-ray 
emission,9 revealing that Al is primarily present in tetrahedral sites at low Al2O3 content (<1 
wt % Al2O3).59 As the Al2O3 content increases, the proportion of high coordinated Al sites 
increases. A similar trend is observed in Al2O3-SiO2 glasses through numerous experimental 
investigations.53–61 These studies have shown a majority of [4]Al at low Al2O3 content, and more 
[5]Al and [6]Al species with increasing Al concentration. In binary aluminosilicates, the presence 
of [4]Al species implies the formation of triclusters, OT (an O bonded to three (Si,Al)O4 
tetrahedra), to ensure the charge compensation of (AlO4)- units. However, these triclusters are 
overconnected species and yield an energetically unstable tetrahedral network. This explains 
that formation of high coordinated Al species will rapidly be predominant as Al2O3 content 
increases.59 The aluminosilicate network contains Si-O-[4,5]Al, Si-O-Si and Al-O-Al linkages with 
the absence of non-bridging oxygens. The addition of Al2O3 also changes the distribution of 
rings with small rings disappearing rapidly.52,60 

The structure of binary aluminosilicate films is complex and remains poorly understood. 
In this paper, our study focuses on the impact of alumina doping on the evolution of the 
structure of thin films in comparison to that of bulk Al2O3-SiO2 glasses. Emphasis will be placed 
on determining the atomic scale structure for both SRO and MRO using Raman spectroscopy 
and X-ray diffraction. These techniques make it possible to obtain structural information such 
as bond distance, bond angle and ring distribution, showcasing the dependence of these key 
parameters on composition or synthesis methods.  
 
2 SAMPLE PREPARATION 
 
2.1 Silica-based films 
Pure and alumina-doped silica films were deposited by cathodic magnetron-sputtering at room 
temperature in reactive mode (0.2 Pa in Ar/O2 plasma), as described previously.25 The 
experimental parameters used for the deposition of the different films are summarized in 
Table 1. Before starting the process, the residual pressure of the deposition chamber was 10-

5 Pa. A planar metallic target of silicon, undoped and doped with different Al contents, was pre-
sputtered during 15 min to remove surface contamination and then deposition operates in 
pulsed direct current at a frequency of 100 kHz and 4.0 µsec off time. Substrates were scrolled 
under the Si:Al targets at a deposition rate of 0.045 m.min-1 and at a power of 3000 W.  

Silica-based layers of 150 nm and 600 nm were deposited on the atmospheric side of 
commercial soda-lime silicate glass (Planiclear®) for density and composition measurements. 
Additionally, layers of the same thicknesses were deposited on a glass substrate pre-coated 
with a stack of thin layers comprising the following sequence: SiO2:Al(20 nm)/NiCr(2 nm)/Ag 
(50nm)/ZnO:Al(4nm). This thin layer stack is optimized to avoid silver oxidation during the 
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deposition step and thus to enhance its optical performances. Specifically, this stack is used 
as a “reflective mask substrate” that hides the glass substrate contribution in the Raman signal 
during thin layer acquisition. Table S1 presents the experimental parameters used for the 
deposition of the different films to prepare the “reflective mask substrate”. Further details on 
the preparation of the “reflective mask substrate” and its efficiency for Raman analysis of thin 
films can be found in a previous paper.25 

Table 2 provides the compositions of these sputtered films determined by ToF-SIMS. 
The name for each thin film is composed of the chemical symbol of aluminum and the mole 
content of Al2O3 (mol%) followed by “film” to refer to the thin film. 
 

TABLE 1 Parameters used in direct current magnetron sputtering of Al2O3-SiO2 thin films. 
Target Si Si:Al 95:5 (mol%) Si:Al 81:19 (mol%) 
Thickness (nm) 150-600 150-600 150-600 
Power (W) 3000 3000 3000 
Pressure (Pa) 0.2 0.2 0.2 
Ar flow (sccm) 20 20 20 
O2 flow (sccm) 24 24-34 24 

 
2.2 Recovered silica-based films 
With the aim of investigating the thin film structure by X-ray diffraction and avoiding any 
interference from the substrate signal, a film recovering method was developed to isolate the 
sputtered silica layer. For this purpose, the “reflective mask substrate”, including a 50 nm thick 
silver layer, was used to host the silica films (600 nm). The sacrificial metallic Ag layer was 
dissolved by immersion in 6M reagent nitric acid, allowing the silica films to be floated off the 
solution. The details of the recovering process, ensuring no alteration of the film structure, were 
previously explained.25 

 
2.3 Silica-based bulk glasses 
Four Al2O3-SiO2 bulk glasses were synthesized from Saint-Gobain by melting the mixture of 
oxide powders of industrial quality and quenching from high temperature above the melting 
temperature, giving homogeneous glasses, in the form of bars (5mm in diameter and several 
centimeters height), to be used as references. Samples were not annealed after quenching. 
Table 2 presents the compositions of these glasses determined by an electron probe 
microanalyzer (EPMA). Note that, contrary to cathodic magnetron-sputtering, it was not 
possible to obtain Al2O3-SiO2 bulk glasses with high alumina content using the present fusion 
process, though contactless methods might allow synthesis up to 67 mol% Al2O3.60 The glass 
name is composed of the chemical symbol of aluminum and the mole content of Al2O3 (mol%) 
followed by “bulk”. 
 

TABLE 2 Compositions of Al2O3-SiO2 binary thin films determined by ToF-SIMS and their densities 
determined by X-ray Reflectometry. Al2O3-SiO2 bulk glass compositions determined by EPMA and 

measured densities. The molar composition error in Al2O3 is 0.4 mol% for the bulk glasses, as 
estimated from the standard deviation of 10 points for each sample. 

Composition 
 

Al2O3 Density (g cm-3) 
%mol %weight 

Al-0film 0 0 2.35 ± 0.01 
Al-3film 3 5 2.38 ± 0.01 
Al-19film 18.6 28 2.50 ± 0.01 
Al-0bulk 0 0 2.218 ± 0.005 
Al-1bulk 1.18 2 2.243 ± 0.005 
Al-2bulk 2.4 4 2.250 ± 0.005 
Al-5bulk 4.87 8 2.276 ± 0.005 

 
3 EXPERIMENTAL METHODS 

 
3.1. In-depth composition 
The compositions of the sputtered silica-based films (150 nm) on the glass substrate were 
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determined by ToF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry) depth profiling 
carried out using a TOF.SIMS 5 instrument (IONTOF, GmbH, Munster, Germany). A 25 keV 
pulsed Bi+ ion beam, generated by a liquid metal ion gun, was used as the analysis beam, 
scanning a probed area of 100x100 µm2, located in the center of the sputter crater (raster size 
= 400 x 400 µm2). Sample erosion was performed by 20 keV oxygen cluster (O2)n (n~1500, 
nominal size) generated by a Gas Cluster Source. The use of such sputter ions, combined with 
that of an electron flood gun, reduces surface charging effects that could induce alkali ions 
migration during the analysis. The depth profiles were acquired using the non-interlaced mode. 
The erosion rate was determined from the crater depth measurement (using a stylus 
profilometer), assuming a constant sputtering rate for the entire layer thickness. The elemental 
composition of the layer (Al, Si) was deduced from the intensity of corresponding secondary 
ions collected (Al+, Si+) and the calibration of these signals using standard samples. 

Quantitative elemental analysis of the bulk glasses was performed by Electron Probe 
Micro Analysis (EPMA) using a Cameca SX100 (Ametek-Cameca, France) located at the 
CAMPARIS facility (Sorbonne Université, Paris, France), equipped with four wavelength-
dispersive spectrometers. The measurements were performed with an electron beam at an 
accelerating potential of 15 kV and a beam current of 10 nA. The analysis was carried out at 
10 different points on samples embedded in resin, then polished and recovered by a carbon 
coating. The compositions for the thin films and bulk glasses are reported in Table 2. 

 
3.2. Thickness and density 
Films thicknesses (150-600 nm) were measured with surface profilometry (Dektak XT, Bruker). 
An edge is created by partially masking the clean glass substrate before deposition and the 
mask is then removed with a cotton swab dipped in ethanol. In order to determine the effect of 
alumina doping on the density of silica films, we analyzed thin films (150 nm) with varying Al2O3 
contents using the X-ray reflectometry (XRR) technique using a PANalytical Empyrean 
diffractometer (Amelo, Netherlands) with Cu Ka radiation. Figure S1 shows the X-ray 
reflectivity curves and Figure S2 shows the simulations allowing the determination of the 
densities, thicknesses and roughnesses that are summarized in Table 2 and Table S2.  

The density of the different SiO2-Al2O3 bulk samples was determined by the 
Archimedes flotation method using toluene as the immersion liquid. The densities for the thin 
films and bulk glasses are reported in Table 2. 

 
3.3. X-ray diffraction 
The X-ray diffraction (XRD) measurements were performed on a XCalibur S diffractometer 
(Agilent Technologies, USA) on powder samples filled in a kapton capillary with a diameter of 
1.5 mm.63 The 4-circle diffractometer is equipped with Mo Kα1 radiation (λKα1 = 0.709319 Å), 
operating at 50 kV and 40 mA, and data are collected with an Eos CDD detector. While the 
capillary was rotating on the phi axis, 2D images were recorded with increments of 2° (2θ), 
over the Q-range 0.3–15.9 Å-1 (where the magnitude of the scattering vector, Q, is defined by 
Q = 4πsinθ/λ with 2θ the scattering angle and λ the radiation wavelength). After subtracting 
the signal from the empty kapton capillary, the total structure factors, S(Q), were extracted 
using the PDFgetX3 code.64 The Pair Distribution Function, PDF(r), was obtained after Fourier 
transform of the structure factor within the interval 0.8-15 Å-1 using a Lorch function. This 
analysis was carried out on both the crushed Al2O3-SiO2 bulk glasses and the Al2O3-SiO2 
recovered films.   

 
3.4. Raman spectroscopy 
Raman spectroscopy was performed in back-scattering geometry with a Renishaw® InVia™ 
Qontor® spectrometer having a solid-state green laser (532 nm) operating at an initial power 
of 50 mW. Spectra were recorded using a CCD detector (Peltier cooled charge-coupled 
device) in confocal configuration with a ×100 objective and grating with 2400 lines per mm, 
offering a spectral resolution of 1.2 cm-1. An analyzed volume of ~1 µm3 was determined from 
the instrument configuration. Spectra were acquired within a range of 100 to 1350 cm-1. The 
lower Raman shift cannot be reached with the filter used in this set-up configuration. The signal 
was corrected by removing cosmic rays using the Nearest Neighbor algorithm and subtracting 
a baseline correction (more details on this correction can be found in the Supplementary 
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materials and Figure S3). To exclusively record the characteristic Raman spectrum of the silica 
film and eliminate the glass substrate signal, the analyses were carried out on the films 
deposited on the “reflective mask substrate”.25 To confirm the spectral homogeneity of the 
samples, Raman mapping scans were performed, and averaged spectra were retained. For a 
consistent Raman collection volume, an autofocus device (LiveTrack) was used to 
continuously adjust the height of the motorized microscope stage to maintain perfect focus 
during scanning.   

 
4 RESULTS 

 
4.1. Density evolution 
Figure 1 summarizes the evolution of the density as a function of alumina content for the thin 
films and the bulk glasses. The graph also includes additional values obtained from the 
literature corresponding to Al2O3-rich silica glasses.52,63 We observe a linear increase in density 
with the concentration of Al2O3 for both glasses and thin films, consistent with findings from 
previous studies on Al2O3-SiO2 glasses with higher Al2O3 contents.51,52,63,64 A recent study 
reports slightly lower density values for binary glasses with Al2O3 contents ranging from 0 to 
7 mol% but these differences could result from different sample preparation as sintering at high 
temperature was used for their synthesis.62 In addition, for equivalent concentrations of Al2O3, 
thin film layers are always denser than bulk glasses. This is explained by the characteristic 
densification effect under deposition condition using cathodic magnetron-sputtering.25 
Considering the density points of the binary glasses from the literature, presented in green in 
Figure 1, the degree of densification of the thin film layers remains constant compared to the 
equivalent bulk glasses, at least up to 19 mol% Al2O3. This observation indicates that the 
impact of Al2O3 on densification is similar in both thin films and bulk glasses. 
 

    
FIGURE 1 Evolution of the density for the thin film layers (red) and the bulk glasses (blue) as a 

function of Al2O3 content. The green symbols are previously reported values,53, 54, 65, 66 
showing the linearity in the density evolution up to high Al2O3 contents. The data (pink 
circles) from Ando et al.62 are lower which could result from different synthesis conditions. 
Lines are guide for the eyes. 

 
4.2. Raman spectroscopy 
In Figure 2, the Raman spectra of thin film samples are compared with those of bulk glasses 
containing varying alumina contents. Due to the high concentration of SiO2, the Raman spectra 
of the SiO2-Al2O3 bulk samples are similar to pure silica (Al-0bulk, red curve in Figure 2a), except 
in the 1000-1200 cm-1 range. 
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FIGURE 2 Raman spectra for (a) bulk glasses and (b) amorphous thin films containing different 
Al2O3 contents. In insert, zoom on the D2 bands to emphasize the variation in intensity. 

 
At a low frequency ~475 ± 2 cm-1, the position of the main band (MB) is dominated by 

bending vibrations of Si-O-Si bonds in large n-membered rings (n ≥ 5) in silica.67 This position 
remains nearly unchanged for the bulk glasses with low Al2O3 content. However, there is a 
slight broadening that reflects an increase in the distribution of T-O-T angles (T = Si or Al). The 
MB in thin films is characterized by a more marked evolution with the addition of Al2O3. As 
shown in Figure 3, the position of the maximum of this band, wMB, shifts towards lower 
frequencies. Initially localized at 490 cm-1 in the pure silica layer (Al-0film), the MB position is 
shifted down to 480 cm-1 for 3 mol% Al2O3 content, and down to 470 cm-1 for 18.6 mol% Al2O3 
content. This evolution reflects an increase in the mean inter-tetrahedral angle. We also notice 
a large broadening of the MB for the layer containing the highest content of Al2O3 (Al-19film). 
This broadening reflects a significant distribution of T-O-T angles that could be due to the 
formation of large rings and a large distribution of highly coordinated Al species. 

 

 
FIGURE 3 Evolution of the position of the main band, wMB, for the SiO2-Al2O3 thin layers as a 
function of Al2O3 concentration. Lines are guide for the eye. 

 
The bands D1 and D2 at 493 cm-1 and 602 cm-1 (inserts in Figure 2) are assigned to 

the breathing modes of four-membered (4-MR) and three-membered (3-MR) rings, 
respectively. These bands are more intense in the silica films than in the bulk glasses due to 
the increasing contribution of small rings and constraints in the dense sputtered films.25 
Compared with the intensities observed on pure silica glass, the intensities of the D1 and D2 
bands decrease in the presence of Al2O3 for the bulk glasses and films. This reflects a 
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decrease in the proportion of small size rings with the addition of Al2O3, an observation 
consistent with previous studies on bulk glasses.52,60  

The asymmetric band near 800 cm-1 results from the Si-O-Si bond stretching mode.68 
Its intensity slightly decreases and its position moves towards lower wavenumbers when 
adding Al2O3. This evolution may be associated with a decrease in Si-BO (Si-Bridging Oxygen) 
bond lengths.69 

We also notice the appearance of a high frequency broad band (~1100 cm-1) at high 
Al2O3 contents. This contribution is attributed to the symmetrical stretching vibration of a SiO4 
tetrahedron connected by vertices to three SiO4 tetrahedra and one AlO4 tetrahedron.70 This 
presence indicates the incorporation of Al2O3 into the silicate network, forming interconnected 
Si-O-Al bonds at the expense of Si-O-Si ones.  

For a more quantitative analysis of the Raman data, a fit of the spectra was carried out 
for all spectra in the spectral range 150-700 cm-1, using pseudo-Voigt functions. The profile of 
this mathematical function includes four parameters: intensity, position, width at half maximum 
and Gaussian/Lorentzian ratio. Further details on the fitting procedure are available in the 
Supplementary Material. In the studied Raman range, a wide range of bending, rocking modes 
and their combinations are active. In previous investigations,71 six functions have often been 
proposed for a decomposition of the MB. We consider that there is a systematic shift with ring 
size also for the alumina doped glasses and films and that the concentration for a given 
structure responsible for a Raman band is proportional to its area. Thus, by calculating the 
area of each contribution, we can estimate the proportion of the 4-MR and 3-MR constituting 
the structure. The proportion of the different contributions is then estimated by dividing the 
respective area by the total spectrum area between 200 and 700 cm-1.  

Figure 4 shows the fitting results of the Raman spectra measured on thin films with 
different Al2O3 contents, while the fit for the bulk glasses is presented in Figure S4. From the 
normalized area of each contribution, the evolution of the 4-MR (D1) and 3-MR (D2) 
proportions, as well as the MB structures impacted by the Al2O3 content, is presented in 
Figure 5a. The decrease in the D1 and D2 bands indicates that the number of small size rings 
decreases with the addition of Al2O3. Simultaneously, the contributions describing the main 
bands increase and these bands are associated with large size n-membered rings (n ≥ 5).65,70 
This trend (Figure 5b) is also observed for Al2O3-SiO2 bulk glasses. These results are 
consistent with a previous study on binary glasses with a low Al2O3 content.73 

 

 
FIGURE 4 Fit of the Raman spectra for amorphous thin layers containing different Al2O3 
contents. 
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FIGURE 5 Evolution of the 4-MR and 3-MR proportions and the two main contributions (MB1 and 
MB2) for the band centered at ~490 cm-1 according to the Al2O3 concentration, resulting from the 
fitting results of the Raman spectra. (a) Thin films. (b) Bulk glasses. The 6-MR corresponds to the 
y-axis on the right. 
 
4.3. Pair distribution functions 
Binary Al2O3-SiO2 bulk glasses are considered as references for interpreting the structural 
changes observed in thin films. The structure factors S(Q) for the four bulk glasses are plotted 
in Figure 6a. A similar S(Q) is observed for all the compositions, with a slight increase in the 
intensity of the first sharp diffraction peak (FSDP) with the addition of Al2O3, as shown in the 
insert in Figure 6a. This evolution is more pronounced in the richest Al2O3 sample (Al-5bulk).  

 

 
FIGURE 6 (a) Structure factors S(Q) of bulk glasses containing different Al2O3 content. The 
curves are drawn with an offset for better readability. In insert, the FSDP are represented to 
highlight the slight variation in intensity. (b) Structure factors S(Q) of thin film layers with 
different Al2O3 content. The curves are drawn with an offset for better readability. 

 
Figure 7a shows the pair distribution functions (PDF) for the binary Al2O3-SiO2 glasses 

obtained by Fourier transform of the S(Q) functions shown in Figure 6a. The lack of oscillations 
above 11 Å indicates the absence of long-range order, consistent with the amorphous nature 
of these materials. Six different pair contributions can be identified up to 6 Å, including T-O, O-
O, T-T, T-O2nd (O2nd = O second neighbors), O-O2nd and T-T2nd (T2nd = T second neighbors), 
based on literature.51,52 Due to the low alumina concentrations, it is difficult to determine a clear 
evolution of interatomic distances. Indeed, the Si-O and Al-O distances are too close to be 
separated, so that a single peak, containing the two contributions, is observed. It has been 
previously shown that the first peak is shifted to higher r values with the addition of Al2O3.50,72,73 
The richest alumina glass (Al-5bulk) is distinguished by a slight shift of the T-O peak, increasing 
from 1.61 Å to 1.62 Å (Figure S5a). This increase in the average T-O distance is due to a 
higher contribution of Al-O bonds, experimentally determined at ~1.76 Å in an AlO4 
tetrahedron, a greater distance than Si-O bonds at 1.62 Å in a SiO4 tetrahedron.52 The PDFs 
show a third peak that shifts from 3.08 Å in pure silica (Al-0bulk) to 3.09 Å for Al-5bulk 
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(Figure S5b). This distance corresponds to the T-T pairs, representing Si-Si, Si-Al and Al-Al. 
   

 
FIGURE 7 (a) PDF of SiO2-Al2O3 bulk glasses containing different Al2O3 content. Curves are 
shifted with an offset for better readability. (b) Difference PDFs obtained by subtracting the data 
of Al-0bulk from each data of alumina-bearing glasses (Al-1bulk, Al-2 bulk, Al-5 bulk). (c) PDF of 
SiO2-Al2O3 thin layers with different Al2O3 contents. (d) Difference PDFs by subtracting Al-0film 
data from each of the alumina-bearing thin films data (Al-3film and Al-19film). 
 

To better understand the influence of low alumina contents and to probe the subtle 
evolution of interatomic distances, difference PDFs were obtained by subtracting data from 
pure silica (Al-0bulk) from each dataset of the alumina-bearing glasses (Figure 7b). The positive 
contributions reflect those related to the addition of Al2O3. The first positive peak assigned to 
the Al-O pair is observed at a position varying between 1.78(1) - 1.80(1) Å. The intensity of this 
peak increases with Al2O3 content, reflecting an increase in the number of Al-O bonds. This 
peak shifts towards higher r values with the Al2O3 content, suggesting an increase in the Al-O 
distance. This evolution implies the potential presence of few highly coordinated Al species in 
five-fold ([5]Al) and/or six-fold ([6]Al) coordination. These species would have higher Al-O 
distances compared to those in AlO4 tetrahedra ([4]Al),53,54,57 based on ionic size, where [4]Al-O 
= 1.74 Å, [5]Al-O = 1.83 Å, and [6]Al-O = 1.88 Å.76 The minority presence of [5,6]Al in the sample 
with high Al2O3 content (Al-5bulk) is further confirmed by a 27Al NMR analysis that will be 
presented in a forthcoming paper. 

A negative peak between 2.64-2.78 Å is attributed to the O-O bonds. This negative 
contribution is related to the decrease in the height of the O-O peak, which may result from the 
broadening of the O-O distance distribution due to the mixing of the Si-O and Al-O bonds. In 
addition, a positive peak is observed between 3.18-3.25 Å, with an intensity increase as Al2O3 
is added The position of this peak shifts to higher r values with increasing Al2O3 content, 
reflecting the contribution of Al-Si (3-3.1 Å) and Al-Al (3.25 Å) pairs.77 Finally, it is also possible 
to separate the Al-O2nd contribution at 4.39-4.46 Å from the fourth positive peak. 

Figure 6b shows the structure factors for thin layers with different Al2O3 contents. The 
signal is similar for the different samples. However, we note the presence of Bragg peaks at 
1.88, 3.44, 4.08 and 4.6 Å-1 in the alumina-rich layer (Al-19film). These peaks indicate the 
presence of Al2O3 crystals (ICSD 60419 (PDF 77-2135)). Conversely, a GI-XRD analysis on 
Al-19film layer deposited directly on a glass substrate indicates the absence of any 
crystallization (Figure S6). This suggests that the layer (Al-19film) may have evolved under the 
high energy X-ray incident beam during the extended measurement time required for PDF 
acquisition (6 h). A similar effect was observed previously for a binary glass with higher Al2O3 
content (67 mol%).60 

Figure 7c shows the PDFs for the three thin layers with different Al2O3 contents. Unlike 
the PDFs of the pure silica layer (Al-0film) and of the weakly Al2O3-doped layer (Al-3film), which 
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both presents weak oscillations at high r values, the PDF of the richest alumina layer (Al-19film) 
shows oscillations even at long distances, indicating a high level of ordering at medium range 
distance for this layer. This effect can be explained by the crystallization revealed by the 
presence of Bragg peaks in the structure factor. 

Similar to bulk glasses, the PDFs for the thin films include six pairs up to 6 Å: T-O, O-
O, T-T, T-O2nd, O-O2nd and T-T2nd. With the addition of Al2O3, the first peak, initially at 1.615(5) 
Å in Al-0film, shifts to 1.620(5) Å in Al-3film and 1.658(5) Å in Al-19film (Figure S7a). This change 
is explained by the increase in the contribution of Al-O bonds, which are longer than Si-O ones. 
The T-O distances within the layers are in good agreement with the values estimated from the 
correlation relationship between T-O mean distances and the Al2O3/SiO2 ratio proposed by 
Zotov et al.,75 using the following equation (with Al2O3/SiO2 the weight percent ratio): 
                                                      r(T-O) = 1.616 + 0.0716  %&!$"		

!"$!
                          2  

In addition, an increase in the T-T distance occurs with the addition of Al2O3 
(Figure S7b). Initially at 3.06(1) Å in Al-0film, the T-T distance shifts to 3.07(1) Å and 3.11(1) Å 
in the Al-3film and Al-19film layers, respectively. This is explained by the contribution of the Al-Al 
and/or Si-Al bonds that have a greater length than the Si-Si ones. The Al-19film layer is also 
characterized by an increase in the intensity of the third peak, confirming high medium range 
order. 

Figure 7d shows the difference PDFs, obtained by subtracting data of the pure silica 
layer (Al-0film) from each dataset measured on alumina-bearing layers (Al-3film and Al-19film). 
Positive peaks at 1.83(1), 3.21(1) and 4.36(2) Å can be assigned to Al-O, Al-Al and/or Si-Al 
and Al-O2nd contributions, respectively. Table 3 summarizes the main mean distances and 
the assignments of pairs associated with these distances. From the T-O and T-T distances, 
the evolution of the mean T-O-T angle can be estimated. Initially equal to 143.5° in Al-0film, the 
T-O-T angle increases slightly and reaches a value of 143.64° and 143.96° in Al-3film and Al-
19film, respectively. The same trend was observed in Raman spectroscopy. Moreover, the 
mean angle values found from the interatomic distances determined by PDF differ from those 
estimated by the ST model, which takes into account the position of the MB of the Raman 
spectra. This difference is explained because the ST model applied to Raman spectra 
considers only the average angle in the large rings (>5) characteristic of the MB, while the T-
T distance is averaged over all rings. 
 

TABLE 3 Peak distances (Å) and assignments observed in PDFs of thin layers of silica with 
different alumina contents and in differential PDFs. 

 
 T-O T-T T-O2nd O-O2nd T-T2nd 
Al-0film  1.610(5) 3.082(5) 4.07(1) 5.00(5) 6.21(5) 
Al-3film 1.620(5) 3.07(1) 4.10(1) 4.95(5) 6.50(5) 
Al-19film 1.659(5) 3.11(1) 4.16(1) 4.97(5) 6.47(5) 
Al-0bulk 1.616(5) 3.06(1) 4.10(1) 5.05(5) 6.42(5) 
Al-1bulk 1.615(5) 3.084(5) 4.07(1)  5.00(5)  6.23(5) 
Al-2bulk  1.615(5) 3.087(5) 4.08(1) 5.00(5) 6.22(5) 
Al-5bulk 1.620(5) 3.087(5) 4.07(1)  5.02(5) 6.28(5) 
 Al-O Al-T Al-O2nd   
diff 1.80 3.23 4.37   

 
5 DISCUSSION 
 
The comparative study between NC samples prepared as thin films or bulk makes it possible 
to determine a structural impact of Al and to highlight some significant structural differences, 
especially at MRO, associated with different processing conditions.  
 
5.1. Influence of Al2O3 addition 
The Raman analysis indicates that the influence of Al2O3 addition on the network structure of 
the thin layers follows the same trend observed for Al2O3-SiO2 bulk glasses. However, the 
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extent of structural changes depends on the concentration of Al. Aluminum atoms are 
incorporated into the silicate network by the formation of Si-O-Al bonds, which mainly impact 
the ring statistics. Since small rings are energetically unstable, they tend to disappear with the 
addition of Al2O3, especially considering that replacing SiO4 units by AlO4 ones in rings with 
low diameter induces even more constraints. For NC films and bulk glasses, the decrease in 
intensity of the D2 and D1 bands proves that addition of Al2O3 and the decrease of the SiO2 
content preferentially impact small size rings, allowing the formation of larger ones. A similar 
effect was previously observed with the addition of germanium oxide to silica.78 This evolution 
explains that the MB is broadened and shifted towards lower frequencies, as a result of the 
symmetrical bond stretching vibrations of the Si-O bonds constituting the large rings. In 
parallel, the average T-T distances increase, as expected in large rings.  

An increase in the density with the addition of Al2O3 is observed (Figure 1). Several 
reasons could explain this behavior. Three-fold coordinated Al have been determined in MD 
simulations and these species could favor locally dense structures.55 However, these low-
coordinated Al species have not been observed using 27Al NMR though they were detected by 
Electron Paramagnetic Resonance (EPR) at very low Al2O3 content (< 50ppm).77,78 Another 
explanation is the formation of high coordinated Al species, associated with the formation of 
triply bonded oxygen atoms and edge- and face-sharing linkages between AlOn polyhedral. All 
these structural features favor more compact structures. Similarly, the density of Al2O3, 
composed of AlO6 octahedra, is higher than that of SiO2, composed of SiO4 tetrahedra.81 
 
5.2. Structural differences between thin films and bulk glasses 
SiO2 films contain significant higher fractions of small rings compared to bulk glasses. Thin 
films appear more disordered, as their PDF functions show less pronounced oscillations at 
high r values (above r > 5 Å) compared to those for bulk glasses. The lower T-T pair distances 
in films compared to glasses are also consistent with smaller rings, as such rings will bridge 
closer the SiO4 and AlOn units and reduce the 𝜃(#$#( angle. Small rings are considered as 
topologically over-constrained and unstable,82 and they correspond to small inter-tetrahedral 
T-O-T angles. 

The large fractions of small rings at low Al2O3 concentrations suggest a locally dense, 
more efficient packing arrangement of TO4 units in thin films compared to glasses, consistent 
with density and packing values (Figure 1 and Figure S8). A more compact structural 
organization was already observed for pure SiO2 thin films compared to silica glass.7,25,26,28 
According to simulations, NC films result in high potential energy and high packing efficiency.20 

The synthesis of bulk glasses at high temperatures allows for more relaxation of the 
structure and limits the formation of small rings. On the contrary, the vapor deposition 
conditions (fast rate, high energy ions bombardment) do not permit the system to explore a 
large configurational space and prevent the relaxation of the structure towards more stable 
configurations. As a result, NC films retain a large number of small rings in their structure.  

PDF analyses indicate that the SRO is essentially identical between NC films and bulk 
glasses, as this organization range is governed by the strong Si-O and Al-O bond strengths. 
Small changes in Al coordination number will be hardly detectable at such low Al contents, 
contrary to NMR analysis. On the contrary, MRO captures significant differences with different 
synthesis conditions, as it is related to weaker and longer-range forces. Small variations in 
𝜃(#$#( angles require few changes in energy,14 that can impact MRO. Characterizing the MRO 
in disordered materials is then an important source of structural information, raising the 
possibility for a comprehensive understanding of structure-property relationships. 

 
5.3. Origin for the dense structure in thin films 
The densification and atomic structural organization within the silica thin films can be attributed 
to the high-energy ion bombardment during deposition, leading to an increase in film 
compactness. During the plasma process, energetic ions from the plasma collide with the film 
surface, inducing a physical bombardment of the backbone bonds.  

The high-energy ion bombardment gives rise to the "atomic peening" process.81,82 This 
conceptual model reflects the notion that, as the film grows, the bombardment by energetic 
particles involved in the spraying process forces some atoms to be incorporated into the 
material with an atomic density higher compared to the one obtained when quenching a liquid 
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to form a glass (Figure 8).  
 

 
FIGURE 8 Schematic representation (adapted from Debelle)85 of the «atomic peening» model where 
the growing film is bombarded by energetic particles (sputtered and backscattered atoms) during the 
sputtering process, which causes dilatation at the microscopic scale. 

 
Previous studies have explored the occurrence of shear strain during compression, 

influencing silica densification.86–90 Recent MD simulations and Raman spectroscopy studies 
have detailed how shear strain facilitates silica densification, promoting the formation of small 
rings at the expense of larger ones.89,90 In the present work, the impact of ion bombardment 
energy on the proportion of small rings in the silica film is highlighted by the evolution of Raman 
features with increasing process pressure (Figure 9). As pressure deposition increases, the 
impinging ions energy decreases, resulting in a reduced peening effect on the depositing film 
by accelerated ions.93 Figure 9 exhibits a pronounced evolution of the D2 band, assigned to 3-
MR. A continuous decrease in the intensity of this band accompanies the increase in deposition 
pressure, indicating a reduction in the proportion of 3-MR. This behavior can be explained by 
gas scattering effects and the suppression of atomic peening. The increased pressure leads 
to more collisions in the gas phase in the path from the target to the substrate, increasing the 
angular distribution and reducing the kinetic energy of sputtered particles.94  

 

 

Figure	9	Raman	spectra	of	thin	silica	films	deposited	at	different	process	pressures	on	a	glass	
substrate.	

 
Hence, the significant increase in the proportion of small 3-MR observed in the thin 

layers in the present study is primarily attributed to the ion energy bombardment during film 
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deposition. This deposition condition constrains the system, limiting its exploration of a vast 
configurational space and impeding the relaxation of the structure toward more stable 
configurations. Consequently, NC films retain a considerable number of small rings in their 
structure. In contrast, the synthesis of bulk glasses at high temperatures allows for greater 
structural relaxation, thereby inhibiting the formation of small rings. 

 
6 CONCLUSIONS 

 
The structure of Al2O3-SiO2 thin films synthesized by the magnetron sputtering deposition was 
investigated using X-ray diffraction and Raman spectroscopy, in comparison to that of bulk 
Al2O3-SiO2 glasses. The impact of the synthesis conditions and the addition of Al2O3 on the 
atomic structural evolutions of the silicate network were investigated. 

Structural differences between sputtered films and fused bulk glasses have been 
highlighted. We showed that the sputtered Al2O3-SiO2 thin films are about 6-7% denser than 
their equivalent Al2O3-SiO2 bulk glasses. This was mainly explained by significant differences 
in the organization of the tetrahedral units TO4 at MRO. At this structural scale, the network 
connectivity is expressed by a change in ring statistics favoring the formation of small rings 
within the sputtered thin films, leading to a denser structure and more efficient packing 
arrangement of TO4. We also observed a difference within the SRO due to smaller Si–O–T 
inter-tetrahedral angles characterizing the network of thin films. These structural differences 
highlight the impact of the synthesis process. Contrary to the melt-quenched bulk glasses, the 
high energy ions and the fast rate of thin films deposition prevent the relaxation of their 
structure and favor the formation of constrained small rings. Comparing the thin film structures 
with those of bulk glasses, it appears that the structure of the sputtered layers is more 
disordered.  

The impact of alumina doping on the evolution of the structure of thin films in 
comparison to that of bulk glasses has been brought to light. We have shown that the influence 
of Al2O3 addition on the silicate network of thin films follows the same trend as observed in bulk 
glasses. Specifically, aluminum atoms are incorporated into the silicate network through the 
formation of Si-O-Al bonds. The addition of Al2O3 is accompanied by an increase in the mean 
T-O-T angle and its distribution, which reflects an evolution of the SRO. Furthermore, Al2O3 
doping mainly impacts the MRO, especially in the evolution of ring statistics. The addition of 
alumina results preferentially in a decreasing proportion of small rings. In parallel, the averaged 
T-T distances increase and the extent of these structural evolutions depends on the Al2O3 
concentration. This work opens the door to the study of the structure-functional property 
relationships in sputtered Al2O3-SiO2 thin films. 
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v Experimental parameters of the deposition of the different films to prepare the 

“reflective mask substrate” 

TABLE S1 Parameters used in direct current (DC) magnetron sputtering of SiO2, Ag, NiCr and 
AZO. 

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 
 O2  flow (sccm) 24 0 0 0 

 
v Determination of the density of thin layers by X-ray reflectivity measurements 

 
FIGURE S1 Reflectivity spectra obtained on SiO2-Al2O3 thin layers (150 nm) with different Al2O3 
contents and deposited on a glass substrate. The insert emphasizes the shift of the critical 
angle θc as a function of the alumina content. 

 
Figure S1 shows the X-ray reflectivity curves. The insert in figure S1 shows the plateau 

region limited by the critical angle θc of total reflection. This angle is related to the electronic 
density of the material. The shift of θc towards high angle values reflects an increase in the 
electronic density of the thin film layer as the Al2O3 content increases. In order to determine 
the density, an analysis of the spectra was carried out using the simulation software «X'Pert 
Reflectivity». The simulated spectra are shown in Figure S2. By adjusting the model 
parameters, we obtain the structural parameters of each layer (thickness, roughness and 
density). 

Figure S2 shows the experimental (blue) and simulated (red) reflectivity curves that are 
obtained by adjusting the least squares with the segmented fit algorithm. Table S2 summarizes 
the structural parameters of thin silica layers with different alumina contents. 
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FIGURE S2 Experimental (blue) and simulated (red) reflectivity curves for SiO2-Al2O3 thin film 
layers of silica (150 nm) containing different alumina contents: a) 0 mol% Al2O3, named Al-0film 
(b) 3 mol% Al2O3, named Al-3film and (c) 18.6 mol% Al2O3, named Al-19film. 

TABLE S2 Structural parameters of the silica layers (thickness, roughness and density) doped 
with different alumina contents. 

 
 Thickness 

(nm) Density (g.cm-3) Roughness (nm) 
Al-0film 150 2.35 1.8 
Al-3film 151 2.38 1.0 
Al-19film 159 2.50 1.33 

 
v Fitting of the Raman spectra  

Raman data were acquired between 100-1350 cm-1. At low frequency, a peak called 
Boson peak is present with an intensity that varies with the temperature as the Bose-Einstein 
factor. Its asymmetric shape can be represented by a log-normal law (Pang, 1992): 

𝐼)* =
𝐴

√2𝜋𝜎𝜔
𝑒𝑥𝑝-

−/𝑙𝑛 𝜔
𝑥)*

2

2𝜎+ 3 

with A an amplitude factor, xBP the position of the Boson peak and 𝜎 the standard deviation 
determining the width. We used this function to subtract this contribution that extends over all 
the spectrum though the spectral range is limited at low frequencies. We then normalized by 
the area over the spectral range 100-1300 cm-1 and to the maximum intensity.  
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FIGURE S3 Correction of the (a) Al-1bulk and (b) Al-5bulk glasses. 

 
Then the Raman spectra are fitted using six gaussian functions. Figure S3 shows the 

fitting results of the Raman spectra for the SiO2-Al2O3 bulk glasses. Data fitting was executed 
employing a nonlinear optimization method, aimed at minimizing the sum of squared residuals. 
All datasets were processed consistently using homemade Python routines. The Raman fit 
spectrum employed pseudo-Voigt functions, each characterized by four parameters: intensity, 
position, width at half maximum and Gaussian/Lorentzian ratio. Initial parameters for the 
pseudo-Voigt profiles were set based on literature values and used as a starting point for the 
fit. Subsequently, the Levenberg-Marquardt algorithm was applied iteratively to adjust the initial 
parameters, aiming to minimize the residual error between the modeled and measured Raman 
spectra. Throughout the fitting procedure, all parameters were left unconstrained, except for 
fixing the number of pseudo-Voigt bands. 
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FIGURE S4 Fit of Raman spectra of SiO2-Al2O3 bulk glasses with different alumina contents (0, 
1, 2, 5 mol% Al2O3). 
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v Pair distribution function for SiO2-Al2O3 glasses 

 
 

 
   FIGURE S5 Evolution of the (a) T-O and (b) T-T pairs in the PDF functions of bulk glasses. 
 

v GI-XRD diffractogram of Al-19film deposited on a glass substrate 

 
FIGURE S6 GI-XRD patterns of Al-19film deposited directly on a glass substrate. 

 

 
 
 
 
 
 
 

v Pair distribution function for SiO2-Al2O3 thin films 
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FIGURE S7 Evolution of the (a) T-O and (b) T-T pairs in the PDF functions of thin films. 
 

v Packing density of SiO2-Al2O3 thin films and glasses 
The packing density is calculated. From the density values in figure 1, following 

Makishima and Mackenzie .(Makishima, A., et J.D. Mackenzie. « Direct Calculation of 
Young’s Modulus of Glass ». Journal of Non-Crystalline Solids 12 (1973) 35-45 
https://doi.org/10.1016/0022-3093(73)90053-7).  

 

 
FIGURE S8 Packing density of SiO2-Al2O3 thin films and glasses 

 
 

 


